UNIVERSITY OF VENDA

REMEDIATION OF ACID MINE DRAINAGE USING MAGNESITE
AND ITS BENTONITE CLAY COMPOSITE

By
Vhahangwele Masindi (Pr. Sci. Nat.)
Senior Researcher

Council for Scientific and Industrial Research (CSIR)

A thesis submitted to the University of Venda, School of Environmental Sciences,
Department of Ecology and Resource Management in partial fulfilment of the requirements
for degree of Doctor of Philosophy in Environmental Science.

Promoter: Prof. Mugera Wilson Gitari
Co-promoters:  Prof. Hlanganani Tutu
Dr. Marinda De Beer

2015



DEDICATION

| dedicate this part of work to my family:

Gundo Masindi

Murangi Precious Masindi
Vhuthuhawe Junior Masindi
Vhudihawe Masindi
Murudzi Masindi

O~ wdNPE-

These people are wonderful; they are the reason why | keep on smiling and working extra

hard every day. | love them unconditionally. May God keep us together till end of time.

Page | i



DECLARATION

I declare that “Remediation of acid mine drainage using magnesite and its
bentonite clay composite” is my own work in execution and design, that it has not been
submitted for any degree or examination in any other university and that all the sources |
have used have been indicated and duly acknowledged by complete references. It is being
submitted for the Degree of Doctor of Philosophy in Environmental Science to the University
of the Venda, Limpopo Province, South Africa.

Masindi Vhahangwele (Pr. Sci. Nat.)

University of Venda (UNIVEN)

Council for Scientific and Industrial Research (CSIR)

This thesis is submitted after examination and approval by the following supervisors

Signature: ... g S

Prof Mugera Wilson Gitan (University of Venda)

Signature: .... M‘“‘ M" ........... Date: 20 % A s AL s S

Prof Hlanganani Tutu (University of the Witwatersrand)

.,‘ ) i
Signature: .............. ff.'L.z_i.'..C..ﬁ.{c' ............................. Date: . ZC v 1 -2 C‘ /L b ........

Dr Marinda De Beer (Council for Scientific and Industrial Research)

Page | ii



ACKNOWLEDGEMENTS

| would like to convey my sincere gratitude to the Research and Innovation Directorate,
Department of Ecology and Resource management, School of Environmental Sciences,
University of Venda, Council for Scientific and Industrial Research (CSIR), SASOL-
INZALO, the National Research Foundation (NRF), the Department of Science and
Technology (DST) and ESKOM-TESP for funding this project.

The following Institutions are acknowledged for collaboration work and the people that we

worked with that led to achieving most of the objectives:

My supervisors Prof Mugera Wilson Gitari (Environmental Remediation and Water
Pollution Chemistry Group, Department of Ecology and Resources Management, University
of Venda, P/bag X5050, Thohoyandou, 0950, South Africa), Prof Hlanganani Tutu
(Molecular Sciences Institute, School of Chemistry, University of the Witwatersrand, P/Bag
X4, WITS, 2050, Johannesburg, South Africa) and Dr Marinda de Beer (DST/CSIR
National Centre for Nano-structured Materials, Council for Scientific and Industrial
Research, P.O Box 395, Pretoria, 0001, South Africa) for their advice and support throughout
this work.

| would like to extend my sincere thanks to my research assistant Glynn K. Pindihama for

his assistance, encouragement and stimulating discussions.

To the real treasure in my life, my beloved wife. There are no single words that could ever
express what she did and always does for me and how much appreciation | have for her. She

has always been there for me throughout my studies.

I wish to thank all faculty members and support staff of the Department of Ecology and
Resource Management and postgraduate students, for their continuous support, constant help
and extending the departmental facilities for my project work.

I would also like to thank my family for the roles they played in my life. For the special love

and care they gave me. Your love is indispensable and immeasurable.

At last but not the least, | would like to thank the Almighty God for giving me life and

energy.

Page | iii



ACADEMIC AND TECHNICAL OUTPUTS

PATENTS

Masindi V and Gitari W.M (2015) Treatment of wastewater using cryptocrystalline
magnesite, filed in Canada, USA, Argentina, Australia and South Africa.

Masindi V and Gitari W.M (2015) Treatment of wastewater using mechanochemically
synthesized magnesite and bentonite clay composite, filed in Canada, USA, Argentina,
Australia and South Africa.

PUBLICATIONS

Masindi, V., Gitari, W., Tutu, H. & Debeer, M. 2015. Passive remediation of acid mine
drainage using cryptocrystalline magnesite: A batch experimental and geochemical
modelling approach. Water SA, 41, 677 - 682.

Masindi, V., Gitari, W., Tutu, H. & Debeer, M. 2015. Fate of inorganic contaminants post
treatment of acid mine drainage with cryptocrystalline magnesite: A batch
experimental and geochemical modelling approach. Journal of Environmental
Chemical Engineering. http://dx.doi.org/10.1016/j.jece.2016.03.020.

Masindi, V., Gitari, M. W., Tutu, H. & Debeer, M. 2015. Efficiency of ball milled South
African bentonite clay for remediation of acid mine drainage. Journal of Water

Process Engineering, 8, 227-240.

Masindi, V., Gitari, W. M., Tutu, H. & De Beer, M. 2015. Synthesis of cryptocrystalline
magnesite-bentonite clay composite and its application for neutralization and
attenuation of inorganic contaminants in acidic and metalliferous mine drainage.
Water Process Engineering, http://dx.doi.org/10.1016/j.jwpe.2015.11.007.

Page | iv



CONFERENCE PROCEEDINGS

Masindi V., Gitari W.M., Tutu H., De Beer M., Nekhwevha N., 2014. Neutralization and
attenuation of inorganic contaminants from acid mine drainage and mine leachates
using cryptocrystalline magnesite: A batch experimental approach: An
Interdisciplinary Response to Mine Water Challenges - Sui, Sun & Wang (eds) China
University of Mining and Technology Press, Xuzhou, ISBN 978-7-5646-2437-8

Masindi V., Gitari W.M., Tutu H., De Beer M., 2015. Synthesis of a porous magnesite-
bentonite clay composite and its application for neutralisation and attenuation of
inorganic contaminants in acidic and metalliferous mine drainage, Green and
innovative technologies and engineering solutions for environmental issue, 5th
International Conference on Environment 2015 (ICENV 2015) 18th — 19th August,
2015 Penang, Malaysia, ISBN 978-967-394-219-0

Masindi V., Gitari W.M., Tutu H., De Beer M., 2015. Efficiency of ball milled South
African Bentonite Clay for remediation of acid mine drainage. 1st UNIVEN-WSU
International Research Conference, 2 - 4 September 2015

Masindi V., Gitari W.M., Tutu H., De Beer M., 2015. Treatment of acid mine drainage
using cryptocrystalline magnesite: An experimental and geochemical modelling
approach, 4th YWP-ZA Biennial Conference and 1st Africa-wide YWP Conference,
16-18 November 2015 at the CSIR International Convention Centre in Pretoria, South
Africa.

Masindi V., Gitari W.M., Tutu H., De Beer M., 2015. Integration of geochemical
modelling and experimental results to establish fates of inorganic contaminants during
the treatment of acid mine drainage with cryptocrystalline magnesite, CSIR Emerging
Researcher Symposium, 16-18 October 2015 at the CSIR International Convention

Centre in Pretoria, SA.

Page | v



OTHER PUBLICATIONS RELATED TO THIS WORK

Masindi, V. 2016. A novel technology for neutralizing acidity and attenuating toxic chemical
species from acid mine drainage using cryptocrystalline magnesite tailings. Journal of
Water Process Engineering, 10, 67-77.

Masindi, V. & Gitari Mugera, W. 2015. The potential of ball-milled South African
bentonite clay for attenuation of heavy metals from acidic wastewaters: Simultaneous
sorption of Co®*, Cu**, Ni**, Pb*", and Zn?* ions. Journal of Environmental Chemical
Engineering, 3, 2416-2425.

Masindi, V., Gitari Mugera, W., Tutu, H. & De Beer, M. 2014a. Removal of selenium
from wastewater by using magnesite-bentonite clay composite: Kinetics and
Equilibrium studies The North American Conference on Sustainability, Energy & the
Environment, 227 - 245.

Masindi, V., Gitari, M. W., Tutu, H. & De Beer, M. 2014b. Application of magnesite—
bentonite clay composite as an alternative technology for removal of arsenic from
industrial effluents. Toxicological and Environmental Chemistry, 96, 1435-1451.

Masindi, V., Gitari, M. W., Tutu, H. & Debeer, M. 2015a. Removal of boron from
aqueous solution using magnesite and bentonite clay composite. Desalination and
Water Treatment, 1-11.

Masindi, V. & Gitari, W. M. 2016a. Removal of arsenic from wastewaters by
cryptocrystalline magnesite: complimenting experimental results with modelling.
Journal of Cleaner Production, 113, 318-324.

Masindi, V. & Gitari, W. M. 2016b. Simultaneous removal of metal species from acidic
aqueous solutions using cryptocrystalline magnesite/bentonite clay composite: an
experimental and modelling approach. Journal of Cleaner Production, 112, Part 1,
1077-1085.

Masindi, V., Gitari, W. M. & Ngulube, T. 2015b. Kinetics and equilibrium studies for
removal of fluoride from underground water using cryptocrystalline magnesite.
Journal of Water Reuse and Desalination, 5, 282-292.

Masindi, V., Gitari, W. M. & Pindihama, K. G. 2015c. Adsorption of phosphate from
municipal effluents using cryptocrystalline magnesite: complementing laboratory

results with geochemical modelling. Desalination and Water Treatment.

Page | vi



Masindi, V., Gitari, W. M. & Pindihama, K. G. 2015d. Synthesis of nanocomposite of
cryptocrystalline magnesite-bentonite clay and its application for phosphate removal

from municipal effluents. Environ Technol, 24, 1-27.

Page | vii



TABLE OF CONTENTS

DEDICATION. ..ttt bbbttt s bt e et e e be e e sbeesbeeenbeenbeeenneea i
DECLARATION . ..ttt e e n e e neennne s i
ACKNOWLEDGEMENTS ... i
ACADEMIC AND TECHNICAL OQUTPUTS ... iv
P A T EN T S ettt b et e e n e r e iv
PUBLICATIONS .ttt n e re e ne e iv
CONFERENCE PROCEEDINGS ... v
OTHER PUBLICATIONS RELATED TO THIS WORK ......cccoiiiiiieieee e vi
TABLE OF CONTENTS ...ttt sttt ettt viil
LIST OF FIGURES ...ttt ettt et Xiv
LIST OF TABLES ... oottt ettt et st sne et e XVii
ABSTRACT <.ttt b e et b e e bt e b e et e e b et e e bt nte e nneeanee XiX
CHAPTER ONE ...ttt sttt re et e be e nbe e nneeenes 1
INTRODUGCTION. ...ttt e e ne e e e nns 1
1.1 Background infOrmation ..........ccccoiiiiiieiiic e 1
1.2 Problem StatemeNt ..o 4
I B O o] [T £ Y- PSR PRPPOPRS 5
131 MaiN ODJECHIVE ...ttt ae e e beesree s 5
1.3.2  SPECITIC ODJECHIVES ....vviiieie et 5

1.4 RESEAICN QUESTIONS .. .eeviiiiieiiie ettt ettt ettt e et e e b e e teesaeeaaeeanae s 5
15 HYPOINESIS ..ot bbb 6
1.6 NOVEItY OF the WOIK.....ceeiiiei i 6
1.7 TRESIS SITUCKUIE .....veiiieiisiet et 7

Page | viii



REFERENCES ... .. o 9

CHAPTER TWO .ttt n e 18
LITERATURE REVIEW ... s 18
2.0 INTFOTUCTION ...ttt bbbt 18
2.1 ACIH MINE ArAINAGE ....veiveeieeireieieite ettt b bbbt 18
2.2 Generation of acid MINE draiNAQgE ........ccoveeeiriieieierie e 20
2.2.1  Chemistry of acid mine drainage and itS generation...........c.ccocceevvvrvnnnneneenen, 20
2.2.2  Role of bacteria in chemistry of acid mine drainage ............ccocoevrvriririeeiiennnn. 21
2.3 Physical properties of acid mine draiNage...........cocerereriririieieie e, 23
2.4  Deleterious effects of acid mine drainage on terrestrial and aquatic ecosystems......24
DAL ACIHILY oo ee s eee s es e e s ee s s e es e s ee s en e 24
2.4.2  TOXIC ChemiCal SPECIES .....cceeiieeieiiece et 24
2.4.3  SEAIMENTALION ...eoviiiiiiicie e 26
2.5  Acid mine drainage treatment teChNoIOQIES ...........ccceevieiieie i, 26
251 ACHVE TrEAMENT ....oviiieiiiiieiee e 27
2.5.2  Piloted mine water desalination technologies in South Africa.............c.cc......... 30
2.5.3  Other acid mine drainage treatment technologies............cccovvniiiinicicnenn, 31
2.5.4  PassiVe TreatmMent SYSIEMS .......ccoviiiiierierieriesiesiesie st 33
2.6 IMIAQNESITE ...ttt bbbt 37
2.7 Magnesite iN SOUTN ATTICA......c.eiiiiriiiciiiieie e 37
2.8 Genesis of FOIOVhOdWE MAgNESIT. ........cuiiiieieieiese e 38
2.9  Beneficial application of Magnesite ..., 39
2.10 Clay materials and their applications in environmental remediation........................ 39
2.10.1  Bentonite Clay .....coouveiiicic e 40
2.10.2 Physicochemical properties of bentonite clay.........c.cccccevveeieiiicie e, 40
2.10.3 Application of bentonite clay for waste water treatment............cccccevcvrveieennenn 42



2.11 Bentonite Clay COMPOSITE .......c.ecveiiieiiiie et re e 43

2.12 Application of composite for wastewater amelioration .............ccccceevevvervcieseennenn, 44
2.12 Legal requirements of water qUality............cccoveiieiiiic i 45
2.12  Geochemical MOdelling.........ccooieiioiiie e 46
2.13  CONCIUSIONS ...ttt bbbt 47
REFERENGES ...ttt b et b e b e sb e et e e beeenee e 49
CHAPTER THREE ..ottt ettt 69

Attenuation of acidity and inorganic contaminants from acid mine drainage by

Cryptocrystalling MAagNESITE. ........veiieie et ae e 69
AADSTFACT ...t 69
3.1 INEOTUCTION .ttt 70
3.2 Materials and MEthOS .........cooiiiiiiiire e 73

321 SAMPIING oo nre s 73
3.2.2  Synthetic acid MiNe draiNage .........ccecvveireeiiiiieie e 73
3.2.3  Preparation 0f MAgNeSITe. ........cooiiiiiiiiieee e 74
3.2.4  Characterisation of aqUEOUS SAMPIES ..........ociiiiiiiiiiieee e 74
3.2.5  BatCh EXPEITMENTS ....c.ooiiiiiieieiisieee e 74
3.26  Chemical and microstructural charaCterization ..............cccoceoeeiivieneniininsiciennn. 75
3.2.7  Geochemical MOdelling ..........coiiiiiiiiii e 76
3.3 RESUILS AN AISCUSSION. ......eiuiiriiiiiesiesie sttt ettt 76
3.3.1  Optimization of interaction Parameters ..........ccovveieeiiieeree e 76
3.3.2  Mineralogy, elemental and microstructural characterization................c.c.cc....... 83
3.4  Calculation of Saturation Indices for various mineral phases...........ccccccevvevieennnne, 9
3.5 CONCIUSTONS ...ttt 96
REFERENGCES ...ttt sttt sbe e esbe e e 97

Page | x



CHAPTER FOUR ...t 104

Efficiency of ball milled South African bentonite clay for remediation of acid mine

(0] U] g F= Vo [OOSR 104
ADSTFACT ...ttt 104
4.1 INEFOTUCTION .ottt bbb 105
4.2  Materials and MEthOdS .........c.coiiiiiiiii e 106

4,21 SAMPIING .ot 106
4.2.2  Preparation of Dentonite Clay ... 107
4.2.3  Synthetic acid MiNe draiNage ........ccceevveiierieiie i 107
4.2.4  Characterization of aqueous SOIULION...........cccecieieeie i 108
4.25  Mineralogical, chemical and microstructural characterisation........................ 108
4.2.6  EXperimental ProCEAUIES ........c.ciieiueiieiie ettt 108
4.2.7  Calculation of extent of metal species and sulphate removal and adsorption
(0F: T o= o3 TR T VPP TPPPRTRO 109
4.2.8  AASOIPLION KINELICS .....oveiviiiiiiiiiiiieieee e 110
4.2.9  AdSOrption ISOtNEIMS ......ccuiiiiiiiiiiiiee e 110
4.3 ReSUItS aNd dISCUSSION........couiiiiiiiiiie ittt 110
4.3.1  Optimization of chemical species removal conditions .............cc.ccoovvvrviiennnn. 110
4.4  Characterisation of MaterialS..........ccocoviiiiiiiiiiiie e 126
4.4.1  X-ray diffraction analysis .......c.ccceeiiiiieiieiicc e 126
4.4.2  X-ray fluoresCence analysiS ........cccveiieiiiiiie i 127
4.4.3  Fourier transforms infrared spectroscopy analysis ..........cccccovvivveiiecinevneenne. 130
4.4.4  Scanning electron microscopy-electron dispersion spectrometry.................... 131
445  Brunauer-Emmett-Teller analysis.........ccccoovviiiiiiiiiiiic e 135
446  Cation-eXChange CaPACILY .......cccveivieirieiie et 136
4.5 CONCIUSIONS ...ttt 136
REFERENGCES ...t nnee s 138



CHAPTER FIVE ... 143

Synthesis of cryptocrystalline magnesite-bentonite clay composite and its application for

neutralization and attenuation of inorganic contaminants in acidic and metalliferous

MNINE FAINAGE ...ttt b etk b e b e e e et e b bt eb e bt et e e e e eneas 143
ADSTFACT ...t 143
5.1 INTFOTUCTION ..ot 144
5.2 Materials and MethodsS .........ccciiiiiiiiiei e 147

5.2 SAMPIING oot 147
5.2.2  Preparation of cryptocrystalline magnesite and bentonite clay ....................... 148
5.2.3  COMPOSIte PreParation ...........cceiieiieeiieiie e e see st sre et sre e 148
5.2.4  Synthetic acid MiNe draiNage ........cccevveiieriieiieiieie e 148
5.25  Characterization of aqueous SOIULION...........ccceoieieeieiiic e 149
5.2.6  Mineralogical, chemical and microstructural characterisation....................... 149
5.2.7  EXperimental ProCEAUIES ..........ccoiiiiiiiiieiieie st 149
5.2.8  Calculation of metal species, sulphate removal and adsorption capacity........ 151
5.2.9  AdSOrPtioN KINELICS .......couiiiiiiiiiiiieieierie e 151
5.2.10 Adsorption isotherms and thermodynamicCs...........cccceoererenerenenenieseeeeeenes 151
5.2.11 Geochemical MOAEHING .....coiiiiiiiiiieee e 152
5.3 RESUILS @Nd AISCUSSION. .....eiuiiiiiiitiitiitieieeiie ettt 153
5.3.1  Inorganic contaminants removal: Batch experiments............c.ccccoeevveeveiienen, 153
5.3.2  Variation of pH with an increase in Fe" concentration .............ccccccvevevuveunn... 165
5.4  Treatment of field AMD at optimized conditions.............cccocevvieveiiieie e, 166
5.5  CharaCteriSatiON..........cccveiiiiiiiiiiii e 168
55.1  X-ray diffraction (XRD) @nalySiS .......cccceeviiiiiiiiieiie it 168
5.3.2  X-ray fluorescence (XRF) @nalysiS........cccooveiiiiiieiiiiiiic e 170
5.5.3  Fourier Transforms Infrared Spectrometry analysis............ccccoevvviveiiiiieennnnn 173
5.5.4  Scanning Electron Microscope and Electron Dispersion X-ray ...........cc.cco..... 174
5.5.4  Brunauer-Emmett-Teller and point of zero charge analysis...........c.cccccvevenen. 180

Page | xii



5.4  Calculation of Saturation Indices (SI) for various mineral phases...........c.c.c.coc.... 181

5.5 CONCIUSTON.....oiiiiitiieiietet ettt 182
REFERENGCES ...t 184
CHAPTER SEX ettt e et et e s 192
CONCLUSIONS AND RECOMMENDATIONS ... 192

6.1 CONCIUSTON....eeiiitieii ettt 192

6.1.1  Characterization of aqueous SOIULION..............cooiriiiiiiieie s 192
6.1.2  Characterization Of MagneSite.........cccoeiiiiriiirisieeee e 193
6.1.3  Characterization of bentonite Clay ... 193
6.1.4  Characterization 0f the COMPOSITE .......cceevviiiieiiciice e 194
6.1.5  Treatment of AMD with cryptocrystalline magnesite ...........ccccccceeevveieiiennen, 195
6.1.6  Treatment of AMD with a vibratory ball milled bentonite clay .................... 195

6.1.7 Treatment of AMD with cryptocrystalline magnesite-bentonite clay

(010] 001 010 ] (=TSO PR PRSP 196
6.1.8  Overall significance of the study and hypothesis ..........cccocoviiiiiniiicicne 196

6.2 RECOMMENTALIONS ..ottt bbb 197
APPENDICES ...ttt sttt sb et et e nne e 198

Page | xiii



LIST OF FIGURES

Figure 2.1: Summary of abiotic and biological technologies for remediating acid mine

(01T o =TSSP 28
Figure 2.2: Passive systems of treating acid mine drainage...........cccocevvvevveieieeseeiieseennenn, 34
Figure 2.3: Magnesite field of the republic of South Africa ..........cccccvvvviiiiiiiiciicic e, 38
Figure 2.4: Structure of bentonite Clay ..o, 42
Figure 3.1: Variation of Al, Fe, Mn and sulphate with time and pH ............cc.ccoovviiiennen. 77

Figure 3.2: Variation of pH, Al, Fe, Mn and sulphate concentrations in AMD with
MAQGNESITE QOSAGE......veeveerreieieiteete et e st e sttt e st et e e reeste s e e sre e te e e e s te e teenaesneesreeneennes 78

Figure 3.3: Variation of Al, Fe, Mn, sulphate and pH as a function of magnesite particle

Figure 3.4: Variation in % removal of Mn as a function of species concentration, variation
in % removal of Al as a function of ion concentration, variation in % removal of

Fe3+ as a function of ion concentration and variation in % removal of sulphate as a

TUNCEION OF CONCENTIALION.....c..i i 80
Figure 3.5: Variation of pH gradient with varying Fe concentrations. ............ccccccceveeveennen. 81
Figure 3.6: X-ray diffraction patterns of raw and reacted magnesite .............ccccceeverveenen. 84
Figure 3.7: Functional groups for unreacted and reacted magnesite...........c.ccocvrerveennennnn. 87

Figure 3.8: Scanning electron microscopy images of raw magnesite and acid mine

drainage-reacted MAQgNESITE. .......cvciviiiiieeie e 90
Figure 3.9: Micro image and elemental composition of raw magnesite .............cccccveeveenee. 91
Figure 3.10: Micro image and elemental composition of reacted magnesite....................... 93

Figure 3.11: Transmission electron microscopy diffraction pattern of the area and
MICrographs Of MAQGNESITE .......ccvviiiieiee et 95
Figure 4.1: Effect of equilibration time on neutralization and removal of Al, Fe, Mn, and
SUIPNALE. ... 112
Figure 4.2: Pseudo-first-order plots of Mn, Al, Fe and sulphate ions adsorbed on ball milled
DENLONITE CIAY ... 116
Figure 4.3: Pseudo-second-order plots of Mn, Al, Fe and sulphate ions adsorbed on ball
Milled DENTONITE ClAY ......c.veieieee e 116
Figure 4.4: Intraparticle diffusion plots of Mn, Al, Fe and sulphate ions adsorbed on ball

Milled DeNtONItE CIAY .......eoiiee e 116

Page | xiv



Figure 4.5: Effect of adsorbent dosage on neutralization and removal of Al, Fe, Mn and
101 [o] 11 (=SSR 117
Figure 4.6: Effect of initial species concentration and adsorption capacity with increasing
species concentration removal of Al, Fe, Mn, and Sulphate.............cc.ccooveoienn. 119
Figure 4.7: Variation of pH gradient with varying sulphate concentrations..................... 120
Figure 4.8: Mineralogical composition of raw and reacted bentonite clay by X-ray
IFFTACTION ...ttt e nre s 127
Figure 4.9: Spectra for raw and reacted bentonite Clay ............ccoceovviiiiiiiiiiniiicee, 130
Figure 4.10: Scanning electron microscope images of raw bentonite clay and acid mine
drainage-reacted bentonite Clay..........cccooveiieii i 132
Figure 4.11: Scanning electron microscope —electron dispersion microscopy elemental
composition of raw bentonite Clay ..., 132
Figure 4.12: Scanning electron microscope —electron dispersion microscopy elemental
composition of acid mine drainage-reacted bentonite clay ............cccccceevveviiienen, 133
Figure 5.1: Variation in % removal of Fe, Al, Mn and sulphate as a function of solid to
10 T I8 = 1[0TSR 153
Figure 5.2: Variation of Al, Fe, Mn and sulphate with agitation time and variation of pH
WIth agitation tIMe. .......coviiiie e e 154
Figure 5.3: Pseudo-first-order plots of Mn, Al, Fe and sulphate ions adsorbed on the
(0101001 010 ES] | (=SSP URPROPPPR 158
Figure 5.4: Pseudo-second-order plots of Mn, Al, Fe and sulphate ions adsorbed on the
COMPOSITE. ...ttt ettt et e st e e e a e st e et e e ae e s be e b e aaeesbeeseensesreenneaneesreas 158
Figure 5.5: Intraparticle diffusion plots of Mn, Al, Fe and sulphate ions adsorbed on the
(0101001 010 ES] | (=TT TR PR PRUPRPR 159

Figure 5.6: Variation of pH, Al, Fe, Mn and sulphate concentration with adsorbent dosage

Figure 5.7: Variation in % removal and adsorption capacity of Al, Mn and Fe as a function
OF 10N CONCENTIALION .....c.viivieiieic ettt sreeeesnaenre s 161
Figure 5.8: Variation of pH gradient with varying sulphate concentrations...................... 165
Figure 5.9: X-ray diffraction patterns of cryptocrystalline magnesite, bentonite clay,
composite and acid mine drainage-reacted COMPOSILE........c.ccvvvverveiirrieerieiieenenn 168
Figure 5.10: Fourier transforms infrared spectrometry spectra for magnesite, bentonite clay,

composite and acid mine drainage-reacted COMPOSITE ........ccccevvvererieriieeiieiiennnn, 172



Figure 5.11: Morphological properties of magnesite-bentonite clay composite andacid mine
drainage-reacted magnesite-bentonite clay composite............cccovvevviieiieenicieennen, 174

Figure 5.12: Scanning electron microscope —electron dispersion microscopy elemental
composition of cryptocrystalline magnesite, bentonite clay and the composite ...175

Figure 5.13: Scanning electron microscope—electron dispersion microscopy elemental

composition of acid mine drainage-reacted magnesite-bentonite clay composite.

Page | xvi



LIST OF TABLES

Table 2.1: Acid mine drainage forming MINeralS...........ccccooiiiiiiiiiiiciei e 19
Table 2.2: Sulphide oxidizing bacteria and their growth conditions...........cccccceevveeervenenne. 24
Table 2.3: Effects of selected metals on the health of living organisms .............c.cccceeenene. 26
Table 2.4: Precipitation of metals at varying pH gradients ..........c.ccccovveveiieiieve s 29
Table 2.5: Desalination technologies that have been developed in South Africa ................ 31

Table 2.6: The relevant criteria for discharge of acidic and sulphate-rich water as compared

to department of water and sanitation water quality guidelines............cc.ccocoevvenene. 46
Table 3.1: Synthetic acid mine drainage used in this Study..........cccccceviveviiiieii e 73
Table 3.2: Chemical compositions of acid mine drainage before and after contacting
IMAGNESTTE. ...ttt b bbbttt bbb 81
Table 3.3: Elemental composition of magnesite before and after treatment........................ 86

Table 3.4: Scanning electron microscope —electron dispersion microscopy spot % elemental
analysis Of FAW MAGNESITE..........ccveiiiiieieese et 90

Table 3.5: Scanning electron microscope —electron dispersion microscopy spot % elemental

analysis of solid residue collected at pH > 10. ......cccooriiiieiineneeeeeeeeee, 92
Table 3.6: Calculation of Sl for selected mineral phases at various pH.............cccccccevenne. 95
Table 4.1: Synthetic acid mine drainage used in this study...........ccccceoveviieiiiiiieiieece e, 108
Table 4.2: Different kinetic model parameters for adsorption of Mn, Al, Fe and sulphate on
ball milled bentonite Clay. ... 114
Table 4.3: Parameters of Langmuir and Freundlich adsorption isotherms......................... 122

Table 4.4: Concentrations of chemical species for untreated and acid mine drainage treated
WIth DENLONITE ClAY ..o 125
Table 4.5: Major elemental composition of bentonite clay and acid mine drainage -
DENLONITE ClAY ..o 128

Table 4.6: Trace elemental composition of bentonite clay and acid mine drainage -bentonite

Table 4.7: Surface areas of two particle sizes of bentonite clay and acid mine drainage -
reacted bentonite clay by Brunauer-Emmett-Teller analysis ..........ccccccceevvvevnnnee. 135
Table 4.8: Concentrations of main exchangeable cations on bentonite clay and AMD-

reacted bentonite clay determined using the ammonium acetate method ............. 136

Page | xvii



Table 5.1: Simulated acid mine drainage used in this StUdY...........ccccoveviveveiiiesieene e, 148
Table 5.2: Different kinetic model parameters for adsorption of Mn, Al, Fe and sulphate on
tNE COMPOSITE. ...t bbb 157
Table 5.3: Parameters of Langmuir and Freundlich adsorption isotherm and
tNEIMOAYNAIMICS ... nre e enes 163
Table 5.4: Chemical composition of raw acid mine drainage before and after treatment..165
Table 5.5: Quantitative mineralogical compositions of bentonite clay, magnesite, composite
and acid mine drainage -COMPOSITE .........couerrerirerireeieie e 169
Table 5.6: Elemental compositions of raw and acid mine drainage-reacted composite.....169
Table 5.7: Trace elemental composition of raw and reacted composite............ccccccveeeenen. 170
Table 5.8: Surface are and point of zero charge of magnesite, bentonite clay, magnesite-
bentonite clay composite and acid mine drainage -reacted composite ................. 179

Table 5.9: Calculation of Sl for selected mineral phases at various pH..........c.cccccceevennen. 180

Page | xviii



ABSTRACT

Wastewaters originating from mining activities are usually acidic and often contain high
concentrations of Fe, Mn, Al and SO,2~ in addition to traces of Ph, Co, Ni, Cu, Zn, Mg, Ca
and Na. This wastewater impacts surface and subsurface water resources negatively and has
to be treated before release to receiving aquatic ecosystems. Numerous wastewater treatment
technologies have been developed and implemented. However, cost implications,
ineffectiveness, selective treatment capabilities and generation of secondary sludge that is
toxic and expensive to dispose-off to the environment due to stringent environmental
regulations often limit their application. As such, mining companies are in a search for
cheaper, brine free, effective and efficient mine water treatment technology. This study
assessed the potential of applying mechanochemically modified cryptocrystalline magnesite-
bentonite clay composite for acid mine drainage (AMD) treatment. To accomplish this,
neutralization of acidity and removal of inorganic contaminants from mine effluents were
studied using batch laboratory experiments and precipitation of chemical species was
determined using pH Redox Equilibrium (in C language) (PHREEQC) geochemical
modelling. The present study was divided into three parts which includes: (1) the application
of magnesite for remediation of AMD, (2) the application of ball milled bentonite clay for
remediation of AMD and (3) the application of magnesite-bentonite clay composite for
remediation of AMD.

In the first part of the study, AMD was reacted with cryptocrystalline magnesite. The reaction
of AMD with magnesite at an optimum solid: liquid ratio of 1:100 and contact time of 60 min
led to an increase in pH, reaching a maximum pH of 10, resulting in significant precipitation
of most metal species. Increase of pH in solution with contact time caused the removal of the
metal ions mainly by precipitation, co-precipitation and adsorption. SO,*~ concentration was
lowered from 4640 to 1910 mg/L. Fe was mainly removed as Fe(OH)s, goethite, and jarosite,
Al as basaluminite, boehmite and jurbanite, AI(OH)3; and as gibbsite and diaspore. Al and Fe
precipitated as iron (oxy)-hydroxides and aluminium (oxy)-hydroxides. Mn precipitated as
rhodochrosite and manganite. Ca was removed as gypsum. Sulphate was removed as gypsum,
and Fe, Al hydroxyl sulphate minerals. Mg was removed as brucite and dolomite. These
would explain the decrease in the metal species and SO,%~ concentration in the product water.

Cryptocrystalline magnesite effectively neutralized AMD and attenuated concentration of
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inorganic species to within Department of Water and Sanitation (DWS) water quality
guidelines for 1997. Though > 60% SO,* removal was achieved, a polishing technology will
be required to remove alkali and alkaline earth metal species and remaining SO, from the

aqueous system.

In the second part of this study, AMD was reacted with ball milled bentonite clay. The
contact of AMD with bentonite clay led to an increase in pH and a significant reduction in
concentrations of metal species. At constant agitation time of 30 mins, the pH increased with
the increase in dosage of bentonite clay. Removal of Mn?*, AI**, and Fe®*" was greatest after
30 min of agitation. The adsorption affinity obeyed the sequence: Fe > Al > Mn > SO,*". The
pH of reacted AMD was > 6. Bentonite clay showed high adsorption capacities for Al and Fe
at concentration < 500 mg/L, while the capacity for Mn was lower. Adsorption efficiency for
S0,% was > 50%. Adsorption kinetics revealed that the suitable kinetic model describing
data was pseudo-second-order hence confirming chemisorption. Adsorption isotherms
indicated that removal of metals fitted the Langmuir adsorption isotherm for Fe and SO,*
and the Freundlich adsorption isotherm for Al and Mn, respectively. Gibbs free energy model
predicted that the reaction is not spontaneous in nature for Al, Fe and Mn except for SO,
Ball-milled bentonite clay showed an excellent capacity in neutralising acidity and lowering
the levels of inorganic contaminants in acidic mine effluents. A polishing technology will be
required to remove alkali and alkaline earth metal species and remaining SO,*~ from the

aqueous system.

The third part of the study evaluated the reaction of magnesite-bentonite clay composite in
neutralisation of the acidity and attenuates levels of inorganic contaminants in metalliferous
effluents. The interaction of the composite with AMD led to an increase in pH (pH >11) and
lowering of metal concentrations. The removal of AI**, Fe*'#*, Mn?*" and SO4* was optimum
at 20 min of equilibration and 1g of adsorbent dosage. The composite removed ~99% (A%,
Fe**, and Mn?*) and ~90% (SO,*) from raw mine effluent. Minor elements such as Co, Cu,
Zn, Ni and Pb were also removed significantly. The synthesized composite showed a
significantly better heavy metals and SO4* removal ability of from highly acidic solutions as
compared to that obtained by cryptocrystalline magnesite and bentonite clay when used
individually. Adsorption kinetics fitted better to pseudo-second-order Kkinetic than pseudo-
first-order Kkinetic and intra-particle diffusion model hence confirming chemisorption.

Adsorption data fitted better to Freundlich adsorption isotherm than Langmuir hence
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confirming multisite adsorption. Gibbs free energy model predicted that the reaction is
spontaneous in nature for Al, Fe and SO,*~ except for Mn. Geochemical model indicated that
Fe was removed as Fe(OH)s, goethite, and jarosite, Al as basaluminite, boehmite and
jurbanite, AI(OH); and as gibbsite and diaspore. Al and Fe precipitated as iron (oXxy)-
hydroxides and aluminium (oxy)-hydroxides. Mn precipitated as rhodochrosite and
manganite. Ca was removed as gypsum. Sulphate (SO,*") was removed as gypsum, and Fe,
Al hydroxyl sulphate minerals. Mg was removed as brucite and dolomite. This would explain

the decrease in the metal species and SO,*

concentration in the product water. The
composite removed the contaminants to below South African legal requirements for water
use. It was concluded that the composite has the potential to neutralize acidity and attenuate
potentially toxic chemical species from acidic and metalliferous mine drainage as compared
to cryptocrystalline magnesite and bentonite clay when used individually. As such, it can be
concluded that the new synthesized composite has a synergetic potential in wastewater

treatment.

Keywords: Acid mine drainage; cryptocrystalline magnesite; bentonite clay;
cryptocrystalline magnesite-bentonite clay composite; chemical species; batch experiments;
adsorption; precipitation; geochemical modelling
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CHAPTER ONE

INTRODUCTION

1.1  Background information

Mining of coal and gold has left serious environmental pollution in its awake (Gitari et al.,
2006, Tutu et al., 2008). Mineral extraction processes expose sulphide bearing minerals such
as pyrite (FeSy), pyrrhotite (FexSx), chalcocite (Cu,S), Covellite (CuS), chalcopyrite
(CuFeS;), molybdenite (MoS;), millerite (NiS), galena (PbS), sphelerite (ZnS) and
arsenoprite (FeAsS) to oxidizing conditions. During rainfall and underground mine workings,
those minerals react with water and oxygen to form sulphuric acid (Wang, 2010, Simate and
Ndlovu, 2014). The resultant acid leaches out metals from the surrounding geology (Sracek
et al., 2004). Formation of acidic and metalliferous drainage is also mediated by oxidizing
bacterial species which include such as: Thiobacillus ferrooxidans, Ferrobacillus
sulphooxidans and Thiobacillus thiooxidans (Baker and Banfield, 2003, Akcil and Koldas,
2006, Abreu et al., 2011, Balintova and Singovszka, 2011, Butler, 2011).

The potential of the surrounding geology to generate acid mine drainage (AMD) is governed
by numerous factors such as the sulphur content in the surrounding geology and associated
strata, hydrology and geology of the area (Valente and Leal Gomes, 2009, Vazquez, 2009,
Wang, 2010, Van Vuuren, 2011, Zhang et al., 2013, Wildeman et al., 2014). Physically, the
colour of AMD is determined by the dominant metals. Iron rich AMD is characterized by a
yellowish to reddish colour, Aluminium rich AMD is characterized by a white colour and
manganese rich AMD is characterized by a black colour (Hedin et al., 2005, Hallberg, 2010,
Figueiredo and da Silva, 2011, Ghosh et al., 2012, Equeenuddin et al., 2013, Grawunder et
al., 2014). Chemically, AMD is characterized by acidic pH and toxic chemical species such
as Al, Fe, and Mn, anions of SO,* and traces of As, B, Ba, Co, Cr, Cu, Mo, Ni, Sr and Zn.
On dissolution, those chemical species are transported downstream to receiving aquatic
ecosystems or leached to underground water resources (Gitari et al., 2006, Wade et al., 2006,
Wisskirchen et al., 2006, Xu et al., 2007, Tutu et al., 2008, Xu et al., 2009, Wang, 2010,
Gitari et al., 2011, Van Vuuren, 2011, Sun et al., 2012, Zvimba et al., 2012, Gitari et al.,
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2013, Oberholster et al., 2013, Park et al., 2013, Torres and Auleda, 2013, Ntuli et al., 2014,
Rimstidt and Vaughan, 2014, Simate and Ndlovu, 2014, Suponik and Blanco, 2014,
Wildeman et al., 2014).

This alters the chemical profile of surface and underground water resources and its suitability
to cater for variety of defined uses. An array of scientific studies have documented that AMD
is hazardous to terrestrial and aquatic organisms (Gitari et al., 2013). On exposure, AMD can
cause skin irritation to human skin and killing of fish and other aquatic organisms. It can also
cause blindness on contact with eyes and variety of cancers and other diseases because it
contains potentially toxic chemical species from ore and tailings or parent rock (Botz and
Mason, 1990, Bortnikova et al., 2001, Achterberg et al., 2003, Akcil and Koldas, 2006, Dsa
et al., 2008, Morais et al., 2008, Da Silveira et al., 2009, Afriyie-Debrah et al., 2010, Behum
et al., 2010, Abreu et al., 2011, Cormier, 2011, Borrego et al., 2012, Boukhalfa and Chaguer,
2012, Ekemen Keskin et al., 2013).

Considering the potential impacts that AMD can impose to terrestrial and aquatic ecosystems,
this wastewater originating from mining activities need to be contained, managed and treated
prior to discharge. A number of technologies have been developed and used for treatment of
AMD and they include precipitation (Mayo et al., 2000, Watten et al., 2005, Pérez-Ldpez et
al., 2010, Macingova and Luptakova, 2011, Madzivire et al., 2011, Luptakova et al., 2012,
Labastida et al., 2013, Heviankova et al., 2014), ion-exchange (Cheng et al., 2009, Gaikwad,
2010, Buzzi et al., 2013, Torres and Auleda, 2013, Marti-Calatayud et al., 2014), adsorption
(Mohan and Chander, 2006, Gitari et al., 2008, Motsi et al., 2009, Sarmiento et al., 2009,
Zhang, 2011, Chen et al., 2013, Falayi and Ntuli, 2014), coagulation (Dong et al., 2011,
Ruihua et al., 2011, Radi¢ et al., 2014), and bio-sorption (Demchak et al., 2001, Brenner,
2004, Johnson and Hallberg, 2005, Whitehead and Prior, 2005, Tutu et al., 2008, White et al.,
2011, Sheridan et al., 2013). Moreover, cost factors, inefficiencies, selective adsorption,
inconveniences and generation of secondary sludge, limit their adoption (Johnson and
Hallberg, 2005). From the stated reasons, it is clear that there is a need for a low cost and

effective method which can neutralize and remove toxic chemical species from AMD.

Due to high adsorption capacity, magnificent ion exchange and swelling properties, high

surface area, leafy or lamella morphology, abundance and low cost clay minerals have been
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received vast applications in depollution science (Zhao et al., 2011). To improve the
adsorption and depollution properties, clay needs to be modified to improve its adsorption
capacity which is dependent on pH and concentration of pollutants in aqueous solution.
Commonly used methods for clay modification include:

e Intercalation and pillaring (Bhattacharyya and Gupta, 2006, Masindi et al., 2014b,
Masindi et al., 2015a, Masindi et al., 2015b),

e Acid activation (Bhattacharyya and Gupta, 2006, Bhattacharyya and Gupta, 2008b,
Bhattacharyya and Gupta, 2008a, Bhattacharyya and Gupta, 2011),

e Mechanochemical activation (Masindi et al., 2014a, Duki¢ et al., 2015, Masindi and
Gitari Mugera, 2015, Masindi et al., 2015a, Masindi and Gitari, 2015, Masindi et al.,
2015c)

e and Organoclays (Lepoitevin et al., 2014).

Amongst all clay modifications and composite synthesis science, mechanochemical
activation has been recommended by numerous studies due to high metals attenuation
potentials. Nevertheless, mechanochemical modification is economic viable and
environmental friendly as compared to other modification techniques. Documented literature
has revealed that mechanochemical modification lead to improved physiochemical properties
of clay that makes it the best material for water decontamination (Masindi and Gitari Mugera,
2015, Masindi et al., 2015a). Moreover, limited studies have evaluated the use of mechanical
milling on improving the adsorption properties of clay for pollutants in wastewater (Dukic¢ et
al., 2015, Masindi and Gitari Mugera, 2015).

The use of vibratory ball mill for synthesizing and pulverization clay minerals may lead to
fragmentation, distortion, breakage of crystalline network and particle size reduction. It also
lead to increased surface area, and trigger the exfoliation and amorphization of particles
hence enhancing the removal efficiencies of the pollutants by fabricated composites and clay
minerals (Duki¢ et al., 2015). On the other hand, longer milling times lead to the
agglomeration of finer particles that result in the decrease of the cation exchange capacity
(CEC) (Duki¢ et al., 2015, Masindi and Gitari Mugera, 2015), as such, milling need to be
medium enough to maintain high cation exchange capacity of clay. Moreover, the metals
attenuation ability of clay is limited by pH of the solution, at pH < 4 the metal removal
efficiencies of clay is poor (Gitari, 2014). In the quest to find pragmatic ways that will

improve the limitations of virgin raw and modified clays as adsorbents, the adsorbents can be
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prepared in a composite form with some metal oxides or carbonates (Duki¢ et al., 2015,
Masindi et al., 2015a, Masindi and Gitari, 2015).

To respond to the challenges that are been presented by current technologies, government,
mining houses, and scientific communities are seeking for innovative and locally available
technologies for remediating AMD. The present study was designed with the aim of
synthesizing mechanochemically modified bentonite clay using a vibratory ball mill and
evaluate its application for neutralization and attenuation of inorganic contaminants in

metalliferous and acidic mine effluents.

1.2 Problem statement

Discharge of highly acidic effluent from abandoned gold mines on the Witwatersrand
goldfields, South Africa has led to pollution of surface and subsurface aquatic ecosystems
(Tutu et al., 2008). AMD pollution can degrade the habitats of aquatic organisms, causes
safety problems, ruins the natural aesthetics and impacts the economy of the country
negatively (Maree et al., 2004, Ntuli et al., 2014, Simate and Ndlovu, 2014). Acidity and
heavy loads of metals inhibit plants growth, corrodes infrastructure and Kills intolerant
species. It degrades the water quality rendering it unfit for multitudes defined uses .
Numerous wastewater treatment technologies have been developed to decontaminate mine
wastewaters in an attempt to produce safe drinking water but very few of them have been
reported to produce water that is within the legal requirement. The majority of AMD
treatment technologies are species selective and some require two steps of pretreatment.
South Africa primarily relies on the use of lime (CaCQO3) for neutralizing or raising the pH of
AMD.

During liming of AMD to neutralize the pH, metals precipitate as hydroxides and the final
product of the neutralization reaction is calcium sulphate dehydrate (gypsum), and produces
waters, compositions of which exceed the Department of Water and Sanitation (DWS)
(previously known as Department of Water Affairs and Forestry, DWAF) stipulated water
guidelines for Domestic Water Use (Gitari et al., 2006, Madzivire et al., 2010, Madzivire et
al., 2014). The mainly gypsum sludge may also contain toxic metal species, which require
proper disposal and frequent long-term environmental hazard monitoring which is

unsatisfactory. Chemical treatment of mine wastewater by neutralization produces
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voluminous sludge that is expensive to store and dispose-off (Madzivire et al., 2011).
Consequently, there is a need to devise an alternative technology that can neutralize AMD
and remove inorganic contaminants in a single treatment step, if possible.

The results of this investigation will assist in solving the challenge of AMD pollution by
formulating cryptocrystalline magnesite-bentonite clay composite that can neutralize AMD
and remove inorganic contaminants in a single step. It will also reveal conditions that will be

useful in designing a pilot AMD treatment plant.

1.3  Objective

1.3.1 Main objective

The overall aim of this study was to assess cryptocrystalline magnesite, bentonite clay and
magnesite-bentonite clay blends/composites as treatment agents for acid mine drainage.

1.3.2 Specific objectives

To achieve the above overall aim, the following specific objectives were pursued,;

e Determination of the physicochemical and mineralogical properties of
cryptocrystalline magnesite, bentonite clay and the composite.

e ldentification of the chemical composition of AMD from the Witwatersrand Western
Basin, Gauteng, South Africa

e Assessment of the optimum conditions for treatment of AMD using cryptocrystalline
magnesite, bentonite clay and their composite in batch tests, and explore the
chemistry of the resultant residue and processed water;

e Investigation of the mineralogical transformation and chemical characterization of

resultant solid residues and geochemical modelling of process water.

1.4  Research questions

In order to address the main and specific objectives of this project, specific questions were
formulated. These led to tasks that had to be accomplished to achieve the objectives of this

project. The research questions were as follows:
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e What are the physicochemical and mineralogical properties of cryptocrystalline
magnesite, bentonite clay and the composite?

e What are the chemical compositions of AMD from the Witwatersrand Western Basin,
Gauteng, South Africa?

e What is the chemistry of processed water and the resultant solid residues after
interacting AMD with the cryptocrystalline magnesite and bentonite clay?

e What is the chemistry of the processed water and the resultant solid residues after
interacting AMD with magnesite/bentonite clay composite?

e How does the quality of treated water compare with the South African water quality

guidelines?

1.5 Hypothesis

Magnesite and bentonite clay treatment techniques alone are not as efficient as their

composite material in terms of AMD treatment.

1.6 Novelty of the work

Cryptocrystalline magnesite, vibratory ball milled bentonite clay and magnesite-bentonite
clay composite have, to the author’s knowledge, never been used for treatment of AMD,
therefore, this is the first study to evaluate the feasibility of applying cryptocrystalline
magnesite, bentonite clay and magnesite-bentonite clay composite for neutralisation and

attenuation of inorganic contaminants from metalliferous and acidic mine effluents.

This study identified optimum conditions required to treat AMD using magnesite and ball
milled bentonite clay, and the prevailing chemistry thereof. A new mechanochemical
synthesis was also developed using a vibratory ball mill and evaluated for neutralization of

acidity and attenuate inorganic contaminants in a single step evaluated.

The results from this study will assist in the scaling up of the process from laboratory to pilot-

plant scale with the aim of constructing a full-scale treatment plant.

6|Page



1.7  Thesis structure

This thesis is divided into six chapters, each explaining different aspects of the investigation.

A summary of each chapter is given below.

CHAPTER 1: Introduction

A brief background of the AMD problem is given together with different attempted solutions
to the problem. The magnitude of AMD problem in South Africa and the need for a solution
for AMD to be treated prior to release to avoid surface and subsurface water contamination is
also reported. An outline of the objectives, research questions, study significance, hypothesis

and novelty of the study are briefly discussed.

CHAPTER 2: Literature review

An in-depth explanation of the AMD problem and solutions is given: The formation process,
its sources, environmental impacts, and the available treatment technologies. The
physicochemical properties of magnesite and bentonite clay and their applications in
wastewater treatment are investigated. The geochemical model employed to predict
speciation, mechanisms of metal attenuation and for complementing experimental results is

also discussed in brief.

CHAPTER 3: Attenuation of acidity and inorganic contaminants from acid mine
drainage by cryptocrystalline magnesite

This chapter describes the process of optimization of the reaction conditions between
simulated acid mine drainage (SAMD) and magnesite. The species of concern were Al, Fe,
Mn and SO,%". This section also discusses the chemistry of the product residues and the fate
of chemical species in AMD before and after the treatment process. It also employs

geochemical modelling to complement results obtained from laboratory experiments.
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CHAPTER 4: Efficiency of ball milled South African bentonite clay for remediation of

acid mine drainage

This chapter pointed out the optimum conditions that were used for treatment of AMD using
bentonite clay. The species of concern were Al, Fe, Mn and SO,*". The chemistry of the
product residues and the fate of chemical species in AMD after the treatment process are
elucidated. Mechanisms of neutralization and metals attenuation by bentonite clay composite

were also reported in this section.

CHAPTER 5: Synthesis of cryptocrystalline magnesite-bentonite clay composite and its
application for neutralization and attenuation of inorganic contaminants in acidic and
metalliferous mine drainage

This chapter describes the process of optimization of the reaction conditions between AMD
and magnesite-bentonite clay composite. The species of concern were Al, Fe, Mn and SO,
The chemistry of the product residues and the fate of chemical species in AMD after the
treatment process are elucidated. Mechanisms of neutralization and metals attenuation by

magnesite-bentonite clay composite were also reported in this section.
CHAPTER 6: Conclusions and recommendation

This is the last chapter of the thesis. It presents an executive summary of the findings and

discussions of the results of this study. It also makes recommendations for further research.
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CHAPTER TWO

LITERATURE REVIEW

2.0 Introduction

This chapter presents a thorough literature review on the formation, chemical composition,
environmental implications and treatment technologies for acid mine drainage. It will also
give detailed discussion on the formation and application of magnesite and bentonite clay for
wastewater remediation. Background information on geochemical modelling will also be

introduced to highlight its importance as a problem-solving tool.

2.1  Acid mine drainage

Contamination of surface and subsurface water by AMD has raised public concern. It has
degraded the quality of terrestrial and aquatic ecosystems and their ability to sustain life
(Levings et al., 2005, Macedo-Sousa et al., 2007, Mapanda et al., 2007, Gray and Delaney,
2010, Gray and Vis, 2013, Netto et al., 2013, Simate and Ndlovu, 2014, Torres et al., 2014).
Depending on the source of rock, AMD can be formed by weathering of sulphide bearing
rocks (Table 2.1) (Sracek et al., 2004, Johnson and Hallberg, 2005b, Frempong and Yanful,
2006, Cheng et al., 2009, Peretyazhko et al., 2009, Sheoran et al., 2011, Zhao et al., 2012,
Quispe et al., 2013, Kim, 2015, Nordstrom et al., 2015). The mineral phases that are
responsible for the formation of AMD are shown in Table 2.1 (Johnson and Hallberg, 2005b,
Peretyazhko et al., 2009, Sheoran et al., 2011, Zhao et al., 2012).
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Table 2.1:  Acid mine drainage forming minerals

Mineral phase Composition Mineral phase Composition
Pyrite FeS; Molybdenite MoS;
Marcasite FeS, Millerite NiS
Pyrrhotite FexSx Galena PbS
Chalcocite CupS Sphalerite ZnS
Covellite CuS Arsenopyrite FeAsS
Chalcopyrite CuFeS; Cinnabar HgS

The chemical composition of acid mine drainage depends on the composition of the parent
rock and associated geological strata. Depending on the mineral being weathered, AMD is
characterized by acidic pH that ranges from 1 - 4 and is enriched with iron, manganese,
aluminium, sulphate, and toxic chemical species such as lead, copper, mercury, cadmium and
zinc. It is generally regarded as the main environmental problem caused by the mining of
sulphide bearing ore deposits (Johnson and Hallberg, 2005b, Peretyazhko et al., 2009,
Sheoran et al., 2011). National, regional and international scientific communities have
declared AMD an issue of prime environmental concern (Balintova and Singovszka, 2011). It
contains chemical species that are potentially toxic to terrestrial and aquatic organisms on
exposure (Sracek et al., 2004). As such, this effluent emanating from mining activities needs
to be contained and treated to prevent contamination of receiving aquatic ecosystems. In
South Africa, the Witwatersrand basins contain on average 4800 mg/L sulphate, 800 mg/L of
Fe(I1), 200mg/L of Fe(lll), 230 mg/L of Mn, 11 mg/L of Zn, 18 mg/L of Ni, 5 mg/L of Co, 6
mg/L of Al, 150 mg/L of Mg, some radioactive elements and 700 mg/L acidity (as CaCO3)
(Tutu et al., 2008). It has been documented that the Western Basin discharges approximately
10 — 60 ML/day. This water is discharged to the adjacent river that passes through the
heritage site of the Cradle of Humankind and it has been projected that its impacts may
permeate to the Sterkfontein Cave Systems which partially include the Cradle of Humankind,
where the earliest known hominid fossils remains were discovered and where paleontological
excavation continues (Maree et al., 1989, Maree and Du Plessis, 1993, Maree et al., 2004b,

Bologo et al., 2012, Maree et al., 2013). This raises a need for urgent treatment of AMD.
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2.2  Generation of acid mine drainage

AMD is formed by a series of geo-chemical and microbial reactions that occur when sulphide
minerals are exposed to oxygen and water to form sulphuric acid. This acid leaches out
metals in the rock, which can either enter nearby streams and rivers or seep into groundwater.
Oxidation of sulphide minerals occurs primarily via oxidation reactions mediated by
microorganisms (Hallberg, 2010, Zhao et al., 2012, Candeias et al., 2014, Amos et al., 2015).
Iron sulphide containing strata are oxidized to ferric iron and sulphate (Equation 2.1) (Amos
etal., 2015).

bacteria

2+ + 2—
ZFCSZ(S) + 702(g) + 2H2 0O —— 2Fe(aq) + 4H(aq) + 4504(3(]) (21)

2.2.1 Chemistry of acid mine drainage and its generation

The formation of AMD from pyrite can be represented by three basic chemical reactions,
pyrite oxidation, ferrous oxidation and iron hydrolysis (Equation 2.2). Pyrite (FeS,) is the

dominant form of sulphur mineral in coal and gold lithology and stratigraphy. During pyrite
oxidation sulphur is oxidized to sulphate and ferric iron is released (Equations 2.2 — 2.5). The
acidity formed promotes leaching of other minerals (Al, Mn and trace metals) which are
associated with the mined strata (Sracek et al., 2004, Zhao et al., 2012, Amos et al., 2015).

2.2.1.1 Chemistry of pyrite in acid mine drainage formation

During the oxidation of pyrite there are two species that can be oxidized: the ferrous iron and
the sulphur. When pyrite is exposed to large quantities of oxygenated waters, ferrous iron
easily leaches out of the oxidised pyrite but stays in solution (Equation 2.2 — 2.5) (Sracek et
al., 2004, Johnson and Hallberg, 2005b, Sheoran and Sheoran, 2006, Peretyazhko et al., 2009,
Sheoran et al., 2011, Zhao et al., 2012, Amos et al., 2015, Nordstrom et al., 2015).

2FeS, + 70, + 2H,0 — 2Fe?* + 4S0,%” + 4H* (2.2)
4Fe?t + 0, + 4H' - 4Fe3t + 2H,0 (2.3)
4Fe3* + 12H,0 — 4Fe(OH); + 12H* (2.4)
FeS, + 14Fe3* + 8H,0 — 15Fe?* 4+ 250,%” + 16H* (2.5)
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Equation 2.2: When pyrite is initially exposed to oxygen and water it leads to the formation
of ferric iron, sulphate and acidity. However, dissolved ferrous iron (Fe2+(aq)) and sulphate
ions (8042'(aq)) are colourless and the water may look crystal clear. Oxidation of pyrite is a

particularly fast reaction as compared to formation of rust.

Equation 2.3: Aqueous ferrous (Fe*") ions react with oxygen and acidic hydrogen ions to
form ferric (Fe*") ions and water. The conversion of ferrous to ferric iron consumes one mole
of acidity.

Equation 2.4: This describes the next reaction where the ferric ions hydrolyse in water to
form ferric hydroxide. Three moles of acidity are generated. Many metal ions are capable of
undergoing hydrolysis. The formation of ferric hydroxide precipitate (solid) is pH dependent.
Solids form if the pH is above about 3.5, but below pH 3.5, little or no solids will precipitate.
Equation 2.5: The oxidation of additional pyrite or other metals by ferric iron can take place.
The ferric iron is generated in reaction steps 2.1 and 2.2. This is the cyclic and self-
propagating part of the overall reaction and takes place very rapidly and continues until either
ferric iron or pyrite and other metals are depleted. In this reaction, iron(lll) is the oxidizing
agent, not oxygen. Fe?/Fe** in solution is the source of acidity because the chemical

reactions involved lead to the precipitation of iron species releasing acidity (H").

2.2.2 Role of bacteria in chemistry of acid mine drainage

All bacterial species have a definite pH growth range and pH growth optimum. Acidophile
have their growth optimum between pH 0.1 and pH 5.5. Bacterial death may occur when the
internal pH increase > 5.5, because changes in the external pH can alter the ionization of
nutrient molecules and therefore lower their availability to the organism. However, there are
some microorganisms which can survive extreme acidic environments. These
microorganisms frequently change the pH of their own habitat by producing acidic metabolic
waste products. The organisms play a pivotal role in accelerating the oxidation of pyrite.
Several bacterial species have been documented to play a significant role in mediating the
process of AMD formation. The most common species is Thiobacillus ferrooxidans, which is
an iron and sulphur oxidizing bacterium. Microbiological oxidation of pyrite proceeds by the
following stages (Brake et al., 2004, Johnson and Hallberg, 2005c, Johnson and Hallberg,
2005b, Fang et al., 2007, Natarajan, 2008, Hallberg, 2010, Zhou et al., 2010, Sheoran et al.,
2011, Simate and Ndlovu, 2014, Nordstrom et al., 2015).
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Stage 1

Reaction 2.2 proceeds abiotically and by direct bacterial oxidation (Equation 2.2). Reaction
2.3 proceeds abiotically and slows down as pH increase (Equation 2.3) Thus, the chemistry
is: pH almost above 4.5, high sulphate, low Fe, little or no acidity.

Stage 2

Reaction 2.1 proceeds abiotically and by direct bacterial oxidation (Equation 2.1). Reaction
2.3 occurs at a rate determined by the activity of Thiobacillus ferrooxidans (Equation 2.3).
(Chemistry: pH almost above 4.5, high sulphate, acidity, and Fe increase, low Fe**/Fe®*

ratio.)

Stage 3

Reaction 2.4, proceeds at a rate determined only by the activity of Thiobacillus ferrooxidans
(Equation 2.4). Reaction 2.5 proceeds at a rate entirely determined by reaction 2.4,
(Chemistry: pH below 2.5, high Sulphate, acidity, and Fe, and Fe**/Fe?* ratio.)

Under many conditions, Equation 2.3 is the rate-limiting step in pyrite oxidation because the
conversion of ferrous iron to ferric iron is slow at pH values below 5 under abiotic
conditions. However, Fe-oxidizing bacteria, principally Thiobacillus spp., greatly accelerate
this reaction, so the activities of bacteria are crucial for generation of most AMD, and much
work on bactericides has been conducted. In contrast, availability of oxygen may be the rate-
limiting step in mine-spoil of low porosity and permeability such as that composed of soft
shale, so that oxidation is limited to the upper few metres of spoil. In porous and permeable
spoil, composed of coarse sandstone, air convection driven by the heat generated by pyrite
oxidation may provide high amounts of oxygen deep into the spoil. The rate of pyrite
oxidation depends on numerous variables such as reactive surface area of pyrite, form of
pyritic sulphur, oxygen concentration, solution pH, catalytic agents, flushing frequencies, and

the presence of Thiobacillus spp. bacteria.

Formation of AMD is an intricate process that relies on several factors. These include pH,
temperature, oxygen content of the gaseous phase, oxygen content of the aqueous phase,
degree of saturation with regard to aqueous phase, chemical activity of Fe**, surface area of
exposed sulphidic mineral phases, chemical activation energy required to initiate acid
generation capabilities and bacterial activities. As sequentially enumerated above, formation
of AMD follows different stages and the process is catalysed by micro-organisms. Primarily,

Thiobacillus ferrooxidans catalyse the oxidation of Fe at pH below 3.5, whilst at pH between
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3.5 to 4.5 catalysis is via a variety of Metallogenium spp., a filamentous bacterium. The

species of microorganisms which are involved in oxidation of sulphidic materials are shown

in Table 2.2.

Table 2.2: Sulphide oxidizing bacteria and their growth conditions (Johnson and
Hallberg, 2005b, Fang et al., 2007, Natarajan, 2008, Lacelle and Léveille,

2010, Sheoran et al., 2011, Zhao et al., 2012)

Bacteria species pH Temp, (°C) Classification Nutrition mode
Thiobacillus thioparus 45-10 10 - 37 Aerobic Autotrophic
Thiobacillus ferrooxidans 05-6.1 15-25 Aerobic Autotrophic
Thiobacillus thiooxidans 0.5-6.0 10 - 37 Aerobic Autotrophic
Thiobacillus neapolitanus 3.0-85 8-38 Aerobic Autotrophic
Thiobacillus denitrificans 40-95 10-37 Aerobic Autotrophic
Thiobacillus novellus 50-9.2 25-35 Aerobic Autotrophic
Thiobacillus intermedius 19-7.0 25-35 Aerobic Autotrophic
Thiobacillus perometabolis 2.8-6.8 25-35 Aerobic Autotrophic
Sulfolobus acidocalderius 2.0-5.0 55 -85 Aerobic Autotrophic
Desulfovibrio desulphuricans | 5.0 -9.0 10 - 45 Anaerobic Heterotrophic

Depending on the local geology and mineral phases being mined, the chemistry of the

resultant mine drainage will vary (Sracek et al., 2004, Sheoran and Sheoran, 2006, Natarajan,
2008, Peretyazhko et al., 2009, Sheoran et al., 2011, Zhao et al., 2012, Nordstrom et al.,

2015).

2.3  Physical properties of acid mine drainage

The colour of AMD is determined by the dissolution and precipitation of metals in

wastewater. The dominant metal present in AMD is iron, which may give water a typically

reddish colour, while in streams with a higher pH (pH 5 - 6.5), orange-yellow ferric iron-rich

sediments (“yellow boy”) are present. The white colour of AMD is determined by the

presence of Al which precipitates as AI(OH)s (Gibbsite). The black colour arises by the
presence of Mn which precipitates as Mn(OH), (Cheng et al., 2009, Zhao et al., 2012, Amos

etal., 2015).
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2.4 Deleterious effects of acid mine drainage on terrestrial and aquatic
ecosystems

The introduction of effluents from mining activities into receiving streams can severely
impact aquatic ecosystems through habitat destruction and impairment of water quality. This
will eventually lead to reduction in biodiversity of a given aquatic ecosystem and its ability to
sustain life. The severity and extent of damage depends on a variety of factors including the
frequency of influx, volume, and chemistry of the drainage, and the buffering capacity of the
receiving stream (Sucha et al., 2002, Levings et al., 2005, Peretyazhko et al., 2009, Martins et
al., 2011, Mohapatra et al., 2011, Netto et al., 2013, Simate and Ndlovu, 2014, Torres et al.,
2014).

2.4.1 Acidity

When metals in AMD are hydrolysed, they lower the pH of the water making it unsuitable for
aquatic organisms to thrive (Torres et al., 2014). AMD is highly acidic (pH 2 — 4) and this
promotes the dissolution of toxic metals (Tutu et al., 2008). Those toxic species exert
hazardous effects on terrestrial and aquatic organisms (Simate and Ndlovu, 2014). Also, if the
water is highly acidic only acidophile microorganisms will thrive on such water with the rest
of aquatic organisms migrating to other regions which are conducive to their survival. Many
streams contaminated by AMD are largely devoid of life for a long way downstream. To
some aquatic organisms, if the pH range falls below the tolerance range, probability of death
is very high due to respiratory and osmoregulation failure. Acidic conditions are dominated
by H* which is adsorbed and pumps out Na from the body which is important in regulating
body fluids (Mitsch and Wise, 1998, Sucha et al., 2002, Levings et al., 2005, Mahmoud et al.,
2005, Mapanda et al., 2007, Gray and Delaney, 2010, Strosnider and Nairn, 2010, Martins et
al., 2011, Mohapatra et al., 2011, Gray and Vis, 2013, Simate and Ndlovu, 2014, Torres et al.,
2014, Sun et al., 2015).

2.4.2 Toxic chemical species

Exposure of aquatic and terrestrial organisms to potentially toxic metals and metalloids can
have devastating impacts to living organisms (Tutu et al., 2008, Rubin et al., 2011,
Skoczynska-Gajda and Labus, 2011). Toxic chemical species present in AMD have been

reported to be toxic to aquatic and terrestrial organisms. They are associated with numerous
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diseases including cancers. Some of these chemical species may accumulate and be

biomagnified in living organisms hence threatening the life of higher trophic organisms such
as birds (Jooste and Thirion, 1999). Lead cause blood disorders, kidney damage, miscarriages

and reproductive disorders and is linked to various cancers. The exposure of living organisms

to toxic chemical species in AMD can also lead to nausea, diarrhea, liver and kidney damage,

dermatitis, internal hemorrhage and respiratory problems. Epidemiological studies have

shown a significant increase in the risk of lung, bladder, skin, liver and other cancers on
exposure to these chemical species. Effects of Al, Fe, Mn, Cu, Mg, and Zn on the health of

living organisms are summarized in Table 2.3.

Table 2.3:

Effects of selected metals on the health of living organisms

Element

DWA limit

Ecological impacts of AMD

Al

<0.5mg/L

Prolonged exposure to aluminium has been implicated in
chronic neurological disorders such as dialysis dementia and
Alzheimer's disease. Severe aesthetic effects (discolouration)

occur in the presence of iron or manganese

Fe

<1mg/L

Severe aesthetic effects (taste) and effects on plumbing (slimy
coatings). Slight iron overload possible in some individuals.
Chronic health effects in young children and sensitive
individuals in the range 10 - 20 mg/L, and occasional acute

effects toward the upper end of this range.

Mn

< 0.2 mg/L

Very severe, aesthetically unacceptable staining. Domestic use
unlikely due to adverse aesthetic effects. Some chance of

manganese toxicity under unusual conditions.

Cu

<1mg/L

Gastrointestinal irritation, nausea and vomiting. Severe taste and
staining problems. Severe poisoning with possible fatalities.

Severe taste and staining problems

Mg

<200 mg/L

Water aesthetically unacceptable because of bitter taste users if
sulphate present. Increased scaling problems. Diarrhoea in most

new consumers

Zn

<5mg/L

Bitter taste; milky appearance. Acute toxicity with
gastrointestinal, irritation, nausea and vomiting. Severe, acute

toxicity with electrolyte disturbances and possible renal damage
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2.4.3 Sedimentation

Acid mine drainage receiving water is initially clear but turns a vivid orange colour because
of the precipitation of iron oxides and hydroxides (Peretyazhko et al., 2009, Sheoran et al.,
2011, Zhao et al., 2012). This precipitate, often called ochre or “yellow boy”, is very fine and
smothers the river bed with very fine silt. Thus, destroying the habitat and nursery of benthic
organism and fish respectively (Lottermoser, 2007). Because these organisms are at the bottom
of the aquatic food chain, this has impacts on fish higher up the food chain. In addition to
killing bottom-dwelling organisms, this smothering ochre or orange precipitate smothers
gravel for fish to lay their eggs on, and hence can affect fish breeding (Netto et al., 2013,
Papassiopi et al., 2014, Simate and Ndlovu, 2014). The sediment also contains the toxic
elements that co-precipitate with the yellow boys. These are now transported as particulates
downstream and, eventually, into the sea. Precipitation of these chemicals in AMD also poses

hazards to aquatic life and reduces the habitat of aquatic organisms (Sun et al., 2015).

2.5 Acid mine drainage treatment technologies

Several AMD remediation techniques have been used to treat and reclaim mine wastewater.
The fundamental goals of remediating AMD waters are to raise the pH and to remove metal
concentrations. Chemical treatment, which is considered expensive and requires frequent
plant maintenance, is currently the most common remediation technology in use. An
alternative to chemical treatment are passive treatments which include constructed wetlands
and limestone channels. They are more widely used because of their economic advantages.
Treatment processes for AMD are usually reactive rather than pro-active, and are generally
designed to:

e Raise pH;

e Remove toxic metal concentrations,;

e Remove aqueous sulphate concentrations; and

e Collect, dispose of or isolate the metallic sludge generated followed by metal

recovery.

Acid drainage control and treatment techniques can be broadly classified into physical,
chemical and biological, and combinations of these processes (Sheoran and Sheoran, 2006,
Lefebvre et al., 2012, Luptakova et al., 20123, Li et al., 2013, Name and Sheridan, 2014,
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Wildeman et al., 2014). Within the two major groups, chemical and biological, there are
processes that may be described as either active or passive (Sheoran and Sheoran, 2006) as

mentioned previously. Biotic and abiotic methods for treatment of AMD are summarized in

Figure 2.1.
D{ “Active” systems: aeration and lime addition
—p Abiotic
p “Passive” systems: e.g. anoxic limestone drains
Remediation “A otive” Off-line sulfidogenic
> system : bioreactors
L» Biological — Aerobic wetlands

—b{Compost reactorsfwetlands‘

[ -
Passive”
> systems

| Permeable reactive barners

Packed bed iron-oxidation
bioreactors

Figure 2.1: Summary of abiotic and biological technologies for remediating AMD (Groudev
et al., 2008, Papirio et al., 2013, Shabani et al., 2014).

2.5.1 Active Treatment

2.5.1.1 Chemical treatment technologies

Chemical treatment systems are the standard remediation technique for treatment of AMD.
They treat water with additions of highly alkaline chemicals such as CaCOj;, NaOH,
Ca(OH),, Ca0, Na,CO3, and NHj3 (Sheoran and Sheoran, 2006, Zvimba et al., 2012, Simate
and Ndlovu, 2014). The mechanism of these systems is to raise the pH of the effluent until
metals are precipitated and can settle out in a retention pond. Enough alkalinity is needed to
raise the pH of the water and supply hydroxide so as to form insoluble metal hydroxides that

settle out. In most instances, the required pH for metals to precipitate ranges from 6 - 9
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except for ferric iron which precipitates at pH >3.5., Precipitation of metal hydroxides vary
depending on pH (Table 2.4) (Demchak et al., 2001, Johnson and Hallberg, 2005a, Skousen et al.,
2006, Yang et al., 2006)

Table 2.4:  Precipitation of metals at varying pH gradients

Metal ion pH Metal ion pH
Al 4.1 Hg** 7.3
Fe’* 35 Na* 6.7
Mn?* 8.5 Pb** 6.0
crt 5.3 Zn** 7.0
cd* 6.7 cu™ 5.3
Fe” 5.5

AMD chemical treatment systems consist of an inflow pipe or ditch, a storage tank or bin
holding the treatment chemical, a means of controlling chemical application rate, a settling
pond to capture precipitated metal hydroxides, and a discharge point. Limestone, pebble
quicklime, hydrated lime, soda ash, brucite, caustic soda and ammonia are the commonly
used chemicals (Sheoran and Sheoran, 2006, Strosnider et al., 2011a, Zheng et al., 2011,
Wang et al., 2012, Wei et al., 2013, Wildeman et al., 2014). The selection of a treatment
chemical depends on the characteristics of the effluent, the receiving aquatic ecosystem, and
availability of electrical power, proximity of the feedstock, cost of the material, treatment
time and quantity of resultant solids. Although chemical treatment is often very efficient in
promoting metal removal and neutralizing acidity, the chemicals are mostly expensive or
dangerous and when misused can result in discharge of excessively polluted water (Maree
and Du Plessis, 1993, Maree et al., 1997, Gitari et al., 2006, Maree et al., 2013).

2.5.1.2 Adsorption

Adsorption is a phenomenon whereby an adsorbate adheres to the surface of an adsorbent.
Due to reversibility and desorption capabilities, adsorption has been regarded as one of the
best methods for metal removal from aqueous solution . Kuroki et al. (2014) documented the

possible use of La(lll)-modified bentonite for phosphate removal from aqueous media. The
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phosphate retention at room temperature reached > 95%, when initial phosphate
concentration in solution was 5 mg L. Sen Gupta and Bhattacharyya (2008) documented
that kaolinite and montmorillonite clay have the efficiency to remove > 99 % of Pb(l1), Cd(l1)
and Ni(ll) ions from aqueous solution. Kubilay et al. (2007) noted that natural bentonite clay
has the capabilities to remove Cu(ll), Zn(Il) and Co(Il) from aqueous solution. Al-Shahrani
(2014) reported that Saudi bentonite clay has the ability to remove > 99 % of Ni(ll), Cd(ll),
Cu(ll) and Pb(lI1) from aqueous solution. Anna et al. (2014) reported that natural bentonite
clay has the ability to remove mono- and multi-metal systems of toxic chemical species such
as Cd(II), Cu(ll), Ni(Il) and Pb(ll). Bereket et al. (1997) evaluated the use of bentonite clay
for removal of Cd(Il), Cu(ll), Ni(Il) and Pb(ll) and reported that it has > 99% removal
efficiencies. Gitari (2014) documented that South African bentonite clay has the ability to
remove toxic chemical species of Al, Fe and Mn from acid mine drainage altogether with
sulphate and trace metals. Van Der Watt and Waanders (2012) reported the possibilities of

bentonite clay to be activated by acid while leaching trace metals from its matrices.

2.5.1.3 lon-exchange

lon-exchange is the exchange of ions between two or more electrolyte solutions. It can also
refer to exchange of ions on a solid substrate to soil solution. In most instances, ion-exchange
uptake of metals from aqueous solution is by using ion-exchange surfaces such as high
cation-exchange capacity clay and resins. However, it has disadvantages of relying on several
parameters such as contact time, concentration of the solution, pH of the supernatants
solution and temperature. Also, it is costly and laborious to use on a large scale. The
efficiency of ion-exchange methods is limited to a certain concentration of metals. For
wastewater treatment and attenuation of metals from aqueous systems, natural and synthetic

clays, zeolites and synthetic resins have been used (Gaikwad, 2010, Buzzi et al., 2013).

Pehlivan and Altun (2007) reported that Pb®*, Cu**, Zn?*, and Ni?** can be exchanged on
Lewatit CNP 80 resin. Montmorillonite containing clay was used for removal of Cu®* from
aqueous solution (Oubagaranadin and Murthy, 2010). Xu et al. (2012) reported that
phosphate modified PS-EDTA resin has the efficiency to remove > 90% of Cu®**, Zn*, and
Cd?* from contaminated water. Inglezakis et al. (2003) noted that natural clinoptilolite has the

efficiency to remove Cu?*, Pb?*, Fe** and Cr® from contaminated water bodies.
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2.5.2 Piloted mine water desalination technologies in South Africa

The increase in environmental concerns to water pollution by mining industries has prompted
the South African government and its associate authorities to develop, pilot and implement a
number of waste water treatment technologies. Treatment methods that have been piloted in
South Africa for treatment of acid mine drainage are summarized in Table 2.5. This table

only focused on the cost required for producing a given quantity of water.

Table 2.5: Desalination technologies that have been developed in South Africa

Technology Process Cost
Alkali Barium Calcium (CSIR-ABC) Precipitation and adsorption R4.04/m®
Lime treatment Precipitation and adsorption R5.50/m*
Magnesium Barium Alkali (MBA) Precipitation and adsorption R2.20/m*
EARTH ion-exchange R12.95/m*
BioSure Adsorption R3.80/m*
SAVMIN Precipitation R11.30/m*
HiPRO Reverse Osmosis R9.12/m’

The major factors that determine which type of treatment is best suited to a particular
application include the levels of salinity and temporary hardness, the presence of colloidal
suspended matter, dissolved metal-ions, oxidizing agents, hydrogen sulphide content and
temperature of the feed water (Zick, 2011). As such, the development of a new treatment
model is governed by the drawbacks of treatment methods that have been or are being used.
Moreover, the majority of effluent treatment technologies are costly, generate toxic
secondary sludge which is expensive to dispose of and some are inefficient and do not yield
treated water compliant with water quality standards. Table 2.5 summarises mine effluent
treatment technologies that have been developed and implemented in South Africa. As shown
in Table 2.5 the MBA process (Bologo et al., 2012) seems to be sustainable as compared to

other traditional methods.
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2.5.3 Other acid mine drainage treatment technologies

Several laboratory based technologies have been developed for treatment of AMD. Since
most of the methods are not sustainable to treat mine water, research is continuing to come up
with a sustainable treatment technology. Use of waste materials will reduce the cost of the
any treatment process. In the quest to develop low-cost and effective technologies to
remediate AMD, Gitari et al. (2006) have used coal combustion fly ash to neutralize and
remove metals in AMD. The availability of Ca in a form of lime in elevated concentration
enhances the efficiency of coal fly ash to neutralize AMD. Also, the presence of other
cations, which include Al, Si, Fe, Na, and K, increase the probability of ion-exchange and
adsorption of chemical constituencies from AMD. In their study, the authors noted that co-
disposal of coal fly ash and acid mine drainage raises the pH to circumneutral levels, and

hence attenuation of metal species.

Madzivire et al. (2014) reported that the application of a jet loop reactor for mine water
treatment using fly ash, lime and aluminium hydroxide can lower the sulphate concentration
to DWA water quality guidelines acceptability and raise the pH to >10. Bologo et al. (2012)
reported that the application of magnesium hydroxide for treatment of AMD can lead to an
increase of the pH to 9.6 and lower the TDS from 9242 to 6037 mg/L and remove other
metals except for magnesium. In their study, the authors reported that the addition of lime
may lead to lowering of the concentrations of magnesium species in aqueous solution, hence
increasing the pH further to 12.5. Maree et al. (1997) investigated the use of dolomite to
neutralize coal acid mine water. The authors reported that after 15 minutes of interaction, the
pH of the solution was observed to increase from 2.5 to 6.5 and the acidity of the solution
was reduced from 600 to 50 mg/L (as CaCOs3). Leite et al. (2013) claimed that the use of steel
slag for neutralization of AMD may result in an increase in pH and reduction in TDS content

and metal concentrations.

Maree et al. (2004a) reported that the application of limestone for coal mine effluent
treatment can raise the pH from 1.8 to 6.6 with subsequent oxidation of iron if done with
exposure to the atmosphere. In their study, the authors also mentioned that the liming process
lowers the sulphate concentration from 8342 mg/L to 1969 mg/L. Strosnider et al. (2013)
explored the feasibility of co-treating Zn-rich AMD and raw municipal wastewater by mixing

the two effluents. They reported that after mixing of Zn-rich AMD and raw municipal
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effluents, the pH of the resultant solution was 7 and Al, Fe, Mn and Zn concentrations were
reduced by 99.7, 99.9, 4.5 and 33.9% respectively. Madzivire et al. (2011) have successfully
employed fly ash to neutralize and remove toxic elements from AMD. Approximately 90% of
sulphate was removed when coal fly ash was used while treating low pH, Fe, Al and sulphate
rich AMD.

Bone meal was applied as an alternative technology for treatment of acid and metal
contaminated AMD. It was reported that after interaction of AMD with bone meal the pH
rose from 3.0 to 5.7 within 6 h 30 mins and during the neutralization process 99% removal of
Fe, Zn, Al and Cu were observed and Mg removal of 36% was observed by Payus et al.
(2014). Hevidnkova et al. (2014) reported that interaction of wood ash with acid mine
drainage led to an increase of pH from 3.5 to 8.3 after 20 mins and 0.5 g L™ of prepared
solution. Under optimized condition, wood ash removed close to 100% of Fe, As, Co, Cu, Zn
and Al. Coal fly ash, natural clinker and synthetic zeolite were used for the removal of heavy
metals from acid mine drainage. It was observed that the pH regimes shifted from 1.96 to
2.66 and 4.20 for coal fly ash, 1.86 and 1.85 for zeolite. Selectivity of faujasite for metal

removal was in decreasing order of Fe>As>Pb>Zn>Cu>Ni>Cr (Rios et al., 2008).

Lopez et al. (2010) investigated the capabilities of using the final products from CO,
emissions capture with alkaline paper mill waste for neutralization of acid mine drainage. The
authors complemented experimental results with PHREEQC geochemical modelling. It was
reported that alkaline paper mill waste can raise the pH of acid mine drainage from 3.6 to 8.3.
Electrical conductivity was also observed to decrease drastically indicating a possible metal
attenuation. Levels of Al, As, Cu and Cr were also removed to below detection limit by
similar waste material. Tolonen et al. (2014) found that the by-products from quicklime
manufacturing can be used as an alternative material for treatment of AMD. In their study,
the authors reported that 30 min of contact time led to an increase of pH from 2.6 to 9.5. A
drastic removal of Al, As, Cd, Co, Cu, Fe, Mn, Ni and Zn by 99% and approximately 60% of

sulphate concentration, was also observed.

Name and Sheridan (2014) reported that interaction of acid mine drainage for 30 minutes
with metallurgical slags may lead to an increase in pH from 2.5 to 12.1 and lowering of Fe
and sulphate concentrations by 99.7 and 75%, respectively. Luptakova et al. (2012b) reported
that that electro winning can be a physical-chemical and biological method for treatment of
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acid mine drainage. The authors reported that electro winning can achieve approximately
97% removal efficiency for Al, Fe, Mn, As in the form of hydroxides and Cu and Zn in the
form of metal sulphides. Li et al. (2008) investigated the application of clinoptilolite for
treatment of acid rock drainage. The authors reported that clinoptilolite managed to adsorb
Cu, Fe, Al and Zn within 30 mins of interaction with AMD. Falayi and Ntuli (2014)
investigated the use of un-activated attapulgite for neutralization and attenuation of toxic
chemical species from AMD. The authors reported that after 4 hours of contact, 100%
removal of Cu and Fe, 93% for Co, 95% for Ni and 66% for Mn removal were achieved

using 10% (w/v) attapulgite loading.

2.5.4 Passive Treatment systems

Passive treatment refers to any little or no maintenance treatment of acid mine drainage that
does not require continual chemical addition and monitoring. These are dynamically complex
systems that integrate both chemical and biological mechanisms in AMD pollution abatement
and environmental protection. Selection of appropriate passive system is primarily based on
the chemistry of water and efficiency of the treatment system. Wetlands have received
particular attention because processes within wetlands can precipitate and remove metals.
Limestone drains, wetlands, or a combination of both are the most often used passive
treatment system (Sheoran and Sheoran, 2006, Groudev et al., 2008, Lange et al., 2010, Strosnider et
al., 2011b, Macias et al., 2012b, Labastida et al., 2013, Hengen et al., 2014). As shown in Figure

2.2, ppassive treatments are discussed in detail below.
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Figure 2.2: Passive systems of treating acid mine drainage.

2.5.4.1 Phytoremediation

Constructed wetlands are man-made and engineered ecosystems that mimic naturally
occurring wetland ecosystems. Due to pitfalls and drawbacks of chemical treatment
methodologies interest in aerobic wetlands has evolved as an alternative of active treatments.
Passive treatment was generated as a result of observations that natural Sphagnum peat
wetlands that received AMD improved water quality without any obvious adverse ecological
effects (Hedin et al., 2005, Hedin et al., 2010). Discharge of polluted waters into natural
wetlands, however, is prohibited in the United States, so wetlands are constructed specifically
for the purpose of treating AMD. Early efforts to treat AMD with constructed wetlands
mimicked the Sphagnum peat wetland model. Laboratory experiments have shown promising
results (Kleinmann and Chatwin, 2011), but Sphagnum proved to be very sensitive to
transplanting stress, abrupt changes in growing conditions, and excessive accumulation of
iron (Hallberg and Johnson, 2005, Johnson and Hallberg, 2005b, Whitehead and Prior, 2005, Sheoran
and Sheoran, 2006, Groudev et al., 2008, White et al., 2011).
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The current conventional design of wetlands constructed to treat AMD looks nothing like a
Sphagnum wetland, although the same processes are used to treat water. Constructed
wetlands consist of a series of cells that allow hydrology to be easily controlled to maximize
treatment effectiveness. AMD treatment wetlands are planted with Juncus, Eleocharis,
Scirpus, and Typha, although Typha latifolia (common cattail) is used most often. Vegetation
is planted into an organic substrate such as topsoil, rotten animal manure, spoiled hay, and
compost. Water flow is slow, with a depth of 15-45 cm. Wetlands can be constructed at the
discharge point of AMD contaminated streams, or AMD contaminated waters can be pumped
into a more convenient wetland construction site. The placement of a constructed wetland

with respect to mine waste and AMD contaminated stream.

The principal mechanism of metal removal in constructed wetlands formation of metal oxides
and hydroxides, formation of sulphides, organic complexation reactions, Cation and anion
exchange and phytoremediation. Other methods may entail filtration of suspended solids and
adsorption and exchange of metals on algal mat. The way in which a wetland is constructed
affects the way in which water is purified. As such, there are two types of engineered
artificial ecosystems which include aerobic (vegetation are plated <30cm deep with relative
impermeable sediments of soil and clay) and anaerobic (vegetation are plated >30cm deep
with relative permeable sediments of soil, peat, sawdust, compost, and hay) wetland. In some
cases, constructed wetlands have been documented to successfully remove Fe with Al and
Mn removal been variable (Mitsch and Wise, 1998, Gibert et al., 2004, Hallberg and Johnson,
2005, Johnson and Hallberg, 2005c, Johnson and Hallberg, 2005b, Whitehead et al., 2005, Whitehead
and Prior, 2005, Batty et al., 2006, Kalin et al., 2006, Sheoran and Sheoran, 2006, Lagos et al., 2011,
White et al., 2011, Lizama Allende et al., 2014).

2.5.4.2 Open Limestone Channels

Research studies have documented that limestone is one of the excellent neutralizing agent
for acidic water (Maree and Du Plessis, 1993, Maree et al., 2004a). This led to construction
of open limestone channels to pre-treat AMD effluent. Open limestone channels raise the pH
of effluent by the reaction of calcite with carbonic acid. Complications arise when the Fe3*
and AI** present in AMD are exposed to the atmosphere, forming metal hydroxides and
resulting in a surface coating of the limestone channel known as armoring. This coating

reduces limestone pore space, decreasing the limestone solubility and acid neutralization
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effect (Alcolea et al., 2012b). Due to that, large quantities of limestone are needed to generate
the alkalinity to ensure long-term success of open limestone channels, but high flow velocity
and turbulence keep precipitates in solution and reduce the armoring effect and the quantities
of limestone needed. It has since been suggested that if the channels are constructed correctly,
open limestone channels should be maintenance free and provide AMD treatment for decades
(Alcolea et al., 2012a). Channels constructed with steep slopes and with flow velocities that
keep metal hydroxides in suspension showed that the drains were only 2-45% less effective
when armored (Merovich Jr et al., 2007, Stiles and Ziemkiewicz, 2010). Although open
limestone channels suggest a promising remediation technique, more research is needed to

test the effects of armoring on different characteristics of AMD effluent.

2.5.4.3 Anoxic Limestone Drains

LaBar et al. (2008) reported that if mine wastewater is interacted with limestone in an anoxic
environment, armoring would not occur. In their study, the authors revealed that AMD water
was channeled through an underground limestone-lined trench, became alkaline, and was
discharged into wetlands where the metal contaminants were then precipitated. The rise in pH
of Anoxic Limestone Drains (ALD) treated effluent occurs due to the principle bicarbonate-
producing process that occurs in open limestone channels, the reaction of calcite with
carbonic acid. Although ALDs are documented to have success in raising pH, they have
shown large variation in generating alkalinity and removing metals (Whitehead and Prior,
2005, Kleiv and Thornhill, 2008, LaBar et al., 2008, Cui et al., 2012, Genty et al., 2012).

2.5.4.4 Alkalinity Producing Systems

The alkalinity producing systems (APS) operate in a similar manner to the anaerobic
wetlands, but require a reduced land area. APS are constructed with a layer of composted
organic matter on top of a bed of limestone. A layer of AMD water settles on top of the
organic layer, and drains into perforated drainage pipes, placed in the lower part of the
limestone layer. The water then flows through the organic layer and limestone. The limestone
then gets dissolved by the anaerobic water with the production of hydroxide ions. Once the
water is drawn into the drainage pipes and is discharged into the adjacent settling pond, re-

oxygenation of the water and precipitation of the metals occurs (Deocampo and Jones, 2014).
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2.5.4.5 Limestone Ponds

In Limestone Ponds, limestone is placed at the bottom of the pond and water flows upward
through the limestone. If lime is coated by Fe and Al hydroxide, the lime in the pond will be
agitated using a stirring material to loosen the limestone and the precipitates. If the limestone
is exhausted by dissolution, the fresh limestone will be introduced to the chamber so that

neutralization and precipitation of metals can take place (Macias et al., 2012a).

2.6 Magnesite

Magnesite essentially refers to magnesium carbonate (MgCOs). It is characterized by 47.8%
of MgO and 52.2% CO.. It is a white sedimentary rock which is formed as an evaporate from
the alteration of Mg — rich igneous and metamorphic rocks. Magnesium can be formed in
numerous ways such as the substitution of Fe in siderite (FeCO3) to form MgCOs,
carbonation of olivine in the presence of water and carbon dioxide and carbonation of
magnesium serpentine to form talc, magnesite and water (Simonov et al., 1979, Zachmann
and Johannes, 1989, Pohl, 1990, Mandour and Elmaatty, 2001, Nasedkin et al., 2001,
Niemeld, 2001, Prasannakumar and Kumar, 2001, Prasannakumar et al., 2004, Vagvolgyi et
al., 2008, Wang et al., 2011, Palinkas et al., 2012, Sibanda et al., 2013). There are two types
of magnesite. i.e. crystalline magnesite and cryptocrystalline magnesite (Nasedkin et al.,
2001).

2.7 Magnesite in South Africa

The viable deposit of magnesite in South Africa occurs as a weathering product of rocks with
high contents of magnesium. The main magnesite deposits in South Africa are in
Mpumalanga and Limpopo Provinces. In Mpumalanga, it is found in the Malelane area,
Lydenburg and in the north of Southernburg and Burgersfort. In Limpopo province, it is
found in Giyani and Folovhodwe. Magnesite is mined by open cast mineral extraction.
Currently South Africa has two operating mines for magnesite: Chamotte Holdings (Pty) Ltd
in Mpumalanga and Syferfontein Calcite (Pty) Ltd in Limpopo. Magnesite in South Africa is
primarily used for amendments of agricultural soil. The deposits of magnesite in South Africa
have been estimated to be 18 Mt in total (Afonin and Maryasev, 2006, Jeleni et al., 2012,
Sibanda et al., 2013, Masindi et al., 2014a). The deposits of magnesite in South Africa are
shown in Figure 2.3 below.
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Figure 2.3: Magnesite field of the republic of South Africa

2.8  Genesis of Folovhodwe magnesite

Sibanda et al. (2013) have reported on petrographic and geochemical studies about magnesite
genesis. The authors pointed out that, the major rock-forming minerals of basalt are
plagioclase and clinopyroxene, and of dolerite are olivine, orthopyroxene, clinopyroxene and
plagioclase. Experimental evidence revealed that magnesite mineralisation took place along
the joints, cracks and crevices within weathered basalt and dolerite, resulting from the
carbonation of forsterite that were altered to amphibole, serpentine and talc in the presence of
CO, and H,O to produce magnesite, smectite, palygorskite and sepiolite. Forsterite and
enstatite were the primary sources of the Mg?* ion. The high content of olivine and pyroxene
in dolerite led to the abundance of the Mg®* ion during alteration, hence, the dominance of
magnesite in dolerite (Dabitzias, 1980, Zachmann and Johannes, 1989, Afonin and Maryasev,
2006, Palinka$ et al., 2012). Thus mode of formation and the content of magnesite in
Folovhodwe magnesite make it amorphous (Sibanda et al., 2013).
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2.9  Beneficial application of magnesite

Crude magnesite is used for Epsom salts manufacture and Mg metal manufacture. It is also
used in the manufacture of fertilizers for agricultural soil amendment or neutralization
(Kleinevoss et al., 1975, Masindi et al., 2014b). It can be used as a feedstock for the
production of magnesium chemicals, pharmaceuticals, and animal feeds. It is also used for
rayon manufacture and as a vulcanizing agent in the rubber industry. It can also be used for
desulphurization of flue gases in power utilities and water treatment. It is used mainly as
sintered grains in ramming mixes, gunning mixes and bricks. It can be used as an insulator
for high temperatures and as a desiccant (Bron et al., 1961, Kaibicheva et al., 1962,
Bluvshtein and Boricheva, 1963, Bron et al., 1964, Zubakov and Yusupova, 1964, Bugaev et
al., 1969, Kaibicheva et al., 1971, Erten and Gokmenoglu, 1994, Aras and Demirhan, 2004,
Kawasaki et al., 2006).

2.10 Clay materials and their applications in environmental remediation

Clays are fine grained and hydrous aluminosilicate materials which are mainly composed of
colloid fractions of soils, sediments, rocks and water bodies (van Olphen, 1963, Fedorov et
al., 2005, Guven, 2009, Sherry, 2013, Stucki, 2013, Zhu and Elzinga, 2014). They are the
products of rock weathering and they play an exceptional role in determining the physical and
chemical properties of soil. The clay fractions contain particle sizes of less than 2 pum
diameter. They are also referred to as inorganic materials with sheet like structures of
phylosilicates. The clay minerals are characterized by a two dimensional array of tetrahedral
sheets of T,Os composition, usually with polycations of AI** or Si** sandwiched to
pentagonal oxygen, the octahedral sheet which is mainly characterized by AI**, Fe**, Fe?*, or
Mg?* coordinated with oxygen or hydroxyl anions. The tetrahedral and octahedral sheets are
bonded together via oxygen. Depending on charge valences, if trivalent species such as Al
occupies the site arrangement it is called trioctahedral and if the octahedral sheet is

dominated by divalent ions such as Mg, it is classified as trioctahedral .
Depending on charge density and valence, species in octahedral or tetrahedral sheets may

replace each other through isomorphous substitution. They are the most abundant and

widespread natural resources that are readily available on the earth’s surface. Depending on
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their nature and composition, there are different types of clays and these include smectite,
vermiculite, kaolinite, sepiolite, chlorites, and mica. Due to the negatively charged end of the
clay fraction, high surface area, and swelling properties, clay minerals have the ability to
scavenge positively charged species through adsorption and ion-exchange. Clays can adsorb
anions to clay interlayers since they have high cation-exchange capacity. Clays containing
montmorillonite as the main mineral are referred to as bentonite clays and are categorized
within the smectite family. A number of research studies have recommended bentonite clay
as having good physico-chemical properties that result in it being an excellent adsorbent
(Ayari et al., 2005, Zulfahmi et al., 2012).

2.10.1 Bentonite clay

The term bentonite is ambiguous. As defined by geologists, it is a crystalline silicate clay
rock formed of highly colloidal and plastic clays largely dominated by montmorillonite, a
clay mineral of the smectite family. The formation of bentonite predominantly takes place in
aqueous environmental conditions during or after deposition. In addition to montmorillonite
as the main mineral, bentonite may also contain feldspar, biotite, kaolinite, illite, cristobalite,
pyroxene, zircon, and crystalline quartz. This may also depend on the physicochemical
properties of the parent material being weathered. Depending on the dominant element,
bentonite clay can be classified into K, Na, Ca, Al and Fe bentonite. The chemical properties
of bentonite can be modified by introducing highly ionic, stable, and higher density species to

bentonite clay interlayer through a process known as ion-exchange and sorption

2.10.2 Physicochemical properties of bentonite clay

2.10.2.1 Physical properties of bentonite clay

Bentonite is white to pale green or blue and, darkens in time to yellow, red, or brown. It feels
greasy and soap-like when touched. It has flat and thin sheet crystal morphology which is
irregularly shaped and can be up to 1000 pum in dimension. It has a large surface area of about
800 m?/g that significantly contributes to its high cation-exchange capacity. Nevertheless,
bentonite has a high water holding capacity which enables it to swell to 30 times its original

size hence allowing it to retain water within its matrices for a long period of time thus
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promoting higher chemical reactivity between soil, solution and bentonite clay. This good
physical property of bentonite clay enables it to scavenge polar pollutants and firmly hold

them on clay fractions through weak Van der Waals forces or chemical bonding

2.10.2.2 Chemical properties of bentonite clay

As mentioned, bentonite clay is mainly dominated by montmorillonite as the principal
element. Montmorillonite is a very soft phyllosilicate group of minerals that typically forms
microscopic crystals. It is derived from volcanic glass, mica, feldspar, various FeMg silicates
or precipitates directly from solution. Bentonite clay may also contain feldspar, biotite,
kaolinite, illite, cristobalite, pyroxene, zircon, and crystalline quartz as impurities depending
on the weathered parent materials. The basic crystal structure of smectite clay (bentonite) is

an octahedral alumina sheet sandwiched between two tetrahedral silica sheets (Figure 2.4).
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Figure 2.4: Structure of bentonite clay

As such, they are classified within the family of expansible 2:1 phylosilicates clays having
permanent charges that can undergo cation- and anion-exchange. Atoms in these sheets

common to both layers are oxygen. These three-layer units are stacked one above the other
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with oxygen in neighboring layers adjacent to each other. This produces a weak bond,
allowing water and other polar molecules to enter between layers and induce an expansion of
the mineral structure (swelling). In the tetrahedral coordination, silicon may be substituted by
aluminium or iron. In the octahedral coordination, aluminium may be substituted by
magnesium, iron, lithium, chromium, zinc, or nickel by the process known as isomorphous
substitution. Differences in the substitutions within the lattice in terms of position and
elemental composition give rise to the various montmorillonite clay minerals (Velde, 1992,
Velde, 1995, Kehew, 2001, Murray, 2006, Mukherjee, 2013). The molecular formula for

montmorillonite is usually expressed as:

(M*x-nH0) (Al2 yMgyx)Sis010(OH),, where M* = Na*, K*, Mg?*, or Ca** (exchangeable base
cations). Ideally, x = 0.33 (Velde, 1977, Velde, 1992).

Due to its favorable physicochemical properties bentonite clay is valued for its versatile uses,
sorption properties, catalytic action, bonding power, plasticity, high swelling and water
holding capacity, high surface area and ion-interchange capacity (Cation Exchange Capacity
(CEC) and Anion Exchange Capacity (AEC)). The addition of water to bentonite causes the
platy-particles of the clay to partly swell. The plates of this clay have negative charges on the
edges which attract positively charged species on the surface using electrostatic forces or
weak Van der Waals forces. Bentonite clay can attract and hold a large number of water
molecules, because the charges on the internal and external colloid surfaces attract the
oppositely, partially charged end of the polar water molecule. Water adsorbed between the
crystal layers can cause the layer to move apart, making the clay more plastic and resulting in
swelling. The water in bentonite clay is driven off when the clay is heated in air, and this
leads to the platy - layers collapsing, hence causing the clay to have an undefined structure
with an overall slightly negative charge (Kehew, 2001, Eby, 2004, Murray, 2006, Thibodeaux and
Mackay, 2010, Masindi, 2013, Mukherjee, 2013).

2.10.3 Application of bentonite clay for waste water treatment

Due to its high cation-exchange capacity, surface area and swelling abilities clays have been
widely used for wastewater treatment. Of late, bentonite clay has been reported to be the only
low-cost material that is widely used in numerous fields of material science and technology
and the utilization of this clay material for the treatment of wastewater containing hazardous

substances has received great attention. Moreover, bentonite clay can also be modified by
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other exogenous species in an attempt to enhance its adsorption capacities (Burgos et al.,
2002, Bhattacharyya and Gupta, 2008a, Bineesh and Park, 2011, Anjum et al., 2013, Anadao
etal., 2014, Bukic¢ et al., 2015a, Zhuang et al., 2015).

Xu et al. (2008) documented that MX-80 bentonite clay has the ability to adsorb Pb(Il) from
aqueous solution. Vieira et al. (2010) showed the possibility of removing Ni(ll) from aqueous
solution using Befo bentonite clay in a porous bed. Vieira et al. (2014) evaluated mechanisms
of Cu(ll) and Hg(ll) adsorption on bentonite clay from EXAFS spectroscopy. Veli and Alyiz
(2007) reported the adsorption of Cu(ll) and Zn(Il) from aqueous solution by using natural

clays.

Abollino et al. (2003) reported that Na-montmorillonite has the ability to remove toxic
chemical species from aqueous media. Ayari et al. (2007) noted that Pb(l1), Zn(I1) and Ni(ll)
can be removed from aqueous solution using Na-activated bentonite clay. Bourliva et al.
(2013) reported that Pb(Il) can be removed from aqueous solution using Greek bentonite.
Manohar et al. (2006) reported that Co(ll) can be removed from aqueous solution using Al-
pillared bentonite clay. Missana and Garci’a-Gutiérrez (2007) showed that bivalent species of
Ca(ll), Sr(Il) and Co(ll) can be effectively removed from aqueous solution using FEBEX
bentonite clay. Gitari (2014) documented that South African bentonite clay can remove Al,
Mn and Fe from acid mine drainage.

2.11 Bentonite clay composite

The high adsorption, ion exchange and expansion properties, as well as high surface area,
layered structure, abundance and low cost that make clay minerals to be an attractive
alternative material widely used for the removal of different inorganic and organic pollutants;
in addition, these materials are environmentally friendly (Zhuang et al., 2015). Modification
techniques such as intercalation and pillaring, acid activation (Bhattacharyya and Gupta,
2008b, Bhattacharyya and Gupta, 2008a, Bhattacharyya and Gupta, 2011) and
mechanochemical activation (Oliker et al., 2008, Ghorai and Pramanik, 2011, Hosseini et al., 2012,
Kim et al., 2013, Kumri¢ et al.,, 2013, Duki¢ et al., 2015a) can be used for improving the
adsorption properties of the clays. The preparation of organoclays (OC) by grafting and direct

synthesis was also reported when pollutants were removed from contaminated water (Li and
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Bowman, 2001, Oyanedel-Craver et al., 2007, Stathi et al., 2007, Yapar, 2009, Sarkar et al.,
2010, Sarkar et al., 2013, Silva et al., 2014, Simsek et al., 2014).

Among composite synthesis science, mechanochemical activation has been reported to
present best properties that enable it to retain pollutants due to its cost-effective and
environmentally friendly technique of modification (Oliker et al., 2008, Ghorai and Pramanik,
2011, buki¢ et al., 2015a). Documented literature pointed out that mechanochemical activation
improves morphological and microstructural properties of the clay (Dellisanti and Valdré,
2005). Only a limited number of studies investigated the use of mechanical milling on their
adsorption properties (Kumri¢ et al., 2013, Duki¢ et al., 2015a, Duki¢ et al., 2015b). Milling
can lead to fragmentation, distortion, breakage of crystalline network and particle size
reduction followed by an increase of the surface area, exfoliation of particles and
amorphization, hence improving the efficiencies of the material to remove contaminants from
wastewaters (Dellisanti and Valdré, 2005). Even though removal of metals from aqueous
media by clay minerals is primarily reliant on pH of the metals laddened solution, there is a
need to enhance its removal potentials since acidic pH has limited the use of clay for removal
of pollutants (pH < 4) (Duki¢ et al., 2015). In an attempt to overcome the limitations in the
use of the raw as well as the modified clays as adsorbents, the adsorbents can be prepared in a
composite form with some metal oxides and carbonates (Kumri¢ et al., 2013, Duki¢ et al.,
2015b).

2.12 Application of composite for wastewater amelioration

Although there are numerous methods for fabricating modified clays and clay composites
(Dellisanti and Valdré, 2005), very little studies have investigated the use of
mechanochemically modified clay composite for remediation of wastewaters. Duki¢ et al.
(2015) investigated the use of mechanochemical synthesised montmorillonite-kaolinite/TiO;
composite for simultaneous removal of Pb®*, Cu®*, Zn** and Cd** from highly acidic
solutions. The authors revealed that mechanochemical modification is the effective way of
modifying clay and evaluate its ability to sorb metal species from aqueous system. In their
study, it was observed that 60 mins of shaking, 200 rpm shaking speed and 50 ppm
multicomponent solution was removed from highly acidic water using the mechanochemical
synthesised montmorillonite-kaolinite/TiO, composite. Kumri¢ et al. (2013) evaluated the use

of mechanochemical treated interstratified montmorillonite/kaolinite clay for simultaneous
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removal of Pb%*, Cu?*, Zn** and Cd** from aqueous solutions. The authors disclosed that 60
mins of equilibration, 50 ppm multi-component solution, 200 rpm shaking speed and 2: 100

S/L ratios were optimum for removal of divalent species from contaminated water bodies.

2.12 Legal requirements of water quality

The National Environmental Management Act (NEMA) 108 of 1998, stipulates that everyone
has right to live in an environment which is safe and unlikely to pose any deleterious effects
to their health. The legislative requirements for industrial effluents are primarily governed by
the DWA Water Quality Guidelines (Kidd, 2011). These require that any person who uses
water for industrial purposes shall purify or otherwise treat such water in accordance with
requirements of DWA (Africa et al., 2010, Kidd, 2011, Vicente et al., 2013, Biswas et al.,
2014). The relevant criteria for discharge of acidic and sulphate-rich water are given in Table
2.6.
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Table 2.6:  The relevant criteria for discharge of acidic and sulphate-rich water as
compared to DWS water quality guidelines
Parameter | Gold AMD* | Coal AMD** Neutral DWS DWS
drainaget Industrial Irrigation
pH 2.3 2.5 6.5 5.0-10.0 6.5-8.4
EC 22713 13980 500 0-250 >540
Na 248.4 70.5 20.1 - 430-460
K 21.6 34.2 29.1 - -
Mg 2.3 398.9 861.8 - -
Ca 710.8 598.7 537.5 - -
Al 134.4 473.9 0.01 - 5.0-20
Fe 1243 8158.2 0.07 0.0-10 5.0-20
Mn 91.5 88.2 25.0 0.0-10.0 0.02-10.0
Cu 7.8 - - - 0.2-5.0
Zn 7.9 8.36 0.16 - 1.0-5.0
Pb 6.3 - - - 0.2-2.0
Co 41.3 1.89 0.29 - 0.05-5.0
Ni 16.6 2.97 0.21 - 0.2-2.0
S04~ 4635 42862 4603 0-500 -

Note: *) Gold mining AMD (Tutu et al., 2008), **), Coalmining AMD and ), Neutral
drainage water (Gitari et al., 2006, Gitari et al., 2008, Madzivire et al., 2010, Madzivire et al.,

2011, Madzivire et al., 2013, Madzivire et al., 2014, Masindi et al., 2014c).

As shown in Table 2.6, mine effluents in South Africa are dominated by dissolved Fe, Al,

Mn, Ca, Na, Mg and traces of Cu, Co, Zn, Pb and Ni. These concentrations are far above the

legal requirements.

2.12 Geochemical modelling

Modelling and computer simulation is a valuable tool that can be used to gain insight into

geochemical processes both to interpret laboratory experiments and field data as well as to

make predictions of long-term behaviour of chemical components in a system under study.

46|Page




A growing awareness of potential environmental hazards caused by activities such as mining,
disposal of wastes, and chemical spillage, have sparred an interest in the ability to anticipate
pollution scenarios and design management strategies for the minimisation of environmental
impact. Owing to issues of complexity and the time-scales involved, it is often not possible to
conduct sufficiently realistic laboratory experiments to observe the long-term behaviour of
most environmental systems. Geochemical models can be used to both interpret and predict
processes that may take place over time-scales that are not achievable in experiments as such
modelling becomes the most important tool that is indispensable from long term experiments.

From a design viewpoint, geochemical modelling can be applied to optimise remediation
efforts, identify parameters of importance in environmental systems, and to help design
effective techniques to prevent the release of environmentally hazardous substances.
Although by no means a substitute for experimental work, modelling is a valuable predictive
tool that can be used to bridge the gap between laboratory experiments, field observations,
and the long-term behaviour of geochemical systems (Parkhurst, 1995, Parkhurst and Appelo,
1999, Halim et al., 2005, Zhang and Luo, 2007, Martens et al., 2008, Tiruta-Barna, 2008,
Wissmeier and Barry, 2010, Charlton and Parkhurst, 2011, Van Den Akker and Ahn, 2011,
Chidambaram et al., 2012, Van Pham et al., 2012, Zhao et al., 2012). In this work,
PHREEQC Geochemical Modelling Code will be used to model the processes involving the
interaction of magnesite/bentonite clay and the contaminant-containing solutions. The

processes will include adsorption, desorption, neutralization and speciation, amongst others.

2.13 Conclusions

From the literature survey, the undermentioned areas of concern in relation to the theme of
the present study were identified. Traditional AMD treatment technologies have been
developed but cost factors, handling procedures and generation of secondary sludge which is
toxic and harmful and requires special disposal facilities which are costly to maintain. This
has raised numerous legislative concerns and strictness of environmental regulations.
Magnesium based materials have been successfully used for remediation of AMD but the
manufacturing costs in case of brucite becomes a limiting factor when is being applied in the
CSIR-MBA process since cost is a concern factor in all the treatment technologies.

Crystalline magnesite has been employed for remediation of AMD but it raises the pH of acid
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mine drainage to 5 which is less than the legal guideline value. It was also reported to remove
metals from acid and metalliferous drainages but the resulting treated water is far from
compliant with environmental regulations. Cryptocrystalline magnesite has never been
employed for AMD remediation as such there is a need to evaluate the efficiency of

amorphous magnesite to remediate AMD.

Bentonite clay has been employed for remediation of industrial effluents but it has the
limitation of poor adsorption from solutions with high concentrations of metals.
Combinations of bentonite clay with limestone have been employed for neutralization and
removal of metals from AMD but it has shown poor inorganic contaminants attenuation
potential. It has also been demonstrated that interaction of bentonite clay with high density
cations such as Al and Fe leads to the replacement of base cations through isomorphous
substitution. In an attempt to overcome the over exploitation of resources and to limit the use
of the virgin and raw materials as well as the modified clays as adsorbents, the adsorbents can

be prepared in a composite form with some metal oxides and carbonates.

To respond to the challenges that are been presented by current technologies, government,
mining houses, and scientific communities are seeking for innovative and locally available
technologies for remediating AMD. The present study was designed to address those
challenges by synthesizing the composite with high adsorption and neutralisation capabilities.
Magnesite in Folovhodwe is cryptocrystalline and has never been used for wastewater
treatment; rather it is used for agricultural soil amendment. It has tri-lithological properties
(brucite, periclase and magnesite properties) due to the formation conditions. This makes it
an outstanding material for wastewater remediation since it is a combination of various
magnesium-based materials. This literature review revealed a need to use magnesite
individually and magnesite-bentonite blends for treatment of acidic and metalliferous mine
drainage. Mechanochemical synthesized composites have never been used for acid mine
drainage remediation. They have been successfully used for removal of toxic chemical
species from wastewater. This will be the first study to explore the potential application of
cryptocrystalline magnesite-bentonite clay composite for neutralisation and attenuation of

inorganic contaminants from metalliferous and acidic mine effluents.
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CHAPTER THREE
Paper 1:

This paper addresses the Attenuation of acidity and inorganic contaminants
from acid mine drainage by cryptocrystalline magnesite

This chapter is devoted to answer the undermentioned objectives which are:

e Evaluation of the treatment of AMD using cryptocrystalline magnesite in batch tests,
and exploration of the interaction chemistry thereof, and the processed water quality;
e Investigation of the mineralogical transformation and chemical characterization of

resultant solid residues and geochemical modelling of process water.

68|Page



CHAPTER THREE

Attenuation of acidity and inorganic contaminants from acid mine
drainage by cryptocrystalline magnesite

“Masindi Vhahangwele®*, Gitari W.Mugera®, Tutu Hlanganani?, Debeer Marinda*

'Environmental Remediation and Water Pollution Chemistry Research Group, Department of Ecology and
Resources Management, School of Environmental Science, University of Venda, P/bag X5050, Thohoyandou,
0950, South Africa, Tel: +2712 841 4107, VMasindi@csir.co.za

Molecular Sciences Institute, School of Chemistry, University of the Witwatersrand, P/Bag X4, WITS, 2050,
Johannesburg, South Africa,

®CSIR (Council of Scientific and Industrial Research), Built Environment, Building Science and Technology
(BST), P.O Box 395, Pretoria, 0001, South Africa,

*DST/CSIR National Centre for Nano-Structured Materials, Council for Scientific and Industrial Research, P.O
Box 395, Pretoria, 0001, South Africa

Abstract

Effluents emanating from mining activities are usually acidic and often contain high
concentrations of Fe, Mn, Al and SO;™ in addition to traces of Pb, Co, Ni, Cu, Zn, Mg, Ca
and Na. These effluents impact surface and subsurface water resources negatively and have to
be treated before release to receiving aquatic systems. To this end, mining companies are in
constant search for cheaper, more effective and efficient mine water treatment technologies.
This study assessed the potential of applying cryptocrystalline magnesite as an initial
remediation step in an integrated acid mine drainage (AMD) management system. To
accomplish this, neutralization and metal attenuation were evaluated using laboratory batch
experiments and complemented with simulations using geochemical modelling. Mineral
phase formation and changes during the reaction of magnesite and AMD were also evaluated.
The geochemical computer code PHREEQC and WATEQ4 database were used for
geochemical modelling of the process water. The resulting solid residues were analyzed by
X-ray fluorescence (XRF), X-ray Diffraction (XRD), Fourier Transforms Infrared
Spectroscopy (FTIR), scanning electron microscopy (SEM) coupled with energy dispersive
X-ray spectroscopy (EDS) (SEM-EDS), and transmission electron microscopy (TEM)
coupled with energy dispersive X-ray spectroscopy (EDS) (TEM-EDS) in an attempt to
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detect the minerals phases controlling the inorganic contaminants concentration in solution.
Carbon and sulphur were also monitored using ELTRA technique. Interaction of AMD with
magnesite at an optimum solid: liquid ratio of 1:100 and contact time of 60 min led to an
increase in pH, reaching a maximum pH of 10, resulting in significant precipitation of most
metal species. Increase of pH in solution with contact time caused the removal of the metal
ions mainly by precipitation, co-precipitation and adsorption. Sulphate concentration was
lowered from 4640 to 1910 mg/L. Fe was mainly removed as Fe(OH)s, goethite, and jarosite,
Al as basaluminite, boehmite and jurbanite, AI(OH); and as gibbsite and diaspore. Al and Fe
precipitated as iron (oxy)-hydroxides and aluminium (oxy)-hydroxides. Mn precipitated as
rhodochrosite and manganite. Ca was removed as gypsum, sulphate was removed as gypsum,
and Fe, Al hydroxyl sulphate minerals and Mg was removed as brucite and dolomite. These
would explain the decrease in the metal species and sulphate concentration in the product
water. Cryptocrystalline magnesite effectively neutralized AMD and attenuated concentration
of inorganic species to within Department of Water and Sanitation (DWS) water quality
guidelines for 2013. Though > 60% sulphate removal was achieved, a polishing technology
will be required to remove alkali and alkaline earth metal species and remaining sulphate

from the aqueous system.

Keywords: Acid mine drainage; magnesite; metals; sulphate; neutralization; Geochemical
modelling

3.1 Introduction

Mining contributes significantly to the gross domestic product and, consequently, to the
economy of South Africa. However, it has been reported to impair the quality of terrestrial
and aquatic ecosystems and their integrities to foster life due to generation of acid mine
drainage (AMD). AMD is a common legacy in most gold and coal mines and results from the
oxidation of pyrite (FeS,) in the host rock (Jooste and Thirion, 1999, Johnson et al., 2002, Tutu et
al., 2008, Ramontja et al., 2011, Van Deventer and Cho, 2014). AMD is formed when sulphide
minerals such as pyrite are exposed to oxygen and water leading to the formation of iron
hydroxide, sulphate and acid as indicated in Equation 3.1.

bacteria

4FeS, + 150, + 14H,0 —— 4Fe(OH); + 8502~ + 16H* (3.1)

70|Page



This acid promotes weathering and leaching of toxic elements such as Al, Fe, As, B, Ba, Co,
Cr, Cu, Mo, Ni, Sr, Zn and Mn contained in the host rock (Jooste and Thirion, 1999, Johnson et
al., 2002, Pinetown et al., 2007, Tutu et al., 2008, Ramontja et al., 2011, Funke et al., 2012, Henri et
al., 2014, Van Deventer and Cho, 2014). In the Witwatersrand basin gold mines in South Africa,
close to 70 minerals have been identified in the host rock including gold, pyrite, uraninite
(U30s), sphalerite (ZnS), galena (PbS) and various silicates (Jooste and Thirion, 1999, Tutu et
al., 2008, Ramontja et al., 2011, Henri et al., 2014).

In the last decades, AMD has received great attention due to the devastating impacts that it
can impose onto aquatic and terrestrial ecosystems. Currently, a total volume of 360 ML/d is
generated by gold mines in Johannesburg which is discharging to adjacent aquatic ecosystem
and accelerating the degradation of waterbodies downstream. Out of that, 20 ML/d of
contaminated water flows into the Tweelopies Spruit near Randfontein (Western Basin). It
has been predicted that, by 2013, a further 60 ML/d will decant near Boksburg (Central
Basin) and a further 120 ML/day by 2014 near Springs (Eastern Basin) (Bologo et al., 2012).
The mines near Westonaria and Carletonville produce 160 ML/d of AMD. Mine effluent
contains approximately 10 000 mg/L total dissolved solids, with many mine waters being
acidic and sulphate rich and therefore unsuitable for utilization. Stringent regulatory
frameworks recommends that mine water must be treated before discharge into the receiving
environment (Maree et al., 1998; Maree and Du Plessis, 1993; Maree et al., 2013).

Worldwide, a number of treatment methods, both passive and active, have been proposed and
used for abating AMD (Akcil and Koldas, 2006, Kalin et al., 2006, Sheoran and Sheoran, 2006,
Zipper and Skousen, 2010). Among these, the common ones include ion-exchange (Gaikwad,
2010, Buzzi et al., 2013, Torres and Auleda, 2013), adsorption (Mohan and Chander, 2006,
Gitari et al., 2008, Motsi et al., 2009, Zhang, 2011, Chen et al., 2013a, Falayi and Ntuli,
2014), biosorption (Groudev et al., 2008, Freitas et al., 2011, Ramirez-Paredes et al., 2011,
Cabuk et al., 2013, Chen et al., 2013b), neutralisation (Kalin et al., 2006, Kumar Vadapalli et
al., 2008, Romero et al., 2011, Zheng et al., 2011, Zvimba et al., 2012, Alakangas et al., 2013,
Zvimba et al., 2013), coagulation and precipitation (Lee et al., 2002, Kleiv and Thornhill,
2008, Macingova and Luptakova, 2011, Zammit et al., 2011, Macias et al., 2012, Zhao et al.,
2012). The extent of application of most of these methods has largely been limited by factors

such as cost and generation of excessive secondary sludge (Johnson and Hallberg, 2005b,
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Sheoran and Sheoran, 2006, Gaikwad, 2010, Sheoran et al., 2011, Papirio et al., 2013, Sahoo
et al., 2013, Pozo-Antonio et al., 2014, Simate and Ndlovu, 2014).

Deterioration of water quality due to AMD has been reported in a number of studies hence
indicating a need for water reclamation (Jooste and Thirion, 1999, Johnson et al., 2002, Tutu et al.,
2008, Oberholster et al., 2010, Ramontja et al., 2011, Funke et al., 2012, Henri et al., 2014, Van
Deventer and Cho, 2014). In South Africa, limestone is the main agent for treatment of AMD.
However, it has a limitation of raising the pH to less than 7 which is unsuitable for removal
of metals. Bologo et al. (2012) have attempted to integrate limestone treatment with lime
which raises the pH to > 12. However the cost of the lime is a limitation for this technology.
Synthetic magnesium hydroxide has been used for AMD treatment. Although effective, its
production cost might be a limiting factor in this treatment technology (Maree et al., 1989,
Maree et al., 1998, Maree et al., 2004, Bologo et al., 2012, Mulopo et al., 2012, Maree et al., 2013).

This study proposes an AMD treatment approach using cryptocrystalline magnesite. The
most common method for removing metals from AMD is by precipitating the metals as
hydroxides. Typically for the present study, this will be achieved almost exclusively by the
application of cryptocrystalline magnesite to the wastewater until the pH reaches the

minimum solubility of the metals, (Equation 3.2 — 3.4 for Fe):

2Fe?* +20, + 2H* - 2Fe** + H,0 (3.2)
2Fe3* + 6H,0 — 2Fe(OH), + 6H* (3.3)
2Fe?* + 20, + 2H* + 3MgC0; — 2Fe(OH); + 3Mg?* + H,0 + 3C0, (3.4)

When this pH is reached, small particles of the metal hydroxide are formed as shown below:
M™* 4+ nOH~ - M(OH), | (3.5)

Magnesium will form a complex with sulphate in AMD solution. Due to the high solubility of
MgSO, (Ks, = 5.9 x 10”°) compared to CaSO, (Ks, = 4.93 x 107), it should be possible to
keep sulphate in solution while precipitating metals as hydroxides or co-precipitating metals
with sulphate (Bologo et al., 2012). Moreover, the availability of sufficient deposits of

magnesite in South Africa and its low cost makes it an attractive option (Toulkeridis et al.,
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2010, Jeleni et al., 2012, Sibanda et al., 2013). This study evaluates, for the first time,
changes in solution chemistry, quality of product water, solid residues and chemical

speciation during the reaction of magnesite with AMD.

3.2  Materials and methods

3.2.1 Sampling

Raw magnesite rock was collected from the Folovhodwe Magnesite Mine in Limpopo
Province, South Africa (22°35747.0”’S and 30°2533”E), prior to any processing at the mine.
Field AMD samples were collected from a discharging point in a disused mine shaft in
Krugersdorp, Gauteng Province, South Africa.

3.2.2 Synthetic acid mine drainage
Synthetic acid mine drainage (SAMD) was used for the batch optimization experiments as
real acid drainage is unstable over long periods of time due to oxidation and hydrolysis which

changes its chemistry. A simplified solution containing the major ions found in acid mine

waters was prepared with reference to the study by Tutu et al. (2008) (Table 3.1).

Table 3.1: Synthetic acid mine drainage used in this study

Salt dissolved Species Concentration (mg/L)
Al(S0,)3.18H,0 AP 200
Fey(S04)3.H20 Fe* 2000
MnCl, Mn** 100
H,S0, and Al and Fe salts S04~ 6000

Synthetic AMD solution was simulated by dissolving the following quantities of salts (7.48 g
Fe2(SO4)3.H20, 2.46 g Aly(SO4)3-18H,0, and 0.48 g MnCl, from Merck, 99% purity) in 1000
mL of Merck Millipore Milli-Q 18.2 MQ.cm water to give a solution of 2000 mg/L Fe**,
200 mg/L AP* and 200 mg/L Mn®*. 5 mL of 0.05 M H,SO, was added to make up SO,
concentration to 6000 mg/L and ensure pH below 3 and in order to prevent immediate

precipitation of ferric hydroxide.
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3.2.3 Preparation of magnesite

Magnesite samples were milled to a fine powder for 15 minutes at 800 rpm using a Retsch
RS 200 vibratory ball mill and passed through a 32 um particle size sieve. The samples were
kept in a zip-lock plastic bag until utilization for AMD treatment.

3.2.4 Characterisation of aqueous samples

pH, Total Dissolved Solids (TDS) and Electrical Conductivity (EC) were monitored using
CRISON MM40 portable pH/EC/TDS/Temperature multimeter probe. Aqueous samples
were analysed using ICP-MS (7500ce, Agilent, Alpharetta, GA, USA) for metal cations and
sulphate was analysed using IC (850 professional IC Metrohm, Herisau, Switzerland). The
accuracy of the analysis was monitored by analysis of National Institute of Standards and
Technology (NIST) water standards. Three replicate measurements were made on each

sample and results are reported as mean of the three samples.

3.2.5 Batch Experiments

To establish the optimum condition for AMD treatment, several operational parameters were
optimized and these include: time, dosage of magnesite, species concentration and particle

size.

3.2.5.1 Effect of time

Aliguots of 100 mL SAMD were pipetted into 250 mL flasks into which 1 g of magnesite
samples were added. The mixtures were then equilibrated for 1, 10, 20, 60, 120, 180, 240,
300 and 400 minutes at 250 rpm using the Stuart reciprocating shaker. After shaking, the
mixtures were filtered through a 0.45 pum pore nitrate cellulose filter membrane. After
filtration each sample was divided into two for anion and cation analysis. For cations, the
filtrates were preserved by adding two drops of concentrated HNO3 acid to prevent aging and
precipitation of Al, Fe and Mn and refrigerated at 4°C prior to analysis by an ELAN 6000
inductively coupled plasma mass spectrometer (ICP-MS) (7500ce, Agilent, Alpharetta, GA,
USA). For anion analysis the samples were stored in a refrigerator until analysis by
Professional lon Chromatography Metronm model 850 (Switzerland). The pH before and

after agitation was measured using the CRISON multimeter probe (model MMA40).
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3.2.5.2 Effect of dosage

Aliquots of 100 mL each of multicomponent SAMD were pipetted into 250 mL flasks and
varying masses (0.1 g,059,19,29,309,40, 50, and 8 g) of magnesite added into each
flask. The mixtures were agitated using a shaker for 60 min at 250 rpm using a Stuart
reciprocating shaker. The pH and metal content were measured as described in the preceding

section.

3.2.5.3 Effect of chemical species concentration

To investigate the effects of adsorbate concentration on reaction kinetics, several dilutions
were made from the stock solution. The pH of the simulated AMD was not adjusted. The
capacity of the adsorbent to neutralize and attenuate metals from aqueous solutions was then
assessed by increasing metal concentrations. Each 100 mL solution of SAMD was prepared
in triplicate and 1 g of magnesite added to each sample container. The initial pH of the

working solutions was maintained at pH < 3.

3.2.5.4 Effect of particle size

Aliquots of 100 mL each of SAMD were pipetted into 250 mL flasks and 1g of varying
particle sizes (1, 32, 125, 250, 500 and 2000 um) of magnesite added into each flask. The
mixtures were agitated using a reciprocating shaker for an optimum time of 60 min at 250

rpm.

3.2.5.5 Treatment of field AMD at optimized conditions

Field AMD samples were treated at established optimized conditions in order to assess the
effectiveness of magnesite. pH, EC and TDS were measured using CRISON MM40
multimeter probe. The resultant solid residue after treatment of field AMD was characterized

in an attempt to gain an insight as to the fate of chemical species.

3.2.6 Chemical and microstructural characterization

Mineralogical composition of composite and resulting solid residues were determined using
XRD, Analyses were performed using a Philip PW 1710 diffractometer equipped with
graphite secondary monochromatic. Elemental composition was determined using XRF, the
Thermo Fisher ARL-9400 XP+ Sequential XRF with WinXRF software. XRF and XRD
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were done at University of Pretoria, South Africa. Functional groups were determined using
Perkin-Elmer Spectrum 100 Fourier Transform Infrared Spectrometer (FTIR) equipped with
a Perkin-Elmer Precisely Universal Attenuated Total Reflectance (ATR) sampling accessory
equipped with a diamond crystal. Morphology was determined using SEM-EDS (JOEL JSM
— 840, Hitachi, Tokyo, Japan). Crystallography and micrographs of cryptocrystalline
magnesite were also ascertained using TEM (JEM — 2100 electron microscope, Angus
Crescent, Netherland). Carbon and Sulphur were determined using ELTRA CS — 800 carbons
and sulphur analyser (ELTRA GmbH, Retsch — Allee 1 — 542781, Haan, Germany).

3.2.7 Geochemical modelling

To complement chemical solution and physicochemical characterization results, the ion
association model PHREEQC was used to calculate ion activities and saturation indices of
mineral phases based on the pH and solution concentrations of major ions in supernatants that
were analysed after the optimized conditions. Mineral phases that were likely to form during
treatment of AMD were predicted using the PHREEQC geochemical modelling code using
the WATEQA4F database (Parkhurst and Appelo, 1999). Species which were more likely to
precipitate were determined using saturation index (SI). In this case, SI < 1 = under saturated
solution, SI = 1 = saturated solution and SI > 1= Supersaturated solution.

3.3 Results and discussion
3.3.1 Optimization of interaction parameters

3.3.1.1 Effects of equilibration time

The results for neutralization and metal removal efficiency as a function of contact time are

presented in Figure 3.1.
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Figure 3.1, Appendix B, Table B 1: Variation of Al, Fe, Mn and SO,* with time and pH
(Conditions: pH < 3, 2000 mg/L Fe**, 200 mg/L AI**, 100 mg/L Mn?*, 6000 mg/L SO,* , 1 g
magnesite, 32 um, 250 rpm and 26 °C).

The results for neutralization and metal removal efficiency function revealed that there was
an increase in pH with increasing contact time. The pH increased significantly from 3 (initial
pH of AMD) to > 10.5, approaching a steady state at 60 min. An increase in pH may have
been due to the consumption of H* from sulphuric acid by magnesite, contributing to the
elevation of pH as shown in Equations 3.9 and 3.10. Moreover, there was elevated removal
of Al (93 - 100%), Fe (95 — 100%) and Mn (98 — 100%) after 20 min, suggesting
precipitation, adsorption and/or co-precipitation. This was attributed to an increase in the pH
of the solution, resulting in Fe precipitating at pH >3, Al at pH > 4 and Mn at pH > 9
(Johnson and Hallberg, 2005a, Sheoran and Sheoran, 2006, Skousen et al., 2006, Somerset et
al., 2011, Zvimba et al., 2012, Pozo-Antonio et al., 2014). Sulphate achieved > 60% removal
efficiency in less than 20 min. This indicates that there is direct relationship between metals

precipitation and sulphate removal.

3.3.1.2 Effect of dosage

The results for neutralization and metal removal efficiency as a function of magnesite dosage

are presented in Figure 3.2.
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Figure 3.2, Appendix B, Table B 2: Variation of pH, Al, Fe, Mn and sulphate
concentrations in AMD with magnesite dosage (Conditions: pH < 3, 2000 mg/L Fe**, 200
mg/L APF*, 100 mg/L Mn®*, 6000 mg/L SO,%, 250 rpm, 60 min reaction time, < 32 pm

particles size and 26°C)

The experimental results showed that there was an increase in pH with increase in magnesite
dosage. The modelling results from PHREEQC showed an increase in alkalinity from -3.648
x 10 to 3.497 (eq/kg) and an increase in pH results from dissolution and hydrolysis of
components such as MgO, Mg(OH), and MgCO5(Equation 3.15 — 3.17).

MgO + H,0 —» Mg?* + 20H~ (3.15)
MgCO; + H,0 - Mg2* + 20H™ + CO, 1 (3.16)
Mg(OH), + H,0 -» MgOH* + H,0 + OH™ (3.17)

Modelling predicted that as pH increases, Fe** species precipitate at pH > 6, Al®*

bearing
species at pH > 6, Fe?* species at pH > 8 and Mn?* bearing species at pH > 10 (Table 5). The
trend showed a smaller % removal of sulphate compared to that of metals. This was attributed
to association of Mg and SO, and partly, CaSO, that remain in solution until saturation is
attained leading to precipitation at elevated dosages. This is substantiated by the higher
solubility of MgSO, (Kg =5.9 x 10°) compared to that of CaSO, (Ks, = 4.93 x 10),
suggesting that more magnesium would be required to be in solution to precipitate MgSO,

than CaSO,. Metal complexes were predicted to precipitate as hydroxide, oxyhydroxides and

78|Page



oxyhydroxysulphates. From the dosage experiments, it was concluded that optimum

neutralization and metal attenuation conditions were 1:100 solid/liquid ratios.

3.3.1.3 Effect of particle size

The results for neutralization and metal removal by magnesite, as a function of particle size,

are presented in Figure 3.3.
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Figure 3.3, Appendix B, Table B 3: Variation of Al, Fe, Mn, SO,* and pH as a function of
magnesite particle size (Conditions: pH < 3, 2000 mg/L Fe*", 200 mg/L AI**, 100 mg/L
Mn%*, 6000 mg/L SO,*, 1 g magnesite, 100 mL solution, 250 rpm and 26°C).

Particle size is an important parameter in neutralization and metal attenuation processes. The
smaller the particle size, the larger the surface area provided for reaction and the faster the
rate of neutralization and metal attenuation. As shown in Figure 3.3, the rate of neutralization
and metal attenuation decreased with increasing particle size. At particle sizes < 125 pm, Al,
Mn, Fe and sulphate were completely removed. Particles with size > 125 um were observed
to increase the pH of the aqueous solution from 4 to 10.5. This study is comparable to those
for calcium-based materials Maree et al., 1998) For instance, with limestone, pH values of 6
and higher were achieved with particle sizes of 300 um and smaller (Maree et al., 1998),
whereas particle sizes of 500 um and smaller for magnesite were used to achieve pH >6.

Thus, the efficiency of magnesite was found to be better than limestone.
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3.3.1.4 Effect of chemical species concentration

The results for neutralization and metal removal efficiency of magnesite as a function of
metal concentration are presented in Figure 3.4.
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Figure 3.4, Appendix B, Table B 4: (a) Variation in % removal of Mn?* as a function of
species concentration. (b) variation in % removal of AI** as a function of ion concentration,
(c) variation in % removal of Fe** as a function of ion concentration and (d) variation in %
removal of SO, as a function of concentration (Conditions: pH < 3, 60 min, 1 gram, 1:100
S/L ratios, 32 pum, 250 rpm and 26 °C).

Removal of Mn®* and AI** is independent of Mn?* and AI** concentrations for the range
tested because the pH was high enough to precipitate all the metals. From Figure 3.4 (c), the
removal of Fe from SAMD is gradually increasing with an increase in Fe concentration
because the pH was high enough to precipitate all the metals. From Figure 3.4 (d), the
removal of sulphate was observed to gradually decrease with an increase in sulphate
concentration. As sulphate concentration increased, the pH of the solution decreased. As
shown in Figure 3.11, drastic increases in pH were observed at varying Fe®* ion
concentrations. An increase in pH was attributed to dissolution of calcite, periclase, brucite
and dolomite as shown by XRD.
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3.3.1.5 Variation of pH with an increase in Fe3+ concentration

The decrease in pH with an increase in chemical species concentration is due to hydrolysis of
metal species cations leading to release of H*. The hydrolysis of Fe** and AI** releases
protons and offsets the pH of the solution (Equation 3.18 and 3.19 and Figure 3.5).

Fe3* + 3H,0 — Fe(OH)3¢ + 3H* (3.18)

The variation of pH profile with varying concentration of Fe** as representative of the

inorganic contaminants in the SAMD is shown in Figure 3.5.
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Figure 3.5: Variation of pH gradient with varying Fe concentrations.

3.3.1.5 Treatment of field acid mine drainage samples

Chemical compositions of AMD before and after contacting magnesite are shown in Table
3.2.
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Table 3.2:  Chemical compositions of AMD before and after contacting magnesite (Units:

concentration is mg/L and EC is uS/cm).

Parameter Feed AMD water | DWS Guidelines Magnesite treated AMD
Alkalinity <5 N/A 120
pH 2 6-10 10
TDS 10240 0-1200 4345
EC 22710 0-700 4636
Na 170 0-50 165
K 18 NA 20
Mg 180 0-30 400
Ca 760 0-32 300
Al 190 0-09 <0.03
Fe 260 0-01 <0.02
Mn 40 0-0.05 0.04
Cu 7.8 0-1 <0.05
Zn 7.9 0-05 0.1
Pb 6.3 0-0.01 0.2
Co 41.3 N/A 0.2
Ni 17 0-0.07 0.5
As 20 0.001 <0.01
B 5 0.01 <0.01
Cr 20 0.01 <0.01
Mo 16 0.01 <0.01
Se 17 0.02 <0.01
Si 1.5 NA 6
SO,~ 4600 0 - 500 1910

The pH of the AMD used in this study was 2. Acidity was quantified to be 200 mg/L as
CaCOs. Total dissolved solids (TDS) and electrical conductivity (EC) were 240 mg/L and
403 uS/cm respectively. This is attributed to large quantity of dissolved metal species and
sulphates. The sulphate recorded in this sample was 4600 mg/L making this anion dominant.

Major cations included Na, Ca, Mg, Al, Mn and Fe. The predominance of Fe and SO,*
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indicated that this mine water was subjected to pyrite dissolution. Dissolution of silicate
minerals such as feldspar, kaolinite, and chlorite accounts for most or all of the dissolved K,
Na, Mg, Al and Ca (Langmuir 1997). Traces of gold associated minerals such as Cu, Pb, Zn,
Co, Ni, As, B, Cr, Mo and Se were also observed to be present. Post treatment, only Ca, Na,
Mg and sulphate remained at elevated concentrations. Saturation indices from geochemical
simulations suggested that Mg was below precipitation levels. Mg species form relatively
high solubility salts hence are expected to remain largely in solution. Ca was reduced
significantly and it was predicted to precipitate as gypsum, calcite and dolomite. The
simulations showed that in the feed water, Fe existed mainly as Fe?* and Fe** while the rest
of the metals, except for Na and K, were in their divalent states at acidic solution. A large
proportion of Mg existed as aqueous MgSO,4. From these results, the treated water is suitable
for agricultural use, especially in acidic soils owing to its elevated pH. Most of the water
quality parameters of the treated water fell within those stipulated by the South African
Department of Water and Sanitation (DWS) Water Quality Guidelines for irrigation (Table
3.2).

3.3.2 Mineralogy, elemental and microstructural characterization

3.3.2.1 X-ray diffraction analysis

The mineralogical compositions by X-ray diffraction (XRD), for raw and reacted magnesite,

with field AMD, are presented in Figure 3.6.
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Figure 3.6: XRD patterns of raw (1) and reacted magnesite (2)

The results revealed that raw magnesite contain magnesite, periclase, brucite, dolomite,
forsterite and quartz as the crystalline phases. After treatment of field AMD, the following
minerals were detected in the reacted magnesite: brucite, calcite, and magnetite. Calcite,
dolomite, brucite and magnetite were observed to be present hence indicating that the
conditions were suitable for precipitation of Ca, Mg and Fe bearing species (pH > 10). The
peak of periclase was observed to be absent in the secondary residues hence indicating the
dissolution of MgO. The precipitation of calcite and brucite from AMD can be represented by

the following equations:

Mg?* + H,0 + CO3~ — Mg(OH), + CO, 1 (3.6)
Ca2* + 2HCO; — CaCO,; | +H,CO, (3.8)
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Magnesium will react with water and carbonate in AMD to precipitate as brucite at pH > 10
(Equation 3.6 and 3.7). Ca®* in AMD will react with carbonic acid in water to form calcium
carbonate (Equation 3.7). Magnesite will react with sulphuric acid in AMD to form
magnesium sulphate, water and carbon dioxide as shown in the Equation 3.9:

MgCO; + H,S0, — MgSO,eq + H20 + CO, 1 (3.9)
Periclase will react with acidity in AMD to give magnesium ions and hydroxyl ions
MgO + H* - Mg?* + OH™ (3.10)
Brucite will react with acidity in AMD to form magnesium ions and water

MgOH* + H* - Mg?* + H,0 (3.11)

Silicate will react with acid in AMD through ion exchange and lead to pH increase

= SiOH & Si0~ + H* (3.12)
= SiOH + Ca?* &=Si0Ca+ H* (3.13)
= Si0OCa + M?* + HOH —= SiOM + Ca?* + HOH (3.14)

3.3.2.2 Carbon and Sulphur determination by ELTRA

ELTRA analytical technique revealed that magnesite contains 6% of carbon on
cryptocrystalline magnesite and 8% elemental composition post interaction with AMD. This
shows that the material understudy is a carbonate. An increase in carbon may be attributed to
precipitation of carbonate from the atmosphere at pH > 10. Sulphur content was recorded to
be 0.002% on raw magnesite and 0.97% on reacted magnesite hence confirming that
magnesite is a sinks of sulphate from AMD. This has corroborated XRF, FTIR, SEM-EDS
results and PHREEQC geochemical modelling.

3.3.2.3 X-ray fluorescence analysis

The elemental composition of magnesite before and after interaction with field AMD is
shown in Table 3.3.
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Table 3.3: Elemental composition of magnesite before and after treatment

Sample (wt %) Magnesite AMD-magnesite
SiO; 6.09 5.25
Al,O3 0.71 0.63
Fe,05 (t) 0.54 2.47
MnO 0.01 0.45
MgO 82.09 60
CaOo 2.39 491
Na,O 0.13 0.11
K20 0.06 0.05
SO3 0.2 10
LOI 7.34 19.05
Total 99.56 100
H,0- 1.62 2
mg/L
As <4 9
Ba <5 8.9
Br 2.5 <2
Co <1 6.2
Cr 3.9 16
Cu 6.2 11.3
Ga 11 1.9
Hf 8.8 10.3
Nb 158 225
Ni 11 137
Pb 4 21
Se 11 21
Sr 5.4 84
Ta 4.3 22
Y 2 32
Zn 1 39
Zr <2 9.5
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After the reaction, Zn, Cu, Co, Nb, Ni, Pb, SOs, Sr, Y, Zr, Cr and Ba were found to be
present in the resultant solid residues. The results obtained for the raw magnesite
corroborated results from the study by (Nasedkin et al., 2001). In their study, they reported
that cryptocrystalline magnesite was characterised by 90 — 92 wt % of MgO and very few
other impurities. The levels of Fe, Ca, Mn and S were observed to increase in the resultant
solid residues indicating formation of new phases whereas Al, Si and Mg decrease hence
indicating possible dissolution. The X-ray fluorescence (XRF) results are confirming the
XRD (Figure 3.6), Scanning electron microscopy (SEM) — electron dispersion spectrometry
(EDS) (SEM-EDS) (Figure 3.8) and flourier transform infrared spectroscopy (FTIR) (Figure

3.7) results as reported above.

3.3.2.4 Fourier transform infrared spectroscopy analysis

The spectra for raw and AMD-reacted magnesite are shown in Figure 3.7.
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Figure 3.7: Functional groups for unreacted and reacted magnesite

Spectroscopic studies confirm the results of XRD studies. The system of bands in raw
magnesite is characteristic of brucite bending vibration corresponding to band 3702 cm™,
periclase stretching vibration corresponding to band 1500 and 950 cm™ and magnesite
stretching vibration corresponding to bands 1680, 1450, 850 cm™. The doublet at 1490, 1419

cm* corresponds to asymmetric stretching vibrations of carbonate. The reason for the split of
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this peak into a doublet could be due to the formation of new carbonates such as CaCO3 and
MgCOs. The band at 1117 cm™ correspond to symmetric stretching of carbonate, and those at
886, 795 cm™ are assigned to in plane and out-of-plane bending vibrations of carbonate ion.
The presence of carbonates in raw magnesite suggests the presence of magnesite and calcite.
The presence of carbonates in reacted magnesite suggests the precipitation of rhodochrosite,
siderite, calcite and dolomite. The system of bands for reacted magnesite is characterised of
brucite stretches corresponding to band 3702 cm™, bands at 3600 — 3700 cm™ are associated
with OH groups adsorbed water and new bands corresponding to calcite stretches at band 630
cm™ and magnetite at band 880 cm™. FTIR results provide evidence that magnesite is acting
as a sink of inorganic contaminants from aqueous solution. These results corroborate with
results obtained using XRD (Figure 3.7) and XRF (Table 3.2).

3.3.2.5 Scanning electron microscope-electron dispersion spectrometry analysis

In order to better understand the mode of interaction of AMD with magnesite and the
formation of mineral phases SEM was utilized to assess the change in morphology of the
resulting solid residues as compared with unreacted magnesite while SEM-EDS was utilized

to semi-quantitatively identify the mineral phases resulting from the neutralization reactions.

Figure 3.8 (A, C and E) shows the raw magnesite before contacting AMD. Figures 3.8 (B,
D and F) shows the morphological changes taking place after interaction of cryptocrystalline
magnesite with AMD. Before contacting AMD, the morphology of cryptocrystalline
magnesite was shown to contain spherical, leafy like, rod shaped structures and lumps which
are grape shaped hence indicating that the material is heterogeneous (Figure 3.8 - A, C and
E). After contacting with AMD, the uneven rough platelet mixed with spherical and rod-like
structures were observed to be present hence providing evidence of mineral
phases/precipitates coating the surfaces or removal of soluble salts that covered the magnesite
surface. The small spheres are seen to be aggregating and filling in the spaces between the
large spheres forming a dense mass (Figure 3.8 - B, D and F). Bulky solution precipitation
could be responsible for the formation of mineral phases which are deposited in-between the
secondary residues to form fibre-like, rod shaped and grape structured lumps of tetrahedral
folding appearances, thereby acting as a binding link between the micro-particles hence the
dense packing observed in the SEM micrographs. Three main features are observed in the

solid residues by SEM technique.
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Appearance of spherical, rod and fibre-like and aggregated lump-like structures

indicates formation of new mineral phases in the solid residues.

Rods-like structures of varying length and thickness/some are flat shaped and are
observed over the whole solid residue samples. Lumps with aggregated substances
that are grape shaped.

Aggregation of the small particles forming lumps and rod and grape shaped structures

with varying sizes of tetrahedral folding hence confirming the deposition of new

mineral phases.



Figure 3.8: SEM images of raw magnesite (A, C and E) and AMD-reacted magnesite (B, D
and F).

The SEM-EDS spot elemental analysis of the raw magnesite expressed as weight % are

presented in Table 3.4.

Table 3.4:  SEM-EDS spot % elemental analysis of raw magnesite
Magnesite C O Mg Si Ca Fe
Point 1 85 30.9 59.9 - 0.7 -
Point 2 16.9 34.9 27.9 16.6 24 14
Point 3 - 27.9 67.4 2.3 2.5 -
Average 8.5 31.2 51.7 6.3 1.9 0.5

The spot elemental composition and morphology of magnesite is shown in Figure 3.9.
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Figure 3.9: Micro image and elemental composition of raw magnesite

As shown in Table 3.4, the elemental compositions of magnesite were determined using EDS

at 3 spots. The analysis showed that the mineral is composed of C, O and Mg with percentage
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composition of 8.5, 31.2, and 51.7 wt% respectively. There were impurities of Si, Fe and Ca.
Again, the results correspond to arithmetic averages of 3 data points obtained from randomly

selected locations on the surface of magnesite.

Point 1 (Figure 3.9): The morphology of cryptocrystalline magnesite was shown to contain
spherical, leafy like and rod shaped structures hence indicating that the material is
heterogeneous. EDS revealed high levels of C, O, Mg and Ca were on the heterogeneous

structures hence indicating that the material is magnesite with impurities of calcium.

Point 2 (Figure 3.9): The morphology of cryptocrystalline magnesite was shown to contain
spherical, leafy like and rod shaped structures hence indicating that the material is
heterogeneous. EDS revealed high levels of C, O, Mg and Ca on the heterogeneous structures

hence indicating that the material is magnesite with impurities of silicon, calcium and iron.

Point 3 (Figure 3.9): The morphology of cryptocrystalline magnesite was shown to contain
sheet and leafy structures. EDS revealed high levels of O, Mg, Si and Ca on the magnesite
structures. This proves the presence of periclase as indicated by XRD. The accompanying
SEM-EDS spot elemental analysis of the reacted magnesite is shown in Table 3.5 and Figure

3.10 respectively.

Table 3.5:  SEM-EDS spot % elemental analysis of solid residue collected at pH > 10.

Magnesite | C O Mg Al Si S Ca Mn Fe
Point 1 6.54 4729 |36.24 |0.05 |1.13 0.41 6.55 0.48 1.36
Point 2 19.06 |4584 |28.32 |- 0.93 0.71 3.71 0.33 111
Point 3 7.01 4587 3399 |- 1.39 0.50 5.88 0.87 4.49
Average 10.9 46.3 32.9 0.01 |1.2 0.5 5.4 0.6 2.3

The spot elemental composition and morphology of magnesite is shown in Figure 3.10.
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Figure 3.10: Micro image and elemental composition of reacted magnesite

The leafy like, spherical and sheet structures have disappeared after reaction of magnesite
with AMD indicating dissolution of magnesite on contact with AMD. Appearance of rod like
structures and aggregated lump-like structures indicates formation of new mineral phases in
the solid residues.

Point 1 (Figure 3.10): The morphology of reacted magnesite is showing the presence of rod
shaped structures that are folding in a bundle like formation. EDS indicated an increase in Ca,
Fe, Mn and Si levels. Mg and C were also observed to be present. An introduction of Fe, Mn
and S was also observed in the secondary residues hence indicating formation of mineral
phases incorporating these metal species. This would explain the decrease in the metal
species and sulphate concentration in the product water. The presence of Si could suggest the
precipitation of Si bearing amorphous phases. The presence of Fe could indicate the
precipitation of ferrihydrite-like phases and schwertmannite. This was also indicated by the
yellowish colour on the secondary residue. The presence of Mn suggests the formation of
rhodochrosite. The presence of Al is indicating availability of Al hydroxysulphates minerals
such as hydrobasaluminite and basaluminite. The increase in Fe, Al, and S would probably
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suggest some kind of Fe, Al hydroxysulphates. The presence of Mg and Ca is indicating the
presence of brucite and calcite respectively. To be particular, the presence of Mn, Fe, Al, Ca,
Mg, C and O suggest minerals such as Mn, Fe, Al oxide, metals hydroxides, Mn and Fe
carbonate, gypsum, Al and Fe oxyhydrosulphates. The PHREEQC simulation also predicted

precipitation of mineral phases bearing these metal species.

Point 2 (Figure 3.10): The morphology of reacted magnesite is showing that it contains
flowery tetrahedral folding and grape shaped structures. EDS indicated an increase in Ca, Fe,
Mn and Si levels. Mg and C were also observed to be present. An increase in Ca is indicating
the formation of gypsum. An increase in Mg is indicating the formation of brucite. The
presence of Fe could indicate the precipitation of ferrihydrite-like phases and
schwertmannite. This was also verified by the yellowish colour on the secondary residue.
Carbonates were observed to precipitate as rhodochrosite, calcite and dolomite from Mn, Mg
and Ca respectively. The presence of Mn, Fe, Ca, Mg, C and O suggest minerals such as Mn,

Fe oxide, metals hydroxides, Mn and Fe carbonate, gypsum, Fe oxyhydrosulphates.

Point 3 (Figure 3.10): The SEM micro image of AMD reacted magnesite is showing the
presence of a flowery tetrahedral folding and grape shaped structures. This spot shows a
significant increase in Fe, Mn, Ca and C strongly suggesting that phase constituted by those
elements are being formed. An increase in Ca would suggest a Ca and S rich precipitate is
being formed probably CaSO, or gypsum. The presence of Si could suggest the precipitation
of Si bearing amorphous phases. An increase in Mg is indicating the formation of brucite. An
increase in Fe is presenting the precipitation of Fe bearing minerals. The presence of Mn, Fe,
Ca, Mg, C and O suggest minerals such as Mn, Fe oxide, metals hydroxides, Mn and Fe
carbonate, gypsum, Fe oxyhydrosulphates. The PHREEQC simulation also predicted

precipitation of mineral phases bearing these metal species.
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3.3.2.6 Transmission electron microscopy analysis

The transmission electron microscopy (TEM) diffraction pattern of the area (A) and

micrographs (B) of raw magnesite are shown in Figure 3.11.

Figure 3.11: TEM diffraction pattern of the area (A) and micrographs (B) of magnesite

From the TEM diffraction pattern it can be observed that the material is polycrystalline
(cryptocrystalline). This was determined by the breakages and inconsistencies on the
crystalline phases. This result corroborates with results obtained by Nasedkin et al (2001).
The micrograph indicated the presence of nanotubes on the matrices of magnesite with the

bundle like arrangement. This is corresponding to SEM-EDS results.

3.4  Calculation of Saturation Indices for various mineral phases

The results for calculation of mineral precipitation at various pH values during treatment of

simulated AMD with magnesite are presented in Table 3.6.
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Table 3.6: Calculation of Sl for selected mineral phases at various pH
pH and saturation indices (SI)
Mineral phase
3 4 6 8 10 11
Alkalinity (eq/kg) -3.6x107 | 1.5x107 | 6.4x107 | 3x10™ | -3x10™ 35
Al(OH); -0.9 35 2.9 1.2 -0.1 -1.5
Boehmite (AIOOH) -0.5 7 5 3.4 2.1 0.7
Basaluminite Al4(OH)10SO4 -0.8 23 17.4 6 -1.4 -10.2
Brucite Mg(OH), -11 -9 -6.6 -2 0.6 3.6
Calcite -11 -2.3 -15 1.8 3.4 4
Aragonite -8.6 -2.5 -0.2 1.7 3.7 3.8
Diaspore (AIOOH) -0.9 8.3 6.8 51 3.1 2
Dolomite CaMg(CO3), -6 -2.5 -1.3 4.9 6.9 8
Epsomite -7 -4 -2 -1.8 -1.8 -1.8
Fe(OH); 5 4.4 3.7 4.6 3.2 3.1
Gibbsite Al(OH)3 0.3 6.7 5.5 3.7 1.8 0.8
Geothite (FeOOH) 6 8 9.7 10.5 9.1 9
Gypsum (CaS04.H,0) -0.1 -0.2 -0.2 4 5 8
Jarosite H (H30)Fe3(SO4)2(OH)s 5 3.2 2.9 -3.7 -16 -20
Jurbanite (AIOHSO,) 1 5 2.5 -3.6 -9.8 -12.8
Rhodochrosite (MnCO3) -8.75 -0.9 -0.4 0 0 0
Manganite MnOOH -8.1 -5.3 -2.9 4 6 8
Pyrochroite Mn(OH), -8 -7.1 -6.4 0.2 0.9 2.2

Most of the Al and Fe could precipitate as hydroxides at pH > 6. Mn could precipitates as
manganese hydroxide at pH > 10 and rhodochrosite at pH > 8. Sulphate-bearing minerals
could precipitates at pH 6 — 8 (basaluminite), pH > 8 (gypsum), pH 6 (jarosite and jurbanite).
Generally, mineral phases were predicted to precipitate as metal hydroxides,
hydroxysulphates and oxyhydroxysulphates. Epsomite (MgSO,) was observed to be near
precipitation but it did not precipitate and may be attributed to the high solubility of epsomite
(Ksp =5.9 x 10%) (Bologo et al., 2012). However, sulphates were removed from solution
together with Al, Fe and Ca. This corroborate the SEM-EDS and XRF detected Al, Fe, Mn

and S rich mineral phases were deposited to solid residues. This indicates that the Al, Fe, Mn
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and S rich mineral phases were too amorphous to be detected by XRD or the concentration

was below the detection limits.

3.5 Conclusions

This study has shown that magnesite can be used to remediate AMD. Contact of AMD with
magnesite led to an increase in pH and a notable reduction in metal and sulphate
concentrations. Removal of Al, Mn, Fe and other metals was maximized after 60 min of
agitation for a S: L ratio of 1 g: 100 mL and particle size ranging from 0.1 — 125 pum. Under
these conditions, the pH achieved was >10, an ideal regime for metal removal. Using
geochemical modelling, it was shown that most metals e.g. Fe, Al, Mn, and Ca formed
sulphate-bearing minerals. From modelling simulations, the formation of these phases follow
a selective precipitation sequence with Fe** at pH > 6, AI** at pH > 6, Fe®" at pH > 8, Mn*",
Ca®" and Mg®* at pH >10. This sequence implied that it would be possible to separate
precipitates of various metals, making this technology viable for instances where the
commercial value of the recovered metals are being pursued. This study has pointed to the
efficiency of magnesite in neutralizing and attenuating metals from AMD and metalliferous
industrial effluents. A disadvantage of this technology is that most of the alkali and alkaline
earth metals remain in solution which means a post treatment processes such as ion exchange

or reverse osmosis might be required for polishing the product water.
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CHAPTER FOUR
Paper 2:

This paper addresses the efficiency of ball milled South African bentonite clay for
remediation of acid mine drainage

This chapter is devoted to achieve the undermentioned objective which is:

e Evaluation of the treatment of AMD using vibratory ball milled bentonite clay in
batch tests, and exploration of the interaction chemistry thereof, and the processed

water quality
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Abstract

The feasibility of using vibratory ball milled South African bentonite clay for neutralisation
and attenuation of inorganic contaminants from acidic and metalliferous mine effluents has
been evaluated. Treatment of acid mine drainage (AMD) with bentonite clay was done using
batch laboratory assays. Parameters optimised included contact time, adsorbent dosage and
adsorbate concentration. Ball milled bentonite clay was mixed with simulated AMD at
specific solid: liquid (S/L) ratios and equilibrated on a table shaker. Contact of AMD with
bentonite clay led to an increase in pH and a significant reduction in concentrations of metal
species. At constant agitation time of 30 mins, the pH increased with the increase in dosage
of bentonite clay. Removal of Mn®*, AI**, and Fe** was greatest after 30 min of agitation. The
adsorption and precipitation affinity obeyed the sequence: Fe > Al > Mn > SO,2". The pH of
reacted AMD was greater than 6. Bentonite clay showed high adsorption capacities for Al
and Fe at concentration less than 500 mg L™, while the capacity for Mn was lower.
Adsorption efficiency for sulphate was > 50%. Adsorption Kinetics revealed that the suitable
kinetic model describing data was pseudo-second-order hence confirming chemisorption.
Adsorption isotherms indicated that removal of metals fitted the Langmuir adsorption
isotherm for Fe and SO,% and the Freundlich adsorption isotherm for Al and Mn,
respectively. Gibbs free energy model predicted that the reaction is not spontaneous in nature

for Al, Fe and Mn except for SO,%~. Ball-milled bentonite clay showed an excellent capacity
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in neutralising acidity and lowering the levels of inorganic contaminants in acidic mine

effluents.

Keywords: acid mine drainage; bentonite clay; ball-milling; neutralization; heavy metals;

adsorption

4.1 Introduction

Exposure of sulphide bearing minerals to water and oxygen during and following mining
activities accelerates the formation of acid mine drainage (AMD) which is very acidic and
metalliferous. The acidity in AMD promotes the leaching of toxic chemical species from the
surrounding geology. Due to its acidic nature and high loads of toxic chemical species, AMD
has high electrical conductivity (EC) and total dissolved solids (TDS) concentration which
are considerably above the recommended limits for effluents to be discharged into rivers.
Thus mine effluent needs to be contained and managed prior to release to the environment as
an initial step in preventing environmental degradation (Hince and Robbins, 2003, Johnson
and Hallberg, 2005, Akcil and Koldas, 2006).

Discharge of AMD to the environment can reduce the ability of any ecosystem to support
life. It lowers water quality rendering it unfit for defined uses such as for domestic and
agricultural purposes. It also leads to iron sedimentation in aquatic ecosystems due to
precipitation of iron hydroxide (yellow boy sludge). The suspended flocs also lead to
reduced hunting abilities of fish due to poor visibility in water bodies (Simate and Ndlovu,
2014). Toxic chemical species in AMD pose hazards to terrestrial and aquatic organisms
(Netto et al., 2013). Acidity in water leads to the migration of certain species less tolerant to
acidic conditions affecting the integrity of the ecosystem to support life due to reduced
biodiversity (Bortnikova et al., 2001, DeNicola and Stapleton, 2002, Achterberg et al., 2003,
Dale Marsden et al., 2003, Mapanda et al., 2007, Mohapatra et al., 2011, Anawar, 2013,
Yesilnacar and Kadiragagil, 2013, Park et al., 2014, Simate and Ndlovu, 2014). This has
emphasised the need to develop pragmatic solutions to treat AMD by neutralizing the acidity
and removing heavy loads of dissolved metals and sulphate.

Due to their high surface areas, cation-exchange capacity (CEC), swelling ability, low cost,
abundance and versatility, clays have received much attention for treatment of contaminated
waters (Sen Gupta and Bhattacharyya, 2012). High surface area enables bentonite clay to

efficiently scavenge chemical species from wastewater (Sen Gupta and Bhattacharyya, 2014).

105|Page



High cation-exchange capacity enables the clay to remove low-density chemical species such
as Na, K, Ca and Mg from clay matrices through isomorphous substitution by high density
poly-cationic species. High swelling ability promotes high retention of polluted water within
clay interlayers leading to high exchange capacities (Bethke et al., 1986, Konta, 1995,
Potgieter et al., 2006, Bedelean et al., 2010, Wu et al., 2011, Zhang et al., 2011, Vicente et
al., 2013, Zhou and Keeling, 2013).

South Africa has large deposits of bentonite clay that is projected for extraction in the next 60
years, if the demand does not increase (Gitari, 2014). Gitari (2014) has evaluated the ability
of pestle-and-mortar milled bentonite clay for the attenuation of metal species concentrations
in synthetic AMD and gold-mine tailings leachates. Low surface area, poor adsorption
efficiencies and insignificant increases in pH were observed. Consequently, mortar-and-
pestle milling was shown to be an inefficient milling procedure for clay minerals (Dellisanti
and Valdre, 2005, Duki¢ et al., 2015). Literature reports show that ball-milling of clays leads
to fragmentation, distortion, breakage of crystalline networks and cobwebs, and particle size
reduction followed by an increase of the surface area, exfoliation of particles and
amorphization. Thus enhancing the contaminants removal abilities of ball milled bentonite
clay (Kumri¢ et al., 2013, Dukic¢ et al., 2015, Puki¢ et al., 2015a, Puki¢ et al., 2015b, Zhuang
et al., 2015). The present study was designed to demonstrate the ability of ball-milled
bentonite clay to neutralize and attenuate toxic chemical species concentrations in AMD. It
also compared the efficiencies of the ball-milled clay to mortar-milled clay for surface area
enhancement and metal species removal efficiency. Following a study conducted by Gitari
(2014), the author recommended the testing of bentonite clay using AMD from different
sources since the author had used gold-mine tailings leachates and synthetic AMD. The
present study also investigated some physicochemical properties of ball-milled clay before

and after contact with gold-mine AMD.

4.2  Materials and methods

4.2.1 Sampling

Bentonite clay was supplied by ECCA Holdings (Pty) Ltd, Cape Bentonite mine (Cape
Town, South Africa). Raw AMD was collected from a disused gold-mine shaft near

Krugersdorp, Gauteng Province, South Africa.
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4.2.2 Preparation of bentonite clay

The raw bentonite was washed by soaking in ultra-pure water and draining after 10 minutes.
The ultrapure water used was such that it covered the entire sample in the beaker and was
allowed to overflow. The procedure was repeated four times. The washed bentonite was dried
at 105°C for 24 h. The dried samples were milled into a fine powder (Retsch RS 200 ball-
mill, Fritsch, Germany) and sieved (< 32 um particle size). The ball-mill was cleaned with

uncontaminated quartz after milling each sample to avoid cross-contamination.

4.2.3 Synthetic acid mine drainage

Synthetic acid mine drainage (SAMD) was used for experimentation as real AMD is
extremely difficult to work with in optimization due to oxidation and hydrolysis on exposure

to the open leading rapid changes in chemistry. A simplified solution containing the major

ions found in AMD was prepared as described by Tutu et al. (2008) as shown in Table 4.1.

Table 4.1: Synthetic acid mine drainage used in this study

Salt dissolved Species Concentration (mg L™)
Al(S0,)3.18H,0 AP 200
Fex(S04)3.H,0 Fe* 2000
MnCl, Mn** 100
H,S0, and Al and Fe salts S04~ 6000

AMD was simulated by dissolving the following quantities of salts in 1000 mL of Milli-Q
ultra-pure water (18MQ), 7.48 g Fe»(S04)3.H,0, 2.46 g Al»(SO4)3-18H,0, and 0.48 g MnCl,
to give a solution of 2000 mg L™ Fe**, 200 mg L™ AI** and 200 mg L™ Mn?*.and 5 mL of
0.05 M H,SO, was added to make up the SO,> concentration to 6000 mg/L. The salts were
dissolved in 1000 mL volumetric flasks. Prior to the addition of ferric sulphate, 5 mL of 0.05
M of H,SO, was added to ensure a pH < 3, in order to prevent immediate precipitation of
ferric hydroxide. For the batch experiments, the working solutions were prepared from these

stock solutions by appropriate dilutions
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4.2.4 Characterization of aqueous solution

Total Dissolved Solids (TDS), pH, and Electrical Conductivity (EC) were monitored using a
CRISON MM40 portable pH/EC/TDS/Temperature multimeter probe. Aqueous samples
were analysed using ICP-MS (7500ce, Agilent, Alpharetta, GA, USA) for metal cations and
sulphate concentration was determined using ion-chromatography (IC; 850 Professional IC,
Metrohm, Herisau, Switzerland). The accuracy of the analysis was checked by simultaneous
analysis of water standards [National Institute of Standards and Technology, (NIST)].

4.2.5 Mineralogical, chemical and microstructural characterisation

Mineralogical composition of bentonite clay and resulting solid residues was determined
using XRD (Philips PW 1710 Diffractometer; graphite secondary monochromatic source).
Elemental composition was determined using XRF (Thermo Fisher ARL-9400 XP+
Sequential XRF equipped with WinXRF software). Morphology was determined using SEM-
EDS (JOEL JSM - 840, Hitachi, Tokyo, Japan). Functional groups were determined using
Perkin-Elmer Spectrum 100 Fourier Transform Infrared Spectrometer (FTIR) equipped with
a Perkin-Elmer Precisely Universal Attenuated Total Reflectance (ATR) sampling accessory
equipped with a diamond crystal. Surface area and porosity were determined using BET
analysis (Micromeritics Tristar Il, Norcross, GA, USA). The cation-exchange capacity of
bentonite clay and AMD-bentonite clay complex was determined using the ammonium
acetate method (Gitari, 2014).

4.2.6 Experimental procedures

To determine the optimum conditions for AMD treatment with milled bentonite, the
following operational parameters were optimized: shaking time, adsorbent dosage and

adsorbate concentration. All experiments were performed in triplicate and the data averaged.

4.2.6.1 Effect of time

Portions (100 mL) each of simulated AMD were pipetted into 250 mL flasks into which 1 g
portions of bentonite clay were added. The mixtures were equilibrated for 1, 5, 10, 20, 30, 60,
180, and 360 minutes (Stuart reciprocating shaker, 250 rpm). After shaking, the mixtures

were filtered (0.45 um pore nitrocellulose filter membrane). The filtrates were preserved by
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adding two drops of concentrated HNO3 to prevent aging and immediate precipitation of Al,
Fe and Mn, and refrigerated at 4°C prior to analysis by ICP-MS. The respective pHs of
samples before and after agitation were recorded. A separate set was left un-acidified for

sulphate analysis.

4.2.6.2 Effect of dosage

Portions of 100 mL each of simulated AMD were pipetted into 250 mL flasks and varying
masses (0.1 - 8 g) of bentonite clay were added to each flask, respectively. The mixtures
were agitated on a shaker for 30 min at 250 rpm. After shaking, the pH, metal and sulphate
contents were determined as described in the preceding section.

4.2.6.3 Effect of adsorbate concentration

To investigate the effects of adsorbate concentration on reaction kinetics, several dilutions
were made from the simulated AMD stock solution. The pHs of the simulated AMD were not
adjusted. The capacity of the adsorbent to neutralize and attenuate metal concentrations from
aqueous solution was then assessed by increasing metal concentrations. Solutions of 100 mL
each containing 100-2000 mg/L Fe**; 10-200 mg/L AI**; 5-100 mg/L Mn?* and 300 - 6000
mg/L SO4* were prepared in triplicate and 2 g of bentonite clay was added to each sample
container. The mixtures were equilibrated by shaking for 30 minutes. The initial pH of the
working solutions was < 3. The pH, metal and sulphate contents were determined as

described in the preceding section.

4.2.6.4 Treatment of field acid mine drainage at optimized conditions

Field AMD samples were treated at established optimized conditions in order to assess the
effectiveness of bentonite clay treatment. The pH and metal contents were determined as
described previously while a separate set of samples was left un-acidified for SO,* analysis.
Metals were assayed using ICP-MS. The pH, EC and TDS of samples were measured. The
resultant solid residue, after contact with AMD, was characterized in order to gain an insight
into the fates of chemical species after bentonite treatment.

4.2.7 Calculation of extent of metal species and sulphate removal and adsorption
capacity

Computation of % removal and adsorption capacity was done using equations (4.1) and (4.2).
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Percentage removal (%) = (%) X 100 (4.1)

Ci—Ce)V

Adsorption capacity (q.) = ( (4.2)

m

Where: C; = initial concentration (mg/L); Ce = equilibrium ion concentration (mg/L), V =

volume of solution (L); m = mass of bentonite clay (g).

4.2.8 Adsorption Kinetics

Adsorption kinetics was done using pseudo-first-order, second order kinetics and Intraparticle
diffusion model (Falayi and Ntuli, 2014).

4.2.9 Adsorption isotherms

Adsorption isotherms were plotted using the equations for Langmuir and Freundlich
adsorption models (Falayi and Ntuli, 2014).

An error analysis is required to evaluate the fit of the adsorption isotherms to experimental
data. In the present study, the linear coefficient of determination (R?) was employed for the
error analysis. The linear coefficient of determination was calculated by using the equation
4.3:

nyxy-ExQy) (4.3)

,/n@ x2)-(Ex)°-/Cy)-Cy)?

Theoretically, the R? value varies from 0 to 1. The R? value shows the variation of

r =

experimental data as explained by the regression equation. In most studies, the coefficient of
determination, R?, was applied to determine the fitness of the model to predict the adsorption

behavior and mechanisms.

4.3 Results and discussion
4.3.1 Optimization of chemical species removal conditions
4.3.1.1 Effect of contact time

Variation of AIP*, Fe**, Mn*, SO,* concentrations and pH levels with an increase in

equilibration time is shown in Figure 4.1.
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Figure 4.1, Appendix B, Table B 5: Effect of equilibration time on neutralization and
removal of AI**, Fe**, Mn?*, and SO, (Conditions: pH < 3, 2000 mg/L Fe**, 200 mg/L AI*,
100 mg/L Mn?*, 6000 mg/L SO4* , 1 g bentonite clay (32 pm), 100 mL solution, 1:100 S/L
ratios, 250 rpm shaking, 26°C).

As shown in Figure 4.1, there was an increase in pH with an increase in contact time. From 1
— 30 mins, the pH of the solution increased from 3 to > 5.5. This pH is adequate for
precipitation of Al and Fe from aqueous systems. Thereafter, no significant change in pH was
observed. Fe** was observed to decrease with an increase in reaction time. After 30 min, >
90% of Fe was removed from the aqueous system. Removal of Fe may be attributed to an
increase in pH that promotes the precipitation of Fe(OH)3;. Al removal was also observed to
decrease with an increase in agitation time. Greater than 80% was removed before 30 min of
shaking. Thereafter, no significant removal in Al was observed. Mn removal increased with
increase in contact time. Approximately 50% and 30% of Mn and sulphate respectively were
removed with an increase in contact time. From 1 — 30 min, the removal rate was very rapid.
After 30 min no further significant removal was observed indicating that the reaction had
reached a steady state or the clay surfaces were saturated with pollutants from the SAMD.
Though removal efficiencies of Al, Fe, Mn and sulphate varied with time, the optimum
adsorption time was observed to be 30 min. This was rapid removal compared to the 60 min
exhibited by mortar-and-pestle milled bentonite clay (Gitari, 2014). Thus, 30 mins was the

optimum time under these laboratory conditions and was applied in subsequent batch
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experiments. The adsorption affinity varied as follow: Fe>Al> sulphate> Mn. Though,
adsorption was the principal mechanisms, from the results, it can be concluded that both
adsorption and precipitation may be governing the removal of toxic chemical species in

aqueous system.

4.3.1.2 Adsorption kinetics

The effect of contact time on removal of chemical species from aqueous solution was
evaluated using different kinetic models to reveal the nature of the adsorption process and
rate limiting processes. A Lagergren pseudo first order kinetic model is a well-known model
that is used to describe mechanisms of metal species adsorption by an adsorbent. It can be
written as follow (Albadarin et al., 2012, lakovleva et al., 2015):

In(qe —q¢) = Inq, — kyt (4.5)

Where k; (min™) is the pseudo-first-order adsorption rate coefficient and q, and q; are the
values of the amount adsorbed per unit mass at equilibrium and at time t, respectively. The
experimental data was fitted by using the pseudo-first-order kinetic model by plotting
In(q. — q¢) Vs. t, and the results are shown in Table 4.5. The pseudo-first-order was applied
and it was found to poorly converge with the experimental data, and the correlation
coefficients were less than 0.33. Moreover, the calculated amounts of Mn, Al, Fe and
sulphate ions adsorbed by ball milled bentonite clay [ge, calc (mgg-1)] were less than the
experimental values [Qe, exp (mgg™)] (Table 4.5). The finding indicated that the Lagergren
pseudo-first-order kinetic model is inappropriate to describe the adsorption of Mn, Al, Fe and

sulphate ions from aqueous system by ball milled bentonite clay.

The pseudo-second-order kinetic model is another kinetic model that is widely used to
describe the adsorption process from an aqueous solution. The linearized form of the pseudo-

second-order rate equation is given as follow:

t 1

t
— + — 4.6
ar k2q% 4 (4.6)

Where k, [g(mg min™)] is the pseudo-second-order adsorption rate constant and q, and g
are the values of the amount adsorbed per unit mass at equilibrium and at time t, respectively.
An application of the pseudo-second-order rate equation for adsorption of chemical species to

bentonite clay matrices portrayed a good fit R? value with experimental data (Figure 4.1 and
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Table 4.2). The results obtained confirms that pseudo-second-order model is the more
suitable kinetic model to describe adsorption of Mn, Al, Fe and sulphate by ball milled
bentonite clay from aqueous system. Moreover, this also confirms that the mechanism of
metals species removal from aqueous solution is chemisorption. Different kinetic model
parameters for adsorption of Mn, Al, Fe and sulphate on ball milled bentonite clay are shown
in Table 4.2. Note the theoretical adsorption capacity is close to the experimental adsorption
capacity further confirming that this model describes the adsorption data. The overall kinetics
of the adsorption from solutions may be governed by the diffusional processes as well as by
the Kinetics of the surface chemical reaction. In diffusion studies, the rate is often expressed

in terms of the square root time

q: = kidtl/z + Ci (47)

Where k;q (mgg™* min?

) is the Intraparticle diffusion coefficient (slope of the plot of g, vs.
tY/2) and C; is the Intraparticle diffusion rate constant. The results also showed that the
Intraparticle diffusion model by Webber and Morris 1963 was not applicable for the present
process due to lower correlation coefficients. The R? showed the good fit however, it did not
suffice the pseudo-second-order kinetics. Different kinetic model parameters for adsorption

of Mn, Al, Fe and sulphate on ball milled bentonite clay are shown in Table 4.2.
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Table 4.2: Different kinetic model parameters for adsorption of Mn, Al, Fe and sulphate

on ball milled bentonite clay.

Pseudo first order kinetic model

Element | e e (Mgg™) G, cale (MYY™) Ky (mgg™ min™) R’
Mn 4 -10.9 0.2 0.89
Al 17 -12.9 0.2 0.76
Fe 180 -21.5 0.2 0.78

Sulphate 210 -21.6 0.2 0.78

Pseudo second order kinetic model

Element | e e (Mgg™) G, cale (MYY™) K (mgg™ min™) R?
Mn 4 4.14 0.32 0.997
Al 17 17.27 0.48 0.998
Fe 180 185.19 0.41 0.995

Sulphate 210 208.33 1.44 1

Intraparticle diffusion model

Element O, exp (MQY™) Ci (mgg™) Kig (mgg™ min™?) R’
Mn 4 0.389 0.85 0.98
Al 17 -3.87 4.9 0.91
Fe 180 -52.2 56.1 0.86

Sulphate 210 96.01 28.07 0.94

The coefficient of determination and regression analysis for adsorption of Mn, Al, Fe and
sulphate on ball milled bentonite clay using pseudo-first-order, pseudo-second-order and

Intraparticle diffusion models are shown in Figure 4.2, 4.3 and 4.4 respectively.
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Figure 4.2: Pseudo-first-order plots of Mn, Al, Fe and sulphate ions adsorbed on ball milled

bentonite clay
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Figure 4.3: Pseudo-second-order plots of Mn, Al, Fe and sulphate ions adsorbed on ball

milled bentonite clay
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Figure 4.4: Intraparticle diffusion plots of Mn, Al, Fe and sulphate ions adsorbed on ball

milled bentonite clay

4.3.1.3 Effect of bentonite dosage

Variation of AI**, Fe**, Mn®*, SO,* and pH levels with increases in adsorbent dosage are

shown in Figure 4.5.
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Figure 4.5, Appendix B, Table B 6: Effect of adsorbent dosage on neutralization and
removal of AI**, Fe**, Mn?* and sulphate (Conditions: pH < 3, 100 mL multicomponent
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solution, 2000 mg/L Fe**, 200 mg/L AI**, 100 mg/L Mn?*, 6000 mg/L SO,* , 30 min, 32 pm,
250 rpm shaking, 26°C).

The effect of adsorbent dosage for removal of inorganic contaminants in AMD using ball-
milled bentonite clay was evaluated at 30 min of equilibration. As shown in Figure 4.5, the
pH of the solution increased with increase in bentonite clay dosage. The pH increased from 3
to 8.5 making it suitable for removal of the majority of contaminants in synthetic mine
effluent. The increase in pH was attributed to the dissolution of alkali and alkaline earth
metals species from bentonite clay matrices as shown by XRF. The release of basic alkaline
earth metals due to ion exchange by polymeric species of AI** and Fe** may also contribute
to an increase in pH of the supernatants. Removal efficiencies of metal species also increased
with increases in bentonite clay dosage. The adsorption and precipitation affinity at 2 g
followed this trend: Fe > Al > Mn > SO,*. The overall removal efficiency was > 80% for all
the chemical species. High removal efficiencies for metal species was also attributed to the
precipitation of Fe (pH > 4) and Al (> 5), ion-exchange with base cations as shown by XRF
(Table 4.3), co-precipitation with metals during precipitation and adsorption on bentonite
clay matrices. An increase in pH may be due to dissolution of traces of calcite and silicates
(Equation 4.4) and attenuation of sulphate concentration as shown by XRD and ion
exchange of Mg, Ca, K and Na as revealed by XRF and EDS may also contribute to an
increase in pH of the product water. Silicate will react with acidity in AMD through ion

exchange and lead to an increase in pH.

= SiOH & Si0~ + H* (4.8)
= SiOH + Ca?* &= Si0Ca+ H* (4.9)
= Si0Ca + M®* + 2HOH —= SiOM + Ca?* + 20H~ (4.10)

Therefore, 2 g was taken as the optimum dosage for removal of contaminants in SAMD,
under these laboratory conditions and was applied in subsequent experiments. The optimum
dosage (20g L™) recorded in this study is comparable to dosage that were used by
conventional technologies for remediation of AMD such as cryptocrystalline magnesite (10 g
LYy (Masindi et al., 2014), crystalline magnesite (10 g L™) (Bernier, 2005), pestle and mortar
milled bentonite clay (10 g L™) (Gitari, 2014), limestone (10 g L™) , dolomite (40 g L™)
(Potgieter-Vermaak et al., 2006) and fly ash (5009 L™) (Gitari et al., 2008). This signifies that
the present technology can be employed as a polishing technology post the use of pre-
treatment technology for remediation of AMD.
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4.3.1.4 Adsorbate concentration

Variation of AI**, Fe**, Mn?*, SO,% and adsorption capacity (q) with an increase in

initial
species concentration are shown in Figure 4.6.
@ == Mn removal =li=q ®) =% Al removal =li=q
100 12 1001 25
AN 100
998 10 +
- 20
7996 \ /. g 3 99 e P
S - 3 X i g 098 / 15%
g 4 /|/ \ ¢ E ; 997 / 10 é
;9\ 097 / \ 4 =3 ;g %96 / =)
a9 2 09 5 /./ -3
088 l'/r S 0 994 . . . . 0
0 20 40 60 80 100 120 0 30 100 150 200 230
Mn concentration (mg/L) Al concentration (mg/L)
© =+%Feremoval =g @ =% Sulphate removal  =ll=g
100.05 250 120 250
100 - L 200 100 —u 200
E 99.95 y 150 @ _E 80 150 &
E 99 NS R A AN S
g % g | 5o §
: P\ | E T~ 10 =
& 9985 \ v 40 - <
998 ?‘/ N 50 20 - 50
9975 T T T T 0 U T T T T T T D
0 500 1000 1500 2000 2500 0 1000 2000 3000 4000 5000 A0OD 7000

Fe concentration

Sulphate concentration (mg/L)

Figure 4.6, Appendix B, Table B 7: Effect of initial species concentration and adsorption

capacity with increasing species concentration removal of AI**, Fe**, Mn?*, and Sulphate
(Conditions: pH <3, 30 min, 2 g of bentonite clay, 2: 100 S/L ratios, 100 mL multicomponent
solution, 32 um particle size, 250 rpm shaking, 26° C).

As shown in Figure 4.6, as the chemical species concentrations increased, the removal

efficiency of contaminants decreased and the adsorption capacity increased. When the

concentration is low, more surfaces are available to scavenge all the contaminants that are

present and when the concentration is high, the adsorption surfaces become fewer for

pollutants to be adsorbed. At high adsorbate concentration the adsorption sites becomes the

limiting factor. At low pollutant concentrations, bentonite clay showed good adsorption of
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Mn**, AP**, Fe** and SO4* from aqueous solution. For Mn®*, bentonite clay showed that >
99% removal efficiency can be achieved for concentrations ranging up to 100 mg/L. For AI*",
> 99% removal efficiency can be achieved for concentrations up to 200 mg/L. For Fe**, >
99% removal efficiency can be achieved for concentrations ranging up to 2000 mg/L. For
S0,%, > 60% removal efficiency is possible for concentrations ranging up to 3000 mg/L.
Removal of Mn, Al and Fe occurs by precipitation and formation of various metal bearing
phases due to an increase in pH, co-precipitation with metals to form hydrocomplexes and
ion-exchange with a release of Na, K, Mg and Ca ions to solution. Removal of sulphate takes
place by adsorption, formation of hydrocomplexes, precipitation and co-precipitation as
oxyhydrosulphates as shown by SEM-EDS. The variation of pH profile with varying

concentration of iron is shown in Figure 4.7.

m Initial pH = Final pH Change in pH

L

125 250 1000 2000
Fe concentratlon (mg g?)

[N
(op]

IS

TS = S TN
o N

Initial pH, final pH and ApH

o N B~ OO

Figure 4.7: Variation of pH gradient with varying sulphate concentrations.

As shown in Figure 4.7, a drastic increase in pH was observed at varying Fe concentrations.
An increase in pH was attributed to the possible dissolution of calcite as shown by XRD and
base cations as shown by XRF from bentonite clay matrices. The decrease in pH with an
increase in adsorbate concentration is due to hydrolysis of metal species cations leading to
release of H*. The hydrolysis of Fe*** AI** Fe?* and Mn?* releases protons and offsets the pH
of the solution (Equation 4.5 and 4.6).
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Fe3* + 3H,0 — Fe(OH)s(, + 3HY (4.11)

AB* + 3H,0 — Al(OH);¢, + 3H* (4.12)

4.3.1.5 Adsorption isotherms and thermodynamics

The relationship between the amounts of ions adsorbed and the ion concentration remaining
in solution is described by an isotherm. The two most common isotherm models for
describing this type of system are the Langmuir and Freundlich adsorption isotherms
(lakovleva et al., 2015). These models describe adsorption processes on a homogenous
(monolayer) or heterogeneous (multilayer) surface, respectively. The most important model
of monolayer adsorption came from Langmuir . This isotherm is given as follows:

g, = LbCe (4.13)

€ " 1+bC,

The constant Qo and b are characteristics of the Langmuir equation and can be determined
from a linearized form of Equation 6. The Langmuir isotherm is valid for monolayer
adsorption onto a surface with a finite number of identical sites and can be expressed in the

following linear form:

Ce 1 Ce

Q  Qmb ' Qm (4.14)

Where, Ce = Equilibrium concentration (mg L™), Qe = Amount adsorbed at equilibrium (mg
gl), Qm = Langmuir constant related to adsorption capacity (mg g*) and b = Langmuir

constant related to energy of adsorption (L mg™).

The essential characteristics of the Langmuir isotherm is expressed in terms of a
dimensionless constant separation factor or equilibrium parameter, R, which is defined as:

1

R, =
L 1 +bC,

(4.15)

Where Cy = in initial concentration

A plot of Ce versus Ce/Qe should be linear if the data conform to the Langmuir isotherm.

The value of Qm is determined from the slope and the intercept of the plot. It is used to
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derive the maximum adsorption capacity and b is determined from the original equation and

represents the degree of adsorption.

The Freundlich adsorption isotherm describes the heterogeneous surface energy by multilayer
adsorption and is expressed as follows:

g, = kCe'/™ (4.16)

The equation may be linearized by taking the logarithm of both sides of the equation and can

be expressed in linear form as follows:
logq, = %log C. +logK (4.17)

Where Ce = Equilibrium concentration (mg L™), q. = Amount adsorbed at equilibrium (mg

g™h), K = Partition Coefficient (mg g*) and n = degree of adsorption.

A linear plot of log Ce versus log q. indicates whether the data conforms to the Freundlich
isotherm. The value of K implies that the energy of adsorption on a homogeneous surface is
independent of surface coverage and n is an adsorption constant which reveals the rate at
which adsorption takes place. These two constants are determined from the slope and

intercept of the plot of each isotherm.

In order to fully understand the nature of adsorption the thermodynamic parameters such as
free energy change (AG) could be calculated. It was possible to estimate these
thermodynamic parameters for adsorption reaction by considering the equilibrium constant
under the experimental conditions. The Gibbs free energy change of adsorption was

calculated using the following equation:
AG = —RT InK, (4.18)

Where, R is gas constant (8.314 J mg™* K™), T is temperature and Kc is the equilibrium
constant (K. = ge/Ce). The positive AG value indicates that the sorption process is spontaneous
in nature and also feasible whereas the negative value indicates that the reaction is not
spontaneous and feasible. The parameters of Langmuir and Freundlich adsorption isotherms

are shown in Table 4.3.
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Table 4.3:  Parameters of Langmuir and Freundlich adsorption isotherms

Langmuir isotherm Freundlich isotherm

Parameters| R° | b | On R. | AG/1000 (kJ/mg) | R? Ke n
Mn 0.265 | 1.66 | 17.09 | 0.0060 -2479.77 0.75 | 0.031 | 1.98
Al 0.059 | -8.5 | -6.05 | -0.0005 -112671 0.33 | 0.011 | 3.81
Fe 0.905 | 1.92 | 217.4 | 0.0003 -15786.1 0.58 | 0.002 | 0.90
Sulphate | 0.999 | 0.02 | 204.1 | 0.0080 30.22 0.78 | 0.031 | 0.55

The Langmuir adsorption isotherm experimental data showed that the best correlation
coefficient of sulphate and Fe were 0.99 and 0.905, respectively. Qmax and b were determined
from the slopes and intercepts of the plots and were found to be 204.1 and 217.4 mg/g,
respectively. R, values between 0 and 1 indicate favourable adsorption. The R parameters

were found to range from 0.0003 to 0.008 showing that adsorption was favourable.

Freundlich adsorption isotherm experimental data showed the best correlation coefficients for
Al and Mn. The regression ranged from 0.3 to 0.78, respectively. For sulphate and Fe the
adsorption data showed a better fit to the Langmuir rather than the Freundlich adsorption
isotherm, confirming predominance of homogenous adsorption. Al and Mn data showed a
better fit to the Freundlich adsorption isotherm, showing predominance of heterogeneous
adsorption on bentonite clay surfaces. Kr and n were calculated from the intercept and slopes
of the Freundlich plots respectively. The constants were found to range from 0.01 to 0.03,
and n from 1.98 to 3.81, respectively. According to Langmuir (1997), n values between 1 and
10 represent beneficial adsorption. This showed that the adsorptions of Al and Mn were
favourable and conformed to Langmuir adsorption. Gibbs free energy model predicted that
the reaction is not spontaneous in nature for Al, Fe and Mn except for sulphates hence

indicating that sulphate has being the species that is adsorbed more than any other species.

4.3.1.6 Mechanisms of metal removal

lon exchange (release of Na, Mg, Ca and K ions), precipitation and formation of various
metal bearing phases due to an increase in pH, co-precipitation to Fe oxides, hydroxides and
oxyhydroxides through complexation and adsorption of metals and sulphate on the bentonite
clay surfaces are the chief mechanisms governing the process of metals reduction. The rapid
removal of the chemical species from aqueous system indicates surface bound through
chemisorption, ion exchange of base metals from bentonite clay matrices with subsequent
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precipitation of metals. The fitting of the adsorption data could further point to chemical
adsorption and precipitation probably due to interaction with the chemical species in the
interlayers and hydroxyl groups on the clay surfaces. For example, sulphate could interact
with [Al(H20)3(OH)3] and [Fe(H,0)3(OH)3] to form sulphate complexes (Equation 4.19 and
4.20).

Al(H,0)5(0OH); + S02~ — Al(H,0)5(0H)(S0,) + 20H" (4.19)
Fe(H,0)(0OH); + SO2~ — Fe(H,0)5(0H)(S0,) + 20H" (4.20)

Adsorption of most of the chemical species was observed to be governed by both
physiosorption and chemisorption interaction which occurred on matrices. Chemical
interaction could have occurred through monodentate or multidentate ligands with the surface
hydroxyl groups. Both inner and outer sphere complexation were facilitating chemical
species attenuation since the data fitted well to Langmuir and Freundlich adsorption
isotherms. The interlayer of clay matrices could also chemically interact with the chemical
species through the OH- groups on hydrolysis hence releasing the hydroxyl group which will
eventually increase the pH. Silicate will react with acidity in AMD through ion exchange and

lead to pH increase

= SiOH < Si0~ + H* (3.21)
= SiOH + Ca?* &= Si0Ca* + H* (3.22)
= SiOH + Mg?* &= SiOMg* + H* (3.23)
= Si0Ca + M®* + 2HOH —= SiOM + Ca2* + 20H" (3.24)
= SiOMg + M®* 4+ 2HOH —-= SiOM + Mg?* + 20H~ (3.25)

Solubilization of alkaline oxides and calcites from bentonite which is a natural geological
material will also contribute to an increase in pH. The removal of metals from aqueous
solution is strongly influenced by pH. An explanation for such behaviour should consider
both the hydration of metallic ions in solution and formation of equilibrium hydrocomplexes.
In the pH range 1- 4, different hydrochemical species of metals are present in solution,
namely: [Me(OH)]*, [Meo(OH)]** and [Me,(OH),]** with the first species having the highest

concentration.
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A basic aqueous medium favours the formation of some anionic hydrocomplex forms (e.g.
hydroxysulphates) that do not influence the adsorption process. Furthermore, adsorption can

be governed by the following reaction equilibrium:
[Me(H20),]*" + H20 <> [Me(H,0)x.1(OH)]* + Hz0" (4.26)

Under low acidity (pH = 4), the equilibrium is moved to the left and generates a decrease of
the hydrocomplex form. Due to the net negative charge on clay surfaces, those
hydrocomplexes will be adsorbed onto the clay surface. Other equilibria that describe the

interaction between heavy metals ions and clay are:

yFeld + 2M} — yFefl + 2MY (4.27)
yMng + 2MYg — yMng + 2M),) (4.28)
yFel + 2M} — yFed + 2MY] (4.29)
yAIS + 2MY — yAIRS + 2MY] (4.30)

Where vy is valence of the exchangeable cation M (= Na, K, Ca, Mg) and subscripts s and ¢

denote solution and clay phases, respectively.

4.3.1.7 Treatment of field acid mine drainage at optimised conditions

The concentration of chemical species for untreated and bentonite-treated acid mine drainage

is shown in Table 4.4.
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Table 4.4:  Concentrations of chemical species for untreated and AMD treated with

bentonite clay (all units in mg/L except pH and EC)

Parameter (mg/L) Feed water DWAS Guidelines Bentonite treated AMD
pH 2.3 6-10 6
TDS 10237 0-1200 9872
EC 22713 0-700 16425
Na 171 0-50 316
K 18 NA 17
Mg 183 0-30 192
Ca 762 0-32 566
Al 190 0-09 11
Fe 259 0-01 15
Mn 40 0-0.05 35
Cu 7.80 0-1 0.1
Zn 7.90 0-05 6.3
Pb 6.30 0-0.01 0.1
Co 41.30 NA 44.7
Ni 16.60 0-0.07 24.4
As 20 0.001 0.05
B 5 0.01 0.2
Cr 20 0.01 0.1
Mo 16 0.01 0.6
Se 17 0.02 0.9
Si 1.49 NA 5.29
S0~ 4000 0 - 500 3454

From Table 4.4, the results revealed that, as expected, AMD is very acidic at pH 3 and has
high loads of TDS and a high EC. This is attributed to high levels of Fe, Al, Mn, Na, Ca, Mg
and sulphates. Traces of Cu, Zn, Pb, Co, Ni, B, Cr, Mo, Se, As, K and Si are also present.
After treatment of AMD under optimised conditions, levels of Fe, Al, Mn and sulphates
decreased significantly. Base cations at elevated concentrations were also detected in solution
indicating that as the metal species are adsorbed and precipitated onto the clay surfaces, base
cations were substituted and released through cation-exchange. Ca concentration decreased
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after the bentonite treatment indicating the possible precipitation of calcite (Figure 4.1 and
Table 4.4). The pH was also notice to have increased from 2.3 to 6 hence showing a
significant improvement on the physiochemical properties of clay as compared to pestle and
mortar clay that had raised the pH from 2.24 to 2.28 from SAMD and 2.56 to 3.72 for gold
tailings leachates. Trace amounts of Cu, Co, Pb, and Zn were also observed to have markedly
decreased except for Co and Zn which were increasing hence showing possible exchange for
Al and Fe. Ni increase slightly hence indicating that it is exchanged in polyvalent species.
This was due to the exchange of low density cations from clay matrices by these chemical
species. Concentrations of chemical species such as As, B, Cr, Mo and Se were also observed
to have been reduced significantly. Even though the majority of DWAS water quality
requirements had been met, further “polishing” of the treated water is required to ensure

compliance with DWAS regulations governing water quality.

4.4  Characterisation of materials
4.4.1 X-ray diffraction analysis

The mineralogical compositions of raw (1) and reacted (2) bentonite clay by XRD are shown

in Figure 4.8.
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Figure 4.8:  Mineralogical composition of raw (1) and reacted (2) bentonite clay by XRD

Montmorillonite, quartz, muscovite, calcite, and albite were observed to be the mineral

phases which are present in

bentonite clay matrices [Figure 4.8(1)]. Mineralogical

composition of AMD-reacted bentonite clay is shown in [Figure 4.8(2)]. The AMD-reacted

bentonite clay contained montmorillonite, quartz, muscovite, calcite, and albite. This

indicates that the chemical properties of bentonite clay were not altered after contacting

highly acidic wastewaters.

4.4.2 X-ray fluorescence analysis

The elemental compositions by XRF of raw bentonite clay and bentonite clay after contact
with AMD (AMD-bentonite clay) are shown in Table 4.5 (major) and 4.6 (trace).
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Table 4.5: Major elemental composition of bentonite clay and AMD-bentonite clay

Elements (wt %) Bentonite Bent-AMD
SiO; 65.95 64.45
TiO, 0.46 0.30

Al,O3 15.27 16.10
Fe,O3 3.63 3.90
MnO 0.05 0.09
MgO 3.11 3.30
CaOo 1.08 1.48
Na,O 2.70 0.58
K,0 1.09 0.78
P,0s 0.07 0.05
Cr,03 0.01 0.01
SO3 0.6 2.6
LOI 5.11 4.9
Total 99.13 98.55
H,O- 9.47 7.68

The raw bentonite clay is mainly composed of Al and Si hence the name alumino-silicate.
The relatively high concentration of Fe,O3, MgO, CaO, Na,O and KO are an indication that
these are the main exchangeable cations in the bentonite clay matrices. This correlates with
the CEC results for (Mg, Ca, Na and K) (Table 4.5). Insignificant levels of P, Cr and S were
observed as major component. Bentonite clay also contains significant trace amounts of other
metals that could be released during the interaction of bentonite clay and AMD. The release
of base cations from bentonite clay matrices during ion exchange can neutralise acidity in
AMD and lead to precipitation of metals simultaneously. This will accelerate the

precipitation of Al and Fe from aqueous solution.
M™* + nOH™ - M(OH), (4.4)

The chemical composition of AMD-reacted bentonite clay showed an increase in the contents
of Al, Fe, Mn, Ca and SOg indicating the adsorption and retention of inorganic contaminants
from AMD. A decrease in Na and K indicated that those chemical species were exchanged by
Al, Fe and Mn polycations through isomorphous substitution. Trace elements (Table 4.6)
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were also observed to be present at notable levels in the secondary residues hence validating

the composition of the product water.

Table 4.6:  Trace elemental composition of bentonite clay and AMD-bentonite clay

Elements (ppm) Bentonite clay Bent-AMD
Ba 6.4 200
Br 32 <2
Ce <10 54
Co 2.6 8.4
Cr 13 <3
Cs 46 <5
Cu 10 15
Ga 19 18
Hf 6.7 <3
La <10 18
Mo 31 <2
Nb 183 20
Nd 27 22
Ni 168 42
Pb 19 30
Rb <2 12
Sc <3 7.4
Se 994 <1
Sm 33 <10
Sr 71 52
Ta 35 <2
Th 5.4 21
TI 6.7 <3
U <2 4
\Y <3 6.4
Y 21 17
Zn 18 39
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4.4.3 Fourier transforms infrared spectroscopy analysis

The functional groups in raw and AMD-reacted bentonite clay are shown in Figure 4.9.
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Figure 4.9:  Spectra for raw and reacted bentonite clay

Sharp peak at 3616 cm™ was assigned to the asymmetric stretching of Al-OH-AIl in the
aluminosilicate sheets of pristine montmorillonite (Figure 5.2). Sharp peak at 1039 and 600
cm™ belonged to the stretching of Si-O-Si bond in montmorillonite tetrahedral sheet. Peak at
3698 cm™ was due to vibration of —OH in Mg-OH, while the vibration and bending of water
molecule appeared at 3450 and 1654 cm™ respectively. This provides evidence that the clay
used in the present study is montmorillonite. This indicates the presence of quartz and
aluminium as determined by XRD and XRF respectively. OH stretching at region 3628 —
3260 cm™ shows the presence of hydroxyl groups on bentonite clay matrices. This will also
contribute to an increase in pH during ion exchange and adsorption processes. Moreover, the
OH band at 3623 cm™ indicates the coordination of AI** with OH group. The peak at 3623
cm™ indicates the potential of isomorphous substitution of AI** by Fe?* and Mg cations.
Bands in 875 cm™ and 836 cm™ correspond to Fe?*”** and Mg?*. The stretching at 1399 cm™
corresponds to COs stretching for calcite. After contacting raw bentonite clay with AMD, the
COg stretches were observed to have disappeared hence indicating the dissolution of calcite.

This will also account to an increase in pH of the product water (Table 4.10).
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4.4.4 Scanning electron microscopy-electron dispersion spectrometry

In order to better understand the mode of interaction of AMD and bentonite clay and the
formation of mineral phases, SEM was utilized to appreciate the change in morphology of the
secondary solid residues as compared with bentonite clay while SEM-EDX was utilized to

semi-quantitatively identify the mineral phases resulting from the neutralization reactions.

Spot analysis was done on selected solid residue samples. SEM images of bentonite clay
(Figure 4.10 - A, C and E) and AMD-reacted bentonite clay (Figure 4.10 - B, D and F).

Flgre 410: SEM |mage of raw bentonite clay (A, C and E) and AMD-reacted bentonite
clay (B, D and F).
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Figures 4.10 shows that there were few notable changes that were observed after interaction
of bentonite clay with AMD. Raw bentonite clay was observed to contain leafy like structures
which are lamella like and very porous. After contacting the AMD the leafy and thin, plate-
like structural properties were preserved hence indicating that the mechanical structure of
bentonite clay was preserved post the interaction. However, the surface of raw bentonite clay
was less dense than the surface of AMD-reacted bentonite clay hence indicating possible

deposition of materials on bentonite surfaces after contacting AMD.

The SEM and SEM-EDX spot analysis were done on raw and AMD-reacted bentonite clay.
The data trends are then used to tentatively identify the mineral phases that could be forming
in the treatment process. The spots and areas analyzed are shown in Figure 4.3 and 4.4 below.
The accompanying SEM-EDX analyses are results expressed as weight %. The point

elemental analysis by SEM-EDS of raw bentonite clay is shown in Figure 4.11.
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Figure 4.11: SEM-EDS elemental composition of raw bentonite clay

The SEM micrographs (25 pum) showed the presence of spherical agglomerates on the

bentonite clay matrices.
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Point 1 (Figure 4.11): Al and Si are the main elements since the material under study is an
aluminosilicate. High levels of base cations (Mg, Ca, Na and K) were also present. C and O
were also present on the clay matrices and may have been introduced into the clay surfaces
from the atmosphere, by hydrolysis or decomposition of organic compounds. This result

agrees with the XRF results.

Point 2 (Figure 4.11): Al and Si are the main elements since the material under study is an
aluminosilicate. High levels of base cations (Mg, Ca, Na and K) were present indicating that
these are the charge balancing ions in the interlayers and will be readily available as
exchangeable cations. The data showed uniform chemical composition at different points on
the clay surfaces. The point elemental analysis by SEM-EDS of AMD - reacted bentonite
clay is shown in Figure 4.12.

Bentonite + AMD(1)

preeey ___ apres

eV

Figure 4.12: SEM-EDS elemental composition of AMD-reacted bentonite clay

The SEM micrographs showed a slight alteration in the morphology of bentonite clay since
the spherical agglomerates were still intact indicating that the mechanical structure of

bentonite clay was not affected by the reaction of bentonite clay and AMD.
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Point 1 (Figure 4.12): The secondary residues were mainly Si and Al. The prevalence of
oxygen indicated that the elements from the AMD were precipitated as metal oxides. Fe was
also present at notable levels possibly due to ion-exchange on the clay surface and
precipitation due to an increase in pH. This indicated that bentonite is a sink for Fe. This was
also shown by a significant reduction in levels of Fe in the product water, showing that it had
been adsorbed by the bentonite. There was a notable decrease in Na on the AMD reacted
bentonite (Figure 4.12) and an increase in concentration in the product water (Table 4.7)
demonstrating that it is a highly exchangeable cation. The Ca content of the AMD- reacted
bentonite increased confirming the XRD results which showed the presence of calcite in the
AMD-reacted bentonite. Molybdenum was also observed to be present. This indicated that

bentonite also removed molybdenum from AMD.

Point 2 (Figure 4.12): The spot elemental analysis at Point 2 indicated that the reacted
bentonite clay contained O, Si and Al as the major components. Fe was also present at
elevated concentration and this could be attributed to ion-exchange of base cations on clay
interlayers and precipitation due to an increase in pH. This again indicated that bentonite clay
is a sink for Fe; this was borne out by a significant reduction in levels of Fe in the product
water showing that it had been adsorbed by the bentonite clay and ion exchange (release of
Na, Mg, Ca and K ions) or precipitation during the dissolution of alkaline and earth alkali
metals. There was a large decrease in Na on the AMD-bentonite (Figure 4.12) and an
increase in Na concentration in the product water (Table 4.7) demonstrating that it is a highly
exchanged cation. Ca was observed to increase, confirming the XRD results which showed
the presence of calcite in the AMD-bentonite. This indicated that calcite was being formed as
AMD reacted with bentonite clay. Sulphur was also present in the AMD-bentonite complex
indicating that bentonite clay is also a sink for sulphate from AMD, mainly as

oxyhydroxysulphates or gypsum on the clay micro-surfaces.

Point 3 (Figure 4.12): Spot analysis revealed that the elemental composition of the
secondary residues is dominated by Si, O and Al. Fe was also present, possibly due to ion-
exchange and precipitation as the pH increased. This indicated that bentonite clay is a sink for
Fe, also shown by a significant reduction in levels of Fe in the product water (Table 4.7),
showing that it had been adsorbed by the bentonite clay. There was a large decrease in Na on
the AMD bentonite (Figure 4.12) and an increase in Na concentration in the product water
(Table 4.7) again demonstrating that it is a highly exchanged cation. Ca was observed to
increase, confirming the XRD results which showed the presence of calcite in the AMD-
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bentonite complex. The data from all three spot points were similar, indicating that bentonite

clay is capable of scavenging pollutants from AMD.

4.4.5 Brunauer-Emmett-Teller analysis

The results for surface area determination of bentonite clay and AMD-reacted bentonite clay,

by BET analysis, are shown in Table 4.7.

Table 4.7:  Surface areas of two particle sizes of bentonite clay and AMD-reacted

bentonite clay by Brunauer-Emmett-Teller (BET) analysis

Ball-milled clay

Pestle-and-mortar milled clay (Gitari, 2014)

Parameters Bentonite clay | AMD-reacted Bentonite clay AMD-reacted
BET surface area (m“/g) 37.1 70 16 29.4
Single point area (m?/g) 37 69.1 11 19.6
Pore volume (m?/g) 0.1 0.9 0.03 0.07
Micropore area (m?/g) 20.3 43.9 4.9 9.7

Clay minerals have received much attention for the treatment of polluted water due to their
high surface areas that enable them to scavenge pollutants. Surface area is the sum of pore
volume and singe point area. An increase in surface area has been observed for AMD-reacted
bentonite clay as compared to unreacted bentonite clay. This can be attributed to the uptake
of high density chemical species into the matrices of bentonite clay leading to the expansion
of clay platelets and resulting in increases in surface area, this could also be a results of
deposition of metal hydroxides/oxyhydroxysulphates precipitating from the reaction mixture
(Bhattacharyya and Gupta, 2011). The surface area of ball-milled, South African bentonite
clay corresponds with the surface area of 46.6 m?/g for Pakistani bentonite clay (Tahir and
Naseem, 2007). As a result of the particle-size reduction due to milling, the increase in single
point and overall surface area from 11 to 37 m%g and 16 to 37.1 m?/g, respectively, were
observed. The lower surface area of the bentonite clay used by Gitari (2014) was attributed to
the less efficient mode of milling (pestle-and-mortar). From Table 4.7, vibratory ball-milling
doubled the surface area of pestle-and-mortar milled bentonite clay leading to better
efficiency in water treatment since more surface area is made available for pollutants to be
adsorbed. The poorer adsorption on the bentonite clay used by Gitari (2014) was due to the

less efficient milling method.
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4.4.6 Cation-exchange capacity

The results for the determination of cation-exchange capacity (CEC) of raw and AMD-

reacted bentonite clay are shown in Table 4.8.

Table 4.8:  Concentrations of main exchangeable cations on bentonite clay and AMD-

reacted bentonite clay determined using the ammonium acetate method

pH 7 pH 5
Parameter Bentonite Bentonite-AMD Bentonite Bentonite-AMD
Na (mg L™ 130.4 35 128.7 8.7
K (mg L™ 3.9 0.5 4.1 1
Ca(mg L™ 58 69 58 70
Mg (mg L™ 88.5 100 86.9 98.4
CEC (meq /100g) 280.8 173 277.7 178.1

Analysis of CEC by the ammonium acetate method revealed that the main exchangeable
cations in the supernatant were Mg, Ca?*, Na* and K*. Due to expansion of the inter-
lamellar spaces, broken bonds, decrease of particle size, agglomeration and change in CEC,
ball-milled bentonite clay has a high adsorption capacity compared to mortar-milled clay.
From the supernatant, it was also observed that Na* was the dominant cation for raw
bentonite clay, confirming that the clay under study was Na-bentonite. After reacting AMD
with bentonite clay, the CEC was observed to decrease indicating that ion-exchange is the
chief process governing the removal of contaminants. Moreover, the levels of K and Na were
observed to have decreased significantly, showing that these ions were exchanged for the
polycations, Al and Fe. This also corroborated result obtained from XRF, XRD and ICP-MS.

45 Conclusions

The use of vibratory, ball-milled bentonite clay for neutralisation of acidity and removal of
toxic chemical species from acidic and metalliferous mine effluents has delivered good
results in treating AMD on a laboratory-scale. Characterisation revealed that ball-milled
bentonite clay had double the surface area compared to pestle-and-mortar milled bentonite
clay, indicating that more sites are available for adsorption, precipitation and ion-exchange of
inorganic contaminants from wastewaters. XRD revealed that the clay used in the present

study is montmorillonite that belongs to smectite family. XRF showed the predominance of
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Al and Si hence the classification as an aluminosilicate. SEM micrography showed no
alteration in the morphology of bentonite clay post-reaction with AMD. Contact of AMD
with ball milled bentonite clay led to an increase in pH and large decreases in major metal
concentrations. EC and TDS were observed to decrease following treatment of AMD with
bentonite clay, indicating that there was attenuation of metal species concentration from
aqueous system. Optimum conditions of using bentonite clay for AMD treatment under
laboratory conditions were determined to be 2 g of adsorbent to 250 mL of AMD with 30 min
of equilibration with shaking. Even though major cations were removed from AMD there is a
need to further “polish” treated AMD to lower the residual concentration of sulphate and
alkali and alkali earth metal cations. However, ball-milled bentonite clay treatment resulted in
water that met some of the water quality guidelines requirements as compared to the poorer
performance of mortar-and-pestle milled bentonite.
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CHAPTER FIVE

Paper 3: This paper addresses the synthesis of cryptocrystalline magnesite-
bentonite clay composite and its application for neutralization and
attenuation of inorganic contaminants in acidic and metalliferous mine
drainage

This chapter is devoted to achieve the undermentioned objective which is:

e Evaluation of the treatment of AMD using mechanochemical synthesised magnesite-
bentonite clay composite in batch tests, and exploring the interaction chemistry
thereof and that of the processed water chemistry, mineralogical transformation and

chemical characterization of resultant solid residues.
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Abstract

The primary aim of this study was to synthesize cryptocrystalline magnesite-bentonite clay
composite by mechanochemical activation and evaluate its usability as low cost adsorbent for
neutralization and attenuation of inorganic contaminants in acidic and metalliferous mine
drainage. The composite was synthesized at 1:1 weight to weight ratio of magnesite and
bentonite clay respectively. The composite was mixed with simulated AMD at specific solid—
liquid (S/L) ratios, equilibrated and its capacity to neutralize and remove the concentrations
of selected and potentially toxic chemical species from synthetic and field AMD evaluated at
optimized conditions. The geochemical computer code PH Redox Equilibrium (in C
language) (PHREEQC) and WATEQ4 database was used for geochemical modelling of the
process water. The resulting solid residues were analyzed by X-ray fluorescence (XRF), X-
ray Diffraction, scanning electron microscopy (SEM) and scanning electron microscopy-
energy dispersive X-ray spectroscopy (SEM-EDS), and Fourier Transforms Infrared
Spectroscopy (FTIR) in an attempt to detect the minerals phases controlling the inorganic
contaminants concentration in solution. Interaction of the composite with AMD led to an
increase in pH (pH >11) and lowering of metal concentrations. The removal of AI**, Fe3*/?*,
Mn*" and SO4* was optimum at 20 min of equilibration and 1g of adsorbent dosage per 100
mL of solution (1:100 S/L ratio). The composite removed ~99% (Al**, Fe**, and Mn**) and

~90% (SO4*) from raw mine effluent. Minor elements such as Co, Cu, Zn, Ni and Pb were
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also removed significantly. The synthesized composite showed a significantly better toxic
chemical species and SO,* removal ability of from highly acidic solutions as compared to
that obtained by cryptocrystalline magnesite and bentonite clay when used individually.
Adsorption data fitted better to pseudo-second-order kinetic than pseudo-first-order kinetic
hence confirming chemisorption. Adsorption data fitted better to Freundlich adsorption
isotherm than Langmuir hence confirming multisite adsorption. Gibbs free energy model
predicted that the reaction is spontaneous in nature for Al, Fe and sulphate except for Mn.
Geochemical model indicated that Fe was removed as Fe(OH)s, goethite, and jarosite, Al as
basaluminite, boehmite and jurbanite, AI(OH); and as gibbsite and diaspore. Al and Fe
precipitated as iron (oxy)-hydroxides and aluminium (oxy)-hydroxides. Mn precipitated as
rhodochrosite and manganite. Ca was removed as gypsum. Sulphate was removed as gypsum,
and Fe, Al hydroxyl sulphate minerals. Mg was removed as brucite and dolomite. This would
explain the decrease in the metal species and sulphate concentration in the product water. The
composite removed the contaminants to below South African legal requirements for water
use. It was concluded that the composite has the potential to neutralize acidity and attenuate
potentially toxic chemical species from acidic and metalliferous mine drainage.

Keywords: Acid mine drainage; neutralization; magnesite-bentonite clay; composite;

mechanochemical; inorganic contaminants, adsorption modelling

5.1 Introduction

Acidic and metalliferous drainage originating from metal mining activities can cause serious
environmental pollution (Bortnikova et al., 2001, DeNicola and Stapleton, 2002, Atekwana
and Fonyuy, 2009, Couceiro and Schettini, 2010, Anawar, 2013, Netto et al., 2013,
Yesilnacar and Kadiragagil, 2013, Simate and Ndlovu, 2014). On release to receiving aquatic
ecosystems, acid mine drainage (AMD) can cause major ecological impacts which have the
capability to compromise the integrity of terrestrial and aquatic ecosystems to sustain life
(Druschel et al., 2004, Espaiia et al., 2005, Gammons et al., 2006, Zhao et al., 2007, Zhao et
al., 2012).

AMD is generated by oxidation of sulphide bearing minerals such as FeAsS, Fe,Sx, Cus,
Cu,S, CuFeS;, MoS,, NiS, ZnS and PbS in the presence of air and water. More prevalently,
pyrite associated with coal and gold seams and many ores including copper, silver, uranium

and zinc is the main source of AMD (Tutu et al., 2008). During mining processes, sulphide-
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rich rocks are exposed to water and oxygen and this promotes the formation of AMD .
During rainfall on tailings dumps and rising groundwater in disused mineshafts, water and
oxygen interacts with sulphidic minerals leading to the formation of acidic effluent. The
resultant acidic water accelerates leaching of metals from surrounding rock strata or tailings
(Druschel et al., 2004, Courtin-Nomade et al., 2005, Espafia et al., 2005, Ferreira da Silva et
al., 2009, Hallberg, 2010, Blowes et al., 2014, Candeias et al., 2014).

The release of metals to effluent waters makes the water metalliferous. In most instances, the
formation of AMD can be represented by the following chemical equations (Gitari, 2014),

using pyrite as an example:

bacteria
2FeSy(5) + 7054 + 2H, 0 —— 2Fefyy) + 4HGq) + 450554 (5.1)
4Fefly + Oy + 4H(q — 4Felly, +2H,0, (5.2)
FeS,(s) + 14Fe3* + 8H,0 — 15Fe?* + 25053 + 16H* (5.3)
Felyy) + 3H,0; —» Fe(OH);() + 3Hfg (5.4)

These reactions are also mediated by bacteria (Equation 5.1) (Baker and Banfield, 2003,
Hallberg, 2010). Acidic and metalliferous drainage is a prime issue of environmental concern
since it causes a reduction in biodiversity and loss of authentic value of pristine ecosystems
(Bortnikova et al., 2001, Grout and Levings, 2001, Achterberg et al., 2003, Levings et al.,
2005, Mapanda et al., 2007, Macedo-Sousa et al., 2008, Martins et al., 2009, Couceiro and
Schettini, 2010, Gray and Delaney, 2010, Anawar, 2013, Yesilnacar and Kadiragagil, 2013,
Simate and Ndlovu, 2014). Acid mine drainage is characterised by high acidity and elevated
concentrations of Al, Fe, Mn and SO,%. In addition, it also contains trace amounts of As, B,
Cr, Cu, Co, Mo, Ni, Pb, Se, and Zn (Zénker et al., 2002, Sracek et al., 2004, Wade et al.,
2006, Tutu et al., 2008, Zhao et al., 2012).

This mine effluent needs to be contained and treated before discharge to natural water bodies
(Galan et al., 1999, Macedo-Sousa et al., 2008, Martins et al., 2009, Ghosh et al., 2012,
Yesilnacar and Kadiragagil, 2013, Simate and Ndlovu, 2014). Several technologies have been
developed for treatment of AMD and these include ion-exchange (Gaikwad, 2010),
adsorption (Motsi et al., 2009, Zhang, 2011), precipitation , and phytoremediation (Johnson
and Hallberg, 2005, Sheoran and Sheoran, 2006, Groudev et al., 2008, Ramirez-Paredes et

al., 2011). Maree et al. (2004) have evaluated the use of limestone for treatment of acid mine
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drainage. Biological agents were also used for removal of sulphates from acid mine drainage
as a polishing step (Pagnanelli et al., 2008, Chockalingam and Subramanian, 2009, Cruz
Viggi et al., 2010). Due to cost implications, inefficient treatment, selective treatment and
generation of toxic sludge, the existing technologies have limitation and companies are in
constant search for sustainable AMD treatment and management technologies (Zipper and
Skousen, 2010). To date, limestone has been used for AMD treatment but has limitations of
raising the pH to a maximum of 7 which is not sufficient to remove all metal pollutants in
AMD, and additional liming is necessary, thus making it unsustainable (Maree et al., 1989,
Maree et al., 1998, Maree et al., 2004, Hlabela et al., 2007, Agboola et al., 2012, Bologo et
al., 2012, Maree et al., 2013, Masukume et al., 2014). Moreover limestone treatment leads to
generation of huge amounts of sludge that has to be managed. South African bentonite clay
has been evaluated for AMD treatment in a recent study by Gitari (2014) but was observed to
have low metal removal efficiency especially at high concentrations and could only increase

the pH of the reaction mixture to =~ 4 which is not sufficient for precipitation of metal species.

Clay have excellent physicochemical properties such as high adsorption capacities, ion
exchange capacities, swelling properties, surface area, leafy or lamella structure, abundance
and low cost. Clay minerals have also received great attention as alternative material for
decontamination of polluted waterbodies. In addition, these materials are environmentally
friendly, abundant, versatile and readily available making their application economically
sustainable (Zhao et al., 2011). Techniques such as intercalation and pillaring (Gupta and
Bhattacharyya, 2006, Masindi et al., 2014c), acid activation (Bhattacharyya and Sen Gupta,
2006, Bhattacharyya and Gupta, 2011, Buki¢ et al., 2015, Zhao et al., 2015) and
mechanochemical activation (Narayanan and Lueking, 2007, Sankaranarayanan et al., 2011,
Mitrovi¢ and Zduji¢, 2014, Zhuravleva et al., 2014, Zhuang et al., 2015) can be employed in
an attempt to improving the adsorption and inorganic contaminants removal properties of the
clays. The preparation of organoclays by grafting and direct synthesis has also been used for
metals retention (Sarkar et al., 2010, Yuan et al., 2013, Simsek et al., 2014, Zhuang et al.,
2015).

Amongst all clay modifications and composite synthesis science, mechanochemical
activation was reported to present good responses because it is cheap, economically viable
and, environmentally friendly technique of modification. Documented literatures have

meticulously described the influence of mechanochemical activation on the morphological
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and microstructural alterations and improvements of the clay (Kim et al., 2013, Pukic¢ et al.,
2015), but only a limited number of research studies have investigated the use of mechanical
milling on their adsorption and reactivity properties (Pukic et al., 2015). Moreover, a study
by Gitari (2014) observed that bentonite clay being a geological material possessed free
alkaline materials that can be released on mechanochemical activation and be available to
increase the pH of the reaction mixture. Fragmentation, distortion, breakage of crystalline
networks and cobwebs, and particle size reduction followed by an increase of the surface
area, exfoliation of particles and amorphization, can lead to the increase of the removal
efficiencies of the pollutants on fabricated composites (Paik et al., 2010, Djuki¢ et al., 2013,
Hamzaoui et al., 2015, Zhuang et al., 2015).

Clay has been widely used for removal of inorganic and organic contaminants from aqueous
systems (Bhattacharyya and Gupta, 2008). The main mode of metals attenuation by clay is
adsorption (Gupta and Bhattacharyya, 2011). Adsorption of inorganic chemical species on
clay minerals is highly pH dependent, thus, limiting their application in wastewater
amelioration (pH < 4) (DPuki¢ et al., 2015). In an attempt to counter for the limitations in the
use of the raw and modified clays as adsorbents, the adsorbents can be prepared in a
composite form with some metal oxides (Puki¢ et al., 2015) and carbonates (Masindi et al.,
2014b). To respond to the challenges that are being presented by current technologies,
government, mining houses, and scientific communities are seeking innovative and locally

available technologies for remediating AMD.

To the authors’ knowledge, the investigation of mechanochemically synthesized bentonite
clay-cryptocrystalline magnesite composite as adsorbent for simultaneous neutralization and
attenuation of metal species and sulphate has never been reported before. The purpose of this
study was to synthesize a magnesite-bentonite clay composite adsorbent and evaluate its
ability to neutralize acidity and remove metal species and sulphate from metalliferous mine

drainage in a single process step.

5.2 Materials and methods
5.2.1 Sampling

Raw magnesite rocks from the Folovhodwe Magnesite Mine in Limpopo Province, South
Africa, were collected without any prior processing. Bentonite clay was supplied by ECCA
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(Pty) Ltd (Cape Town, South Africa). Raw AMD samples were collected from a disused

mine shaft near Krugersdorp, Gauteng Province, South Africa.

5.2.2 Preparation of cryptocrystalline magnesite and bentonite clay

Magnesite rock samples were milled to a fine powder (Retsch RS 200 mill) and sieved (32
pm particle sizes). The raw bentonite was washed by soaking in ultra-pure water and draining
after 10 minutes. The ultrapure water used was such that it covered the entire sample in the
beaker and was allowed to overflow. The procedure was repeated four times. The washed
bentonite was dried for 24 h at 105°C. The dried samples were milled into a fine powder

(Retsch RS 200 mill) and sieved (32 pm particle size sieves).

5.2.3 Composite preparation

Mechanochemical synthesis was used as a method for the preparation of the clay composite.
A vibratory ball-mill was used for making the porous magnesite-bentonite clay composite.
Powdered bentonite (500g) and magnesite (500g) were mixed on a 1:1 wt% mass ratio. The
mixture was crushed and homogenised by pulverizing into a fine powder (Retsch RS 200
mill) for 30 minutes at 1600 rpm. After sieving to <32 um particle size, the material was kept
in sealed plastic bags (Zip-lock). The parameters for milling were previously determined as
optimal milling parameters for mechanochemical modification of bentonite clay-

cryptocrystalline magnesite composite by Masindi et al. (2014b).

5.2.4 Synthetic acid mine drainage

Synthetic acid mine drainage (SAMD) was used for experimentation as real AMD is
extremely difficult to work with in optimization due to oxidation and hydrolysis on exposure
to the open leading to rapid changes in chemistry. A simplified solution containing the major
ions found in AMD was prepared as described by (Tutu et al., 2008).

Table 5.1: Simulated acid mine drainage used in this study

Salt dissolved Species Concentration
Aly(S0,)3.18H,0 Al 200 mg/L
Fex(S04)3.H20 Fe* 2000 mg/L
MnCl, Mn?* 100 mg/L
H,SO,4 and Al and Fe salts S0,” 6000 mg/L
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The composition of SAMD used in this study is shown in Table 5.1. AMD was simulated by
dissolving the following quantities of salts in 1000 mL of Milli-Q ultra-pure water (18MQ),
7.48 g Fex(S04)3.H20, 2.46 g Aly(SO4)3-18H,0, and 0.48 g MnCl, to give a solution of 2000
mg/L Fe**, 200 mg/L AI** and 200 mg/L Mn?*. An aliquot of 5 mL of 0.05 M H,SO, was
added to make up the SO,* concentration to 6000 mg/L. The salts were dissolved in 1000 mL
volumetric flasks. Prior to the addition of ferric sulphate, 5 mL of 0.05 M of H,SO, was
added to ensure a pH < 3, in order to prevent immediate precipitation of ferric hydroxide. For
the batch experiments, the working solutions were prepared from these stock solutions by

appropriate dilutions

5.2.5 Characterization of agueous solution

pH, Total Dissolved Solids (TDS) and Electrical Conductivity (EC) were monitored using
CRISON MM40 portable pH/EC/TDS/Temperature multimeter probe. Aqueous samples
were analysed using ICP-MS (7500ce, Agilent, Alpharetta, GA, USA) for metal cations while
sulphate was analysed using IC (850 professional IC Metrohm, Herisau, Switzerland). The
accuracy of the analysis was monitored by analysis of National Institute of Standards and
Technology (NIST) water standards.

5.2.6 Mineralogical, chemical and microstructural characterisation

Mineralogical composition of composite and resulting solid residues was determined using
XRD, Analyses were performed by using a Philip PW 1710 diffractometer equipped with
graphite secondary monochromatic. Elemental composition was determined using XRF, the
Thermo Fisher ARL-9400 XP+ Sequential XRF with WinXRF software. XRF and XRD
were done at the University of Pretoria, South Africa. Morphology was determined using
SEM-EDS (JOEL JSM - 840, Hitachi, Tokyo, Japan), Surface area and porosity were
determined using BET (Micromeritics Tristar 11, Norcross, GA, USA). pHpzc was determined
using solid addition method (Gitari, 2014).

5.2.7 Experimental procedures

To determine the optimum condition for AMD treatment, several operational parameters
were optimized and they include: effect of solid to liquid ratios, shaking time, composite
dosage, and species concentrations. All experiments were performed in triplicate and the data
averaged.

149 |Page



5.2.7.1 Effect of cryptocrystalline magnesite: bentonite clay ratios

The effect of cryptocrystalline magnesite contents on neutralization and attenuation of metal
species and sulphate was assessed. Portions of 100 mL solutions of SAMD were pipetted into
250 mL flasks into which 1 g of the composite samples were added. The magnesite to
bentonite clay (wt%) was varied as follow: 0.1:1, 0.2:1, 1:1, 2:1, 3:1, 4:1. The mixture was
equilibrated for 60 minutes on a reciprocating shaker. The initial pH of the working solutions
was < 3. After shaking, the mixture was filtered through a 0.45 um pore nitrate cellulose
filter membrane. The filtrates were preserved by adding two drops of concentrated HNO;
acid to prevent aging and immediate precipitation of Al, Fe and Mn and refrigerated at 4 °C
prior to analysis by an inductively coupled plasma mass spectrometer (ICP-MS) (7500ce,
Agilent, Alpheretta, GA, USA). The pH before and after agitation was measured using the
CRISON multimeter probe (model MM40). A separate set was left un-acidified for sulphate

analysis by lon Chromatograph (850 professional IC Metrohm, Herisau, Switzerland).

5.2.7.2 Effect of time

Portions (100 mL) each of SAMD were pipetted into 250 mL flasks into which 1 g of the
composite samples were added. The mixtures were then equilibrated for 1, 10, 20, 60, 120,
180, 240, 300 and 360 minutes at 250 rpm using the Stuart reciprocating shaker. The pH,
metal species and sulphate contents were determined as described in the preceding section.

5.2.7.3 Effect of dosage

Portions (100 mL) each of SAMD were pipetted into 250 mL flasks and varying masses (0.1
- 8 g) of the composite were added into each flask, respectively. The mixtures were agitated
using a shaker for an optimum time of 30 mins at 250 rpm. The pH, metal species and

sulphate contents were determined as described in the preceding section.

5.2.7.4 Effect of species concentration

To investigate the effects of adsorbate concentration on reaction kinetics, several dilutions
were made from the simulated AMD stock solution. The pHs of the simulated AMD were not
adjusted. The capacity of the adsorbent to neutralize and attenuate metal concentrations from
aqueous solution was then assessed by increasing metal concentrations. Solutions of 100 mL
each containing 100-2000 mg/L Fe**; 10-200 mg/L AI**; 5-100 mg/L Mn?* and 300 - 6000
mg/L SO4> were prepared in triplicate and 1 g of the composite was added to each sample

container. The mixtures were equilibrated by shaking for 30 minutes. The initial pH of the
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working solutions was < 3. The pH, metal and sulphate contents were determined as

described in the preceding section.

5.2.7.5 Treatment of field acid mine drainage at optimized conditions

Field AMD samples were treated at established optimized conditions in order to assess the
effectiveness of magnesite-bentonite clay composite treatment. The pH and metal species
contents were determined as described previously while a separate set of samples was left un-
acidified for SO,* analysis. Metal species were assayed using ICP-MS, pH, EC and TDS
were measured as described previously. The resultant solid residue, after contact with AMD,
was characterized in order to gain an insight into the fates of chemical species after
magnesite-bentonite clay composite treatment.

5.2.8 Calculation of metal species, sulphate removal and adsorption capacity

Computation of % removal and adsorption capacity were evaluated using Equations (5.5) and
(5.6).

Percentage removal (%) = (Ci;e> x 100 (5.5)
Adsorption capacity (g,) = % (5.6)

Where: Ci = initial concentration (mg/L), Ce = equilibrium ion concentration (mg/L), V =
volume of solution (L); m = mass of bentonite clay (g).

5.2.9 Adsorption Kinetics

Adsorption kinetics were evaluated using pseudo-first-order, second order Kinetics and
Intraparticle diffusion model (Falayi and Ntuli, 2014).

5.2.10 Adsorption isotherms and thermodynamics

Adsorption isotherms were evaluated using Langmuir and Freundlich adsorption models
(Falayi and Ntuli, 2014). Thermodynamics evaluations were done using Gibbs free energy
model (Rusmin et al., 2015, Shou et al., 2015).

An error analysis was required to evaluate the fit of the adsorption isotherms to experimental
data. In the present study, the linear coefficient of determination (R?) was employed for the
error analysis. The linear coefficient of determination was calculated by using the equation
5.3
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HZXY—(Z X)(Z Y) (5 7)

r =
Jn(z x2)-(Ex)°’ -/ y)-Cy)?

Theoretically, the R? value varies from 0 to 1. The R? value shows the variation of
experimental data as explained by the regression equation. In most studies, the coefficient of
determination, R?, was applied to determine the relationship between the experimental data

and the kinetics or isotherms.

5.2.11 Geochemical modelling

To complement chemical solution and physicochemical characterization results, the ion
association model PHREEQC was used to calculate ion activities and saturation indices of
mineral phases based on the pH and solution concentrations of major ions in supernatants that
were analysed after the optimized conditions. Mineral phases that were likely to form during
treatment of AMD with magnesite-bentonite clay composite were predicted using the
PHREEQC geochemical modelling code using the WATEQA4F database (Parkhurst and
Appelo, 1999). Species which are more likely to precipitation was determined using
saturation index (SI). SI < 1 = under saturated solution, Si = 1 = saturated solution and SI >

1= Supersaturated solution.
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5.3  Results and discussion
5.3.1 Inorganic contaminants removal: Batch experiments

5.3.1.1 Effects of magnesite to bentonite ratios

The results for inorganic contaminants attenuation as a function of magnesite to bentonite

clay ratios are shown in Figure 5.1.
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Figure 5.1, Appendix B, Table B 10: Variation in % removal of Fe**, AP**, Mn?* and
sulphate as a function of solid to solid ratios (Conditions: pH < 3, 2000 mg/L Fe**, 200 mg/L
AI**, 100 mg/L Mn®*, 6000 mg/L SO.* , 60 mins shaking time, 100 mL SAMD solution, 32
pm particle size, 250 rpm shaking speed, 26 °C temperature).

Variation of the removal efficiencies in neutralization and removal of metals species and
sulphate by the composite with different contents of cryptocrystalline magnesite are shown in
Figure 5.1. It is clear that wt% of cryptocrystalline magnesite, in the composite is an
important factor affecting the neutralization and removal of metals and sulphate ions from
aqueous solution, especially in highly acidic environment. Figure 5.1 shows that as the ratio
of magnesite to bentonite increases, there was a proportional increase in pH. The pH was
observed to increase from ~ 10.2 to =~ 12.3. This was attributed to the dissolution of
magnesite and partly to the release of base cations from the bentonite clay matrices as shown

in the reactions below.
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MgO + H,0 —» Mg?* + 20H" (5.8)
CaO + H,0 — Ca?* + 20H~ (5.9)
Na,0 + H,0 — 2Nat + 20H~ (5.10)
K,0+ H,0 - 2K* + 20H~ (5.11)

Removal of sulphate was observed to increase with an increase in the magnesite to bentonite
ratio. Attenuation of the major metal species concentrations, Al, Mn and Al remained above
99 % since the pH was highly alkaline for their precipitation. At 1:1 magnesite to bentonite
all the chemical species removal was above 98 % and the higher ratios seemed to have no
significant difference in the removal capacity. Hence a 1:1 ratio was taken as the optimum for

the fabrication of the composite.

5.3.1.2 Effect of equilibration time
Results of metals species and sulphate removal in SAMD as a function of contact time are
shown in Figure 5.2.
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Figure 5.2, Appendix B, Table B 8: Variation of Al, Fe, Mn and SO4> with agitation time
and variation of pH with agitation time (Conditions: pH < 3, 2000 mg/L Fe®*", 200 mg/L AI**,
100 mg/L Mn®*, 6000 mg/L SO,% , 1 g composite, 100 mL SAMD solution, 1; 100 S/L

ratios, 32 um particle size, 250 rpm shaking speed, 26 °C ambient temperature).
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An increase in pH was observed with increases in contact time. Metal removal also increased
with increased contact time. An increase in pH from 6 — 10 and metal concentration
attenuations were observed to be high within the first 20 minutes of interaction but stabilizes
thereafter. An increase in pH was attributed to dissolution of magnesite, alkali and alkaline
earth metal oxides from the composite during the interaction with AMD leading to an
increase in alkalinity. An increase in pH also leads to precipitation of metal species from
AMD. On precipitation the metal hydroxides incorporate sulphate to form various
oxyhydroxysulphates and also adsorb sulphate. The composite also exchanged AlI**, Fe**, and
Mn** with cations such as Na*, Mg®" and Ca®*" in their matrices, the exchanged highly
charged cations could also adsorb sulphates as the counter ions. The composite showed good
efficiencies in the treatment of AMD since it removed chemical species from contaminated
water in a single step as compared to two-step traditional treatment methods. This study also
showed good removal efficiencies of chemical species (=100% Al3+, Fe3+, and Mn?" and > 50
% SO,*) as compared to a study conducted by Nkonyane et al. (2012) who reported that 120
min of contact time is efficient in raising the pH to 7.5 and remove metals except for Mn
when using a combination of bentonite clay and limestone. The present study achieved
maximum removal within the short contact time of 20 min and raised the pH to >10 which is
suitable for removal of all metal species. Therefore, 30 min was taken as the optimum

agitation time and it will be used as optimum time and applied in subsequent experiments.

5.3.1.3 Adsorption kinetics and mechanism

The effect of contact time on removal of chemical species from aqueous solution was
evaluated using different kinetic models to reveal the nature of the adsorption process and
rate limiting processes. Different kinetic model parameters for adsorption of Mn, Al, Fe and

sulphate on the composite are shown in Table 5.2

A Lagergren pseudo first order kinetic model is a well-known model that is used to describe
mechanisms of metal species adsorption by an adsorbent. It can be written as follow (Shou et
al., 2015):

In(qe — q¢) = Inqe- kyt (5.12)

Where k; (min™) is the pseudo-first-order adsorption rate coefficient and q, and q; are the
values of the amount of adsorbate adsorbed per unit mass at equilibrium and at time t,

respectively. The experimental data was fitted by using the pseudo-first-order kinetic model
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by plotting In(qe — q¢) Vvs. t, and the results are shown in Table 5.2 and Figure 5.2. The
pseudo-first-order was applied and it was found to fairly converge with the experimental data.
Moreover, the calculated amounts of Mn, Al, Fe and sulphate ions adsorbed by the composite
[Ge. caic (Mgg™)] were less than the experimental values [q, exp (mgg™)] (Table 5.2). The
finding indicated that the Lagergren pseudo-first-order kinetic model is inappropriate to
describe the adsorption of Mn, Al, Fe and sulphate ions from aqueous system by the

composite.

The pseudo-second-order kinetic model is another kinetic model that is widely used to
describe the adsorption process from an aqueous solution. The linearized form of the pseudo-

second-order rate equation is given as follow:

t 1

=t qie (5.13)

Where k, [g(mg min™)] is the pseudo-second-order adsorption rate coefficient and q, and q
are the values of the amount adsorbed per unit mass at equilibrium and at time t, respectively.
An application of the pseudo-second-order rate equation for adsorption of chemical species to
the composite matrices portrayed a good fit with experimental data (Figure 5.3 - 6 and Table
5.2). The obtained results confirm that pseudo-second-order model is the most suitable
kinetic model to describe adsorption of Mn, Al, Fe and sulphate by the composite from
aqueous system. Moreover, this also confirms that the adsorption mechanism of the metals

species from aqueous solution is chemisorption.

Note the theoretical adsorption capacity is close to the experimental adsorption capacity
further confirming that this model describes the adsorption data (Table 5.2 and Figure 5.4).
The overall kinetics of the adsorption from solutions may be governed by the diffusional
processes as well as by the kinetics of the surface chemical reaction. In diffusion studies, the

rate is often expressed in terms of the square root time

q: = kl’dtl/z + Ci (514)

Where k;q (mgg™ min™*?

) is the Intraparticle diffusion coefficient (slope of the plot of q; vs.
t'/2) (Figure 5.5) and C; is the Intraparticle diffusion rate constant. Parameters were
calculated to determine whether film diffusion or Intraparticle diffusion is the rate limiting
step. The model suggested that if the sorption mechanism is via Intraparticle diffusion then a

1/2

plot of gt versus t ~“ will be linear; and Intraparticle diffusion is the sole rate-limiting step
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when such a plot passes through the origin. When the sorption process is controlled by more

Y2 will be multi-linear. Given the multi-linear

than one mechanism, then a plot of gt versus t
nature of the plot for metal species sorption on the composite, it is proposed that sorption
occurred in three phases. The initial steep phase represented surface diffusion, the second less
steep phase represented a gradual sorption of metal species where intra-particle diffusion
within the pores is rate-limiting, and the third phase where equilibrium had been achieved.
Since the plot did not pass through the origin, intra-particle diffusion was not the only rate-
limiting step. There were three processes controlling metals species sorption rate but only one
predominates at any particular time phase. The C (mg g*) values indicate the thickness of the
boundary layer which was observed to be very small for these soils; and these low C values
suggested that surface diffusion plays less role as the rate-limiting step in the overall sorption
process. The results also showed that the Intraparticle diffusion model by Webber Morris was

not applicable for the present process due to lower correlation coefficients.
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Table 5.2: Different kinetic model parameters for adsorption of Mn, Al, Fe and sulphate

on the composite

Pseudo-first-order kinetic model

Element Ge.op (MYTD) | e catc (MY Ki R’
Mn 9.99 -11.12 0.177 0.94
Al 19.99 -4.77 0.309 0.99
Fe 199.9 -8.94 0.331 0.91

Sulphate 521.1 -6.99 1.519 0.90

Pseudo-second-order kinetic model

Element Ge,op (MIT™) | e, cac (MQQ™) K, R’
Mn 9.99 10.01 3.67 1
Al 19.99 20.04 1.24 1
Fe 199.9 200 1.67 1

Sulphate 521.1 526.3 0.69 0.999

Intraparticle diffusion model

Element Oe. exp (M@g™) Ci (mgg™) Kiq (mgg™ min™?) R?
Mn 9.99 2.85 13.93 0.48
Al 19.99 2.20 2.89 0.18
Fe 199.9 1.02 0.35 0.29

Sulphate 521.1 -0.06 0.05 0.17

The plot for adsorption of Mn, Al, Fe and sulphate on the composite using pseudo-first-order,

pseudo-second-order and Intraparticle diffusion models are shown in Figure 5.3, 5.4 and 5.5.
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Figure 5.3: Pseudo-first-order plots of Mn, Al, Fe and sulphate ions adsorbed on the

composite
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Figure 5.4: Pseudo-second-order plots of Mn, Al, Fe and sulphate ions adsorbed on the

composite

159 |Page



Fe <Sulphate ¢Mn WAl

600 25
- - -

500 - = = & 20
400 =
o / 15
2300 af
z - - - e 10~
T 200 - e &

100 ,/ :

|:I 1 1 1 |:I
0 5 10 15 20

tl.-”: {Il:l.iIll"E}

Figure 5.5: Intraparticle diffusion plots of Mn, Al, Fe and sulphate ions adsorbed on the
composite
5.3.1.4 Effects of composite dosage

The results of neutralization and attenuation of inorganic contaminants from synthetic AMD

as a function of the composite dosage are shown in Figure 5.6.
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Figure 5.6, Appendix B, Table B 9: Variation of pH, Al, Fe, Mn and sulphate concentration
with adsorbent dosage (Conditions: pH < 3, 2000 mg/L Fe**, 200 mg/L AI**, 100 mg/L Mn?*,
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6000 mg/L SO,*, 100 mL solution, 250 rpm shaking speed, <32 pum particle size, 30 min

reaction, 26 °C temperature).

Figure 5.6 shows that there was an increase in pH with an increase in composite dosage.
Cations and anions in the supernatant solution were also observed to decrease with an
increase in dosage. The increase in pH was attributed to dissolution of magnesite, alkali and
alkaline earth metal oxides from the composite during the interaction with AMD, hence
leading to an increase in pH. The XRF and XRD results also indicated the presence of these
oxides and carbonates in the matrices of the feedstock. An increase in pH also led to
precipitation of metal species from AMD. On precipitation the metal hydroxides incorporate
sulphates to form various oxyhydroxysulphates and also adsorb sulphates. The adsorption
data could further point to chemical adsorption probably due to interaction with the
[Al(H20)6]** and [Fe(H,0)s]** incorporated to the interlayers and hydroxyl groups on the
clay surfaces. When this pH is reached, small particles of the metal hydroxide are formed
(Equation 5.15). For example sulphate could interact with those species as follows [Equation
(5.16 — 5.17)].

M™ + nOH™ - M(OH), | (5.15)
Al(H,0)5(0OH); + SO2~ - Al(H,0);(0OH)(SO,) + 20H" (5.16)
Fe(H,0)5(0H)3 + SO~ — Fe(H,0)5(0H)(SO,) + 20H~ (5.17)

The composite may also exchange AI**, Fe**, and Mn?* with cations such as Na*, Mg** and
Ca®" in their matrices (Table 5.3). The exchanged high charge cations could also adsorb
sulphates as the counter ions. As composite dosage increased, the pH increased. Moreover,
the composite presented more sites for ion-exchange and adsorption of chemical species in
aqueous solution. As the dosage increased, more surface sites for exchange of low density
cations with high density cations from AMD become available. The composite is effective for
AMD treatment since it combines ion-exchange of (Mg, Ca, Na and K), adsorption, co-
precipitation and precipitation of metal species from AMD as the pH increase due to
dissolution of alkaline materials hence leading to much cleaner effluents. At 1g adsorbent
dosage the attenuation capacity of the major metal species concentrations was > 95%.
Consequently, 1 g was taken as the optimum dosage for subsequent experiments under these
conditions. The optimum dosage (10 g/L) indicated by this work compares favourably with

other remediation agents such as limestone (10 g/L), dolomite (40 g/L), limestone bentonite
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blend (10 g/L) and fly ash (500g/L) (Maree et al., 1989, Maree et al., 1998, Gitari et al., 2006,
Nkonyane et al., 2012, Maree et al., 2013). Moreover, the treatment efficiency of this

technology is high as compared to the other technologies since it can neutralize and remove
metals and sulphate to within DWAS drinking water quality guidelines. South Africa has
large reserves of both bentonite (Gitari, 2014) and magnesite (Masindi et al., 2014b), and
thus, the economic viability of this technology is high.

5.3.1.5 Effects of chemical species concentration

The results for chemical species attenuation as a function of concentration are shown in

Figure 5.7.
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Figure 5.7, Appendix B, Table B 11: Variation in % removal and adsorption capacity of
AP, Mn?" and Fe*""* as a function of ion concentration (pH < 3, 30 mins of shaking, < 32

pm particle size, 1 g composite, 100 mL, 1:100 S/L ratios, 250 rpm shaking speed, and 26 ° C

ambient temperature)
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At the initial concentration evaluated the composite exhibited = 80 — 100 for Al, = 97 — 100
for Fe, and =~ 84 — 100 for Mn removal efficiency. Greater than 80% sulphate removal
efficiency was observed at the evaluated concentration ranges. The pH remained above 10 in
all concentration gradients meaning that 30 minutes of agitation and 1g of the composite
would be adequate for neutralization and removal of contaminates from AMD under these
conditions. At low concentration of metal species, more surfaces are available for adsorption
and at high concentration more surfaces are occupied by pollutants. At low concentration,
there is less acidity to be neutralised so the pH remain alkaline (>10). Removal of Al and Fe
may be due to ion exchange of base cations (Mg, Ca, Na and K) from the composite
interlayers, dissolution of magnesite leading to precipitation and co-precipitation of metal
species with an increase in pH. The presence of exchangeable base metals was shown by
CEC, SEM-EDS and XRF studies (Table 5.2 and 5.6). Dissolution of calcite, periclase and
magnesite as shown by XRD contribute to an increase in pH that will precipitate metals as

hydroxide and oxyhydrosulphates as shown by SEM-EDS point analysis.

5.3.1.6 Adsorption isotherms and thermodynamics

The relationship between the amount of ions adsorbed and the ion concentration remaining in
solution is described by an isotherm. The two most common isotherm models for describing
this type of system are the Langmuir and Freundlich adsorption isotherms. These models
describe adsorption processes on a homogenous (monolayer) or heterogeneous (multilayer)
surface, respectively. The most important model of monolayer adsorption came from
Langmuir. This isotherm is given as follows:

g, = Ll (5.18)

e 1+bC,

The constant Qg and b are characteristics of the Langmuir equation and can be determined
from a linearized form of equation 4.11. The Langmuir isotherm is valid for monolayer
sorption due to a surface with finite number of identical sites and can be expressed in the
following linear form:

Ce 1 Ce

Q  Qmb  Qm (5.19)

The essential characteristics of the Langmuir isotherm can be expressed in terms of a

dimensionless constant separation factor or equilibrium parameter, R, , which is defined as:
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1

R, =
L 1 +bC,

(5.20)

Where, Ce = equilibrium concentration (mg L™), ge = amount adsorbed at equilibrium (mg
g1), Qm = Langmuir constants related to adsorption capacity (mg g™) and b = Langmuir
constants related to energy of adsorption (L mg™). A plot of Ce versus Ce/Qe should be
linear if the data conforms to the Langmuir isotherm. The value of Qm is determined from
the slope and the intercept of the plot. It is used to derive the maximum adsorption capacity

and b is determined from the original equation and represents the degree of adsorption.

The Freundlich adsorption isotherm describes the heterogeneous surface energy by multilayer

adsorption. The Freundlich isotherm is formulated as follows:
qe = kCe'/™ (5.21)

The equation may be linearized by taking the logarithm of both sides of the equation and can

be expressed in linear form as follows:
logq, = %log C +logkK (5.22)

Where Ce = equilibrium concentration (mg L™), qo = amount adsorbed at equilibrium (mg
g™h), K = Partition Coefficient (mg g™*) and n = degree of adsorption. A linear plot of log Ce
versus log q. indicates whether the data is described by the Freundlich isotherm. The value
of K implies that the energy of adsorption on a homogeneous surface is independent of
surface coverage and n is an adsorption constant which reveals the rate at which adsorption is
taking place. In order to fully understand the nature of adsorption the thermodynamic
parameters such as free energy change (AG) could be calculated. It was possible to estimate
these thermodynamic parameters for adsorption reaction by considering the equilibrium
constant under the experimental conditions. The Gibbs free energy change of adsorption was

calculated using the following equation:
AG = —RT InK, (5.23)

Where, R is gas constant (8.314 J mg™* K™), T is temperature and Kc is the equilibrium
constant (K. = ge/Ce). The positive AG value indicates that the sorption process is spontaneous
in nature and also feasible whereas the negative value indicates that the reaction is

spontaneous and feasible. The parameters of Langmuir and Freundlich adsorption isotherms
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are shown in Table 5.3. These two constants are determined from the slope and intercept of
the plot of each isotherm. The parameters of Langmuir and Freundlich adsorption isotherms

are shown in Table 5.3.

Table5.3:  Parameters of Langmuir and Freundlich adsorption isotherm and

thermodynamics

Langmuir Freundlich
Element | R | R. | b(Lmg") | Qmax | AG/1000 (kd/mg) | R | n | Ki¢(mgg™)
Al 0.71 | 0.031 0.3 8.9 53.32 096 | 2.1 149
Fe 0.45 | 0.049 0.1 15.7 73.81 0.85| 2.8 7.07
Mn 0.66 | 0.046 0.1 200 -137.89 0.82 |25 1.95
SO,”~ 0.55 | 0.062 0.002 588.2 62.80 092 |23 2.4

The results showed better fit to Freundlich adsorption isotherm than Langmuir adsorption
isotherm hence confirming multilayer adsorption. Qmax and b were determined from the slope
and intercept of the plot and were found to be 8.9, 15.7, 200, 588.2 mg/g and 0.3, 0.1, 0.1,
0.002 L/mg for Mn, Al, Fe and sulphate, respectively. According to Sparks (2003), R, values
between 0 and 1 indicate favourable adsorption. The R, were found to range from 0.031 to
0.062 hence showing that it was favourable. K¢ and n were calculated from the slopes of the
Freundlich plots. The constants were found to be K¢ = 149, 7.07, 1.95, 24 and n = 2.1, 2.8,
2.5, 2.3 for Mn, Al, Fe and sulphate, respectively. According to Langmuir (1997), n values
between 1 and 10 represent beneficial adsorption. This showed that adsorption of ions from
aqueous solution by the composite was favourable. Gibbs free energy model predicted that

the reaction is not spontaneous in nature for Al, Fe and sulphate except for Mn.

5.3.2 Variation of pH with an increase in Fe** concentration

The variation of pH profile with varying concentration of Fe®" as representative of the
inorganic contaminants in the SAMD is shown in Figure 5.8.
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Figure 5.8: Variation of pH gradient with varying sulphate concentrations.

As the metal concentration increases, the initial pH was gradually decreasing, this may be

attributed to hydrolysis of metal cations with the release of H" cations.

Fe** + H,0 — Fe(OH)3() + H 5.24
AB* 4 H,0 — Al(OH)z + H* 5.25
Mn?* + H,0 — Mn(OH)y + H* 5.26

As shown in Figure 5.8, drastic increases in final pH were observed at varying Fe
concentrations. Increases in pH were attributed to dissolution of calcite, periclase and
magnesite, and release of base metal species from the clay matrices to aqueous solution.
Adsorption of sulphate onto clay matrices with release of hydroxyl groups may also have

contributed to increases in pH of the aqueous solutions.

54  Treatment of field AMD at optimized conditions

The results of AMD treatment with bentonite clay, magnesite and the composite are shown in
Table 5.4.
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Table 5.4: Chemical composition of raw AMD before and after treatment (chemical
species in mg L)
Parameter Field AMD | DWAS Bentonite Magnesite Composite
Guidelines | treated AMD treated AMD treated AMD
pH 2.3 6-10 6 10.3 111
TDS 10237 0-1200 9872 4345.2 1145
EC 22713 0-700 16425 4635.6 2635
Na 171 0-50 316 164 223
K 18 NA 17 17 15
Mg 183 0-30 192 402 350
Ca 762 0-32 566 302 379
Al 190 0-09 1.1 <0.03 <0.03
Fe 259 0-0.1 15 <0.02 0.01
Mn 40 0-0.05 35 0.04 0.001
Cu 7.80 0-1 0.1 <0.05 <0.005
Zn 7.90 0-0.5 6.3 0.1 <0.01
Pb 6.30 0-0.01 0.1 0.2 <0.01
Co 41.30 NA 44.7 0.2 <0.01
Ni 16.60 0-0.07 24.4 0.5 <0.01
As 20 0.001 0.05 <0.01 <0.01
B 5 0.01 0.2 <0.01 <0.01
Cr 20 0.01 0.1 <0.01 <0.01
Mo 16 0.01 0.6 <0.01 <0.01
Se 17 0.02 0.9 <0.01 <0.01
Si 1.49 NA 5.29 5.7 0.6
S04~ 4000 0-500 3454 1913 916

Note: DWAS stand for Department of Water Affairs and Sanitation

In field AMD the major ions are Ca, Mg, Na, Al, Fe and sulphate. After treatment, the

resultant water had an increased pH with reduced metal species and sulphate concentrations.

The composite treatment yielded water to within the DWAS Water Quality Guidelines.

Bentonite showed insignificant increase in pH and a slight reduction in metal species. This
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showed that the treatment is effective for wastewater with low metal concentrations and as
such it can be used as a polishing process. Contact of cryptocrystalline magnesite at
optimised conditions produced water conforming to the DWAS Water Quality Guidelines
except for pH, EC, TDS, Mg and sulphate. A combination of magnesite and bentonite clay
treatment increased the pH of the solution significantly and yielded water conforming to
DWAS Guidelines. The pH was > 11, major metals removal was > 99%, oxyanions of As, B,
Cr, Mo, Se and sulphate were also removed significantly (> 90%) while alkali and alkaline
earth metals were also moderately removed (> 60%) hence indicating the superiority of the

composite in the acid effluent treatment.

5.5 Characterisation

5.5.1 X-ray diffraction (XRD) analysis

The mineralogical composition of magnesite (1), bentonite clay (2), composite (3) and AMD-
reacted composite (4) are shown in Figure 5.9.
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Figure 5.9: XRD patterns of cryptocrystalline magnesite (1), bentonite clay (2), composite
(3) and AMD-reacted composite (4).

XRD analysis showed that magnesite consists of magnesite, periclase, brucite, quartz and
forsterite as the main mineral phases. Bentonite clay was observed to contain
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montmorillonite, quartz, calcite and muscovite. The composite was reported to contain
montmorillonite, quartz, dolomite, calcite, brucite, periclase and muscovite. The
mechanochemical synthesis of the bentonite clay in the presence of cryptocrystalline
magnesite led to an amorphization of the magnesite and bentonite clay in the composite that
was revealed through widening, as well as the reduction in the number and intensity of the
reflection [Figure 9(3)]. AMD-reacted composite was observed to be constituted of
montmorillonite, kaolinite, microcline, quartz, dolomite, brucite, calcite, gibbsite and
muscovite [Figure 9(4)]. Quantitative mineralogical compositions of cryptocrystalline
magnesite (1), bentonite clay (2), composite (3) and AMD-reacted composite (4) are shown
in Table 5.5.

Table5.5:  Quantitative mineralogical compositions of bentonite clay, magnesite,
composite and AMD-composite (W1t%)

Mineralogy Magnesite (%) Bentonite clay (%) Composite (%) AMD-composite (%)
Periclase 82 'l —[35 —

Brucite 15 J Ball milling A 3
Forsterite 3

Smectite 69 ™ \_\L 47 58
Quartz 19 — |10 L +AMD =
Calcite 4 — 118
Muscovite 4 2 17
Plagioclase 4 -

Gibbsite |6

Microcline - 6

5.3.2 X-ray fluorescence (XRF) analysis

The elemental compositions of raw and AMD-reacted composite are shown in Table 5.6 and
5.7.
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Table 5.6: Elemental compositions of raw and AMD-reacted composite

Element (Wt %) Raw composite AMD-reacted composite
SiO, 29.97 27.12
TiO, 0.22 0.19
Al,O3 6.64 6.05
Fe,03 1.72 3.82
MnO 0.032 0.517
MgO 51.11 36.57
CaO 1.56 4.35
Na,O 1.14 0.35
K,0 0.51 0.43
P20s 0.039 0.033
Cry04 0.012 0.020
SO3 0.5 )
LOI 6.23 14.91
Total 99.23 99.35
H,0- 3.57 2.99

Bentonite clay is mainly comprised of Al and Si confirming that the material under study is
an alumino-silicate. The presence of Fe, Mg, Ca, Na and K on clay interlayers is indicating
that these are the main exchangeable cations in bentonite clay matrices. Availability of Mg,
Ca, Na and K will aid in the neutralisation of AMD. Magnesite is dominated by MgO. These
results corroborated with the results obtained by Nasedkin et al. (2001) who suggested that
cryptocrystalline magnesite is composed of close to 90% of MgO. The composite was
dominated by Al, Mg and Si hence showing that the material is a combination of magnesite
and a clay mineral. After contacting AMD with the composite, there was a drastic reduction
in Na and K on the composite matrices. This may be described by an increase in Na and K is
product water post treatment. Ca, SOz, Mn and Fe were observed to increase in the secondary
residue. This may be better explained by reduction of those chemical species in treated AMD
(Table 5.10). Notable reduction in Na, K and Mg indicate that these are the exchangeable
elements on composite galleries. After interaction with AMD, the resultant solid residue was
shown to be enriched with chemical species that are prevalent in AMD, showing that the

composite was scavenging chemical species from AMD.
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Table5.7:  Trace elemental composition of raw and reacted composite

Elements (ppm) Raw composite AMD-reacted composite
As <4 10
Ba <5 99
Br 16 <2
Ce <10 29
Co 1.2 1.2
Cr 6.9 8.6
Cs 104 <5
Cu 7.6 5.7
Ga 8.3 8.7
Hf 6 <3
La <10 12
Mo 13 <2
Nb 163 8.6
Nd 35 16
Ni 79 80
Pb 11 14
Rb <2 5.5
Sc <3 3.5
Se 445 <1
Sm 17 <10
Sr 33 41
Ta 18 <2
Th 5.3 8.6
Tl 4.2 <3
Y 11 9
Zn 8.2 19
Zr <2 60

Traces of Co, Cr, Cu, Ni, Pb and Zn were observed to be present in the secondary residues
post treatment of AMD. This indicates that those elements were removed from AMD to

secondary residues. Trace elements (Table 5.7) were also observed to be present at notable
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levels in the secondary residues hence justifying less conductivity in the composition of the
product water.

5.5.3 Fourier Transforms Infrared Spectrometry analysis

The functional groups in raw and AMD-reacted composite are shown in Figure 5.10.
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Figure 5.10: Fourier transforms infrared spectrometry (FTIR) Spectra for magnesite
(samplel), bentonite clay (sample 3), composite (sample 5) and AMD-reacted composite
(sample 6)

Raw magnesite (Figure 5.10, sample 1) is characterised of brucite bending corresponding to
band 3702 cm™, periclase stretches corresponding to band 1500 and 950 cm™ and magnesite
stretching vibration corresponding to bands 1680, 1450, 850 cm™. The doublet at 1490, 1419
cm corresponds to asymmetric stretching vibrations of carbonate. The reason for the split of
this peak into a doublet could be due to the formation of new carbonates such as CaCO3 and
MgCOs. The band at 1117 cm™ correspond to symmetric stretching of carbonate, and those at
886, 795 cm™ are assigned to in plane and out-of-plane bending vibrations of carbonate ion.
The presence of carbonates in raw magnesite suggests the presence of Magnesite and calcite.

Sharp peak at 1039 cm™ belonged to the stretching of Si-O-Si bond in montmorillonite
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tetrahedral sheet (Figure 5.10, sample 3). Peak at 3698 cm™ was due to vibration of —OH in
Mg-OH, while the vibration and bending of water molecule appeared at 3450 and 1654 cm™
respectively. Sharp peak at 3616 cm™ was assigned to the asymmetric stretching of Al-OH-Al
in the aluminosilicate sheets of pristine montmorillonite (Figure 5.10, sample 5). Sharp peak
at 1039 cm™ is attributed to the stretching of Si-O-Si bond in montmorillonite tetrahedral
sheet. Peak at 3698 cm™ is attributed to vibration of ~OH in Mg-OH, while the vibration and
bending of OH in water molecule appeared at 3450 and 1654 cm™ respectively. Spectroscopy
results also showed that there was Si-O stretching at 1023 cm™ and Al-OH-Al bending at 917
cm>. OH stretching at region 3628 — 3260 cm™ shows the presence of hydroxyl groups on the
composite. This will also contribute to an increase in pH during ion exchange. Moreover, the
OH band at 3623 cm™ indicates the coordination of AI** with OH group. Bands in 875 cm™
and 836 cm™ correspond to Fe?*** and Mg?*. The stretching at 1500 cm™ is corresponding to
COg stretching for calcite and magnesite. AMD-reacted composite shows COj stretches were
observed to be present hence indicating the formation of carbonates (Figure 5.10, sample 6).
Majority of characteristic absorption bands of both bentonite clay and magnesite were also

present in the composite spectra, suggesting a successful blend of the material.

5.5.4 Scanning Electron Microscope and Electron Dispersion X-ray

In order to better understand the mode of interaction of AMD and magnesite-bentonite clay
composite and the formation of mineral phases, SEM was utilized to depict the change in
morphology of the secondary solid residues as compared with the magnesite-bentonite clay
composite (Figure 5.11 - A, C and E) and AMD-reacted magnesite-bentonite clay composite
(Figure5.11 - B, D and F).

The surface morphology of raw composite (Figure 5.11 — A, C and E) are showing that the
composite contains leafy like structures and horny comb like structure meshed together. The
structural morphology of AMD-reacted composite (Figure 5.11 — B, D and F) are showing
the leafy like structures with rod like shapes been compacted together. This indicates that

contacting the composite with AMD did not alter the morphological properties of clay.
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Figure 5.11: Morphological properties of magnesite-bentonite clay composite (Figure 5.12 -

A, C and E) and AMD-reacted magnesite-bentonite clay composite (Figure 5.11 - B, D and
F).

The morphologies of magnesite Figure 5.12 (1), bentonite clay Figure 5.12 (2), and
magnesite-bentonite clay composite Figure 5.12 (3) are shown in Figure 5.12. SEM-EDX
was utilized to semi-quantitatively identify the elemental constituent in individual minerals.
Spot EDS analysis was done on selected solid residue samples (Figure 5.12).
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Figure 5.12: SEM-EDS elemental composition of cryptocrystalline magnesite (1), bentonite

clay (2) and the composite (3).

The SEM results (Figure 5.12) provide important information about the morphology of
magnesite, bentonite clay and the composite samples. Figure 5.12 (1) shows spherical
aggregates on the surface of magnesite structure. EDS revealed the presence of C, O and Mg

with trace of Ca.
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The SEM-EDS in Figure 5.12: (2) showed that bentonite clay has sharp edges typically
representing the presence of crystalline structures in raw bentonite clay. The EDS shows the
presence of Al and Si at notable concentration hence indicating that they are the major
species in bentonite clay structure. Fe, Mg, Ca, Na and K were observed to be presence hence

indicating that these are the exchangeable cations.

The SEM-EDS in Figure 5.12: (3) shows that the raw composite of irregular (heterogeneous)
in shape and size, and tend to be in the form of agglomerated clusters of small particles. The
EDS shows that Al, Si and Mg are the major chemical species with traces of Fe, Ca, Na and
K. The presence of Na, Mg, Ca and K indicates that these are the exchangeable cations on the

composite interlayers. The present results corroborate results obtained by XRF.

The morphology of AMD-reacted composite are shown in Figure 5.13. SEM-EDX was
utilized to semi-quantitatively identify the mineral phases resulting from the adsorption and

neutralization reactions. Spot EDS analysis was done on selected solid residue samples
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Figure 5.13: SEM-EDS elemental composition of AMD-reacted magnesite-bentonite clay

composite.
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The SEM image (Figure 5.5) shows that the particles are of the order of micrometres and
have irregular shapes with sharp edges. The agglomerates were observed to contain flowery

lumps suspended on the surface of reacted composite.

Spot 1 (Figure 5.13), revealed an increase in Al, Ca and Fe on the solid residues. This
indicates that the species are removed from wastewater to solid residues. This confirmed by
the reduction of those chemical species in the product water chemistry. The levels of Na, K
and Mg were observed to have decreased. This indicates that these are the chemical species
which are removed from composite interlayers when AMD is reacting with the composite
since they are exchangeable cations. A decrease in Si is due to solubilisation on contact with
AMD. This again indicated that bentonite clay is a sink for Fe; this was borne out by a
significant reduction in levels of Fe in the product water showing that it had been adsorbed by
the bentonite clay and ion exchange (release of Na, Mg, Ca and K ions) or precipitation
during the dissolution of alkaline and earth alkali metals. There was a large decrease in Na on
the AMD-reacted magnesite-bentonite clay composite (Figure 5.13) and an increase in Na
concentration in the product water (Table 5.10) demonstrating that it is a highly exchanged
cation. Ca was observed to increase, confirming the XRD results which showed the presence
of calcite in the AMD-reacted magnesite-bentonite clay composite. This indicated that calcite
was being formed as AMD reacted with AMD-reacted magnesite-bentonite clay composite.
Sulphur was also present in the AMD-reacted magnesite-bentonite clay composite complex
indicating that the composite is a sink for sulphate from AMD, mainly as
oxyhydroxysulphates or gypsum on the composite micro-surfaces. The presence of Fe, Al,
Ca, Mg, C and O suggest minerals such as Fe, Al oxide, metals hydroxides, Fe carbonate,
gypsum, Al and Fe oxyhydrosulphates. The PHREEQC simulation also predicted

precipitation of mineral phases bearing these metal species.

Spot 2 (Figure 5.13), revealed an increase in Al, Ca and Fe on the solid residues. This
indicates that the species are removed from wastewater to solid residues. This confirmed by
the reduction of those chemical species in the product water chemistry. The levels of Na, K
and Mg were observed to have decreased. This indicates that these are the chemical species
which are removed from composite interlayers when AMD is reacting with the composite
since they are exchangeable cations. A decrease in Si is due to solubilisation on contact with
AMD. This again indicated that bentonite clay is a sink for Fe; this was borne out by a
significant reduction in levels of Fe in the product water showing that it had been adsorbed by
the bentonite clay and ion exchange (release of Na, Mg, Ca and K ions) or precipitation
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during the dissolution of alkaline and earth alkali metals. There was a large decrease in Na on
the AMD-reacted magnesite-bentonite clay composite (Figure 5.13) and an increase in Na
concentration in the product water (Table 5.10) demonstrating that it is a highly exchanged
cation. Ca was observed to increase, confirming the XRD results which showed the presence
of calcite in the AMD-reacted magnesite-bentonite clay composite. This indicated that calcite
was being formed as AMD reacted with AMD-reacted magnesite-bentonite clay composite.
Sulphur was also present in the AMD-reacted magnesite-bentonite clay composite complex
indicating that the composite is a sink for sulphate from AMD, mainly as
oxyhydroxysulphates or gypsum on the composite micro-surfaces. The presence of Fe, Al,
Ca, Mg, C and O suggest minerals such as Fe, Al oxide, metals hydroxides, Fe carbonate,
gypsum, Al and Fe oxyhydrosulphates. The PHREEQC simulation also predicted
precipitation of mineral phases bearing these metal species.

Spot 3 (Figure 5.13), revealed the presence of an increase in Al, Ca and Fe on the solid
residues. This indicates that the species are removed from wastewater to solid residues. This
confirmed by the reduction of those chemical species in the product water chemistry. The
levels of Na, K and Mg were observed to have decreased. This indicates that these are the
chemical species which are removed from composite interlayers when AMD is reacting with
the composite since they are exchangeable cations. A decrease in Si is due to solubilisation
on contact with AMD. This again indicated that bentonite clay is a sink for Fe; this was borne
out by a significant reduction in levels of Fe in the product water showing that it had been
adsorbed by the bentonite clay and ion exchange (release of Na, Mg, Ca and K ions) or
precipitation during the dissolution of alkaline and earth alkali metals. There was a large
decrease in Na on the AMD-reacted magnesite-bentonite clay composite (Figure 5.13) and
an increase in Na concentration in the product water (Table 5.10) demonstrating that it is a
highly exchanged cation. Ca was observed to increase, confirming the XRD results which
showed the presence of calcite in the AMD-reacted magnesite-bentonite clay composite. This
indicated that calcite was being formed as AMD reacted with AMD-reacted magnesite-
bentonite clay composite. Sulphur was also present in the AMD-reacted magnesite-bentonite
clay composite complex indicating that the composite is a sink for sulphate from AMD,
mainly as oxyhydroxysulphates or gypsum on the composite micro-surfaces. The presence of
Fe, Al, Ca, Mg, C and O suggest minerals such as Fe, Al oxide, metals hydroxides, Fe
carbonate, gypsum, Al and Fe oxyhydrosulphates. The PHREEQC simulation also predicted

precipitation of mineral phases bearing these metal species.
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5.5.4 Brunauer-Emmett-Teller and point of zero charge analysis

The results for surface area and pHpzc for magnesite, bentonite clay, the composite and

AMD-reacted composite are shown in Table 5.8.

Table 5.8:  Surface are and point of zero charge (PZC) of magnesite, bentonite clay,
magnesite-bentonite clay composite and AMD-reacted composite
Parameters Magnesite Bentonite clay | Raw composite | AMD-composite
Surface area (m?/g)
Single point surface area 16.64 37.05 18.33 15.94
BET surface area 16.76 37.21 18.36 16.17
Adsorption cumulative surface area pore 10.67 20.32 10.57 12.58
Pore volume (cm®/g)
Single point pore volume 0.079 0.08 0.07 0.072
Cumulative volume of pores 0.099 0.08 0.09 0.083
Pore size (nm)
Adsorption average pore width 18.80 8.98 15.75 17.78
Adsorption average pore diameter 37.26 16.49 35.11 26.39
Point of Zero Charge (pHpzc) 10 8 10 10

Blending magnesite and bentonite clay resulted to a decrease in the surface area of the
composite as compared to bentonite clay alone. The synthesized composite was determined
to contain a surface area of 18.36 which decreased to 16.17 m?/g after contacting the AMD
hence indicating that the vacant surfaces on composite surfaces are occupied with specs of
precipitating mineral phases which would block the pores of the composite reducing its
surface area. This indicates the possible adsorption and deposition of materials to clay
surfaces. The pHp, gives an insight on the type of chemical species that are more likely to be
removed from aqueous solution during the reaction. When pHy, is greater than the
supernatant pH, the adsorbent will adsorb anions. When the pH of the supernatant is above
the pHp;c the adsorbent will adsorb cations from the solution. A study by Masindi et al.
(2014a) pointed out that aluminium and iron oxides have high pHpzc values (= 8). The high
pHpzc of bentonite clay is due to the presence of aluminium and iron oxides or hydroxides in
the clay matrix. The pHp, value of a material is a reflection of the individual pHy,c values of

the components present. Clay and oxide contents increase the pHp, of the material. Chemical
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interaction could have occurred through multidentate ligands with the surface hydroxyl

groups hence leading to inner and outer layer complexes.

5.4

Calculation of Saturation Indices (SI) for various mineral phases

The results for calculation of mineral precipitation at various pH values during treatment of

simulated AMD with magnesite-bentonite clay composite are presented in Table 5.9.

Table 5.9:

Calculation of Sl for selected mineral phases at various pH

Mineral phase

pH and saturation indices (SI)

3 4 6 8 10 11
Alkalinity (eq/Kg) -3.6x107 | 1.5x107 | 6.4x107 | 3x10™ | -3x10™ 35
Al(OH)3 -0.9 3.5 2.9 1.2 -0.1 -1.5
Boehmite (AIOOH) -0.5 7 5 3.4 2.1 0.7
Basaluminite Al4(OH)10SO4 -0.8 23 17.4 6 -1.4 -10.2
Brucite Mg(OH), -11 -9 -6.6 -2 0.6 3.6
Calcite -11 -2.3 -1.5 1.8 3.4 4
Aragonite -8.6 -2.5 -0.2 1.7 3.7 3.8
Diaspore (AIOOH) -0.9 8.3 6.8 5.1 3.1 2
Dolomite CaMg(COs); -6 -2.5 -1.3 4.9 6.9 8
Epsomite -7 -4 -2 -1.8 -1.8 -1.8
Fe(OH); 5 4.4 3.7 4.6 3.2 3.1
Gibbsite AI(OH)s 0.3 6.7 5.5 3.7 1.8 0.8
Geothite (FeOOH) 6 8 9.7 10.5 9.1 9
Gypsum (CaSQO4.H,0) -0.1 -0.2 -0.2 4 5 8
Jarosite H (HsO)Fe3(SO4)2(OH)s 5 3.2 2.9 3.7 -16 -20
Jurbanite (AIOHSO,) 1 5 2.5 36 | -98 -12.8
Rhodochrosite (MnCO5) -8.75 -0.9 -0.4 0 0 0
Manganite MnOOH -8.1 -5.3 -2.9 4 6 8
Pyrochroite Mn(OH), -8 -7.1 -6.4 0.2 0.9 2.2
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As shown in Table 5.8, Fe could precipitate as hydroxides at pH > 3. Al could precipitate as
hydroxides at pH > 4. Mn could precipitates as hydroxide at pH > 10 and rhodochrosite at pH
> 8. Sulphate-bearing minerals could precipitates at pH 6 — 8 (basaluminite), pH > 8
(gypsum), pH 6 (jarosite and jurbanite). PHREEQC predicted mineral phases to precipitate as
metal hydroxides, hydroxysulphates and oxyhydroxysulphates. However, sulphates were
removed from solution together with Al, Fe and Ca. This corroborate the SEM-EDX and
XRF detected Al, Fe, Mn and S rich mineral phases were deposited to solid residues. This
indicates that the Al, Fe, Mn and S rich mineral phases were too amorphous to be detected by
XRD or the concentration was below the detection limits. To be particular, the presence of
Mn, Fe, Al, Ca, Mg, C and O suggest precipitation of minerals such as Mn, Fe, Al oxide,
metals hydroxides, Mn and Fe carbonate, gypsum, Al and Fe oxyhydrosulphates, this was
validated by PHREEQC geochemical model and SEM-EDS.

5,5 Conclusion

The vibratory ball mill was successfully used for the synthesis of the cryptocrystalline
magnesite and bentonite clay composite. Milling blended the two materials hence increasing
the surface area and making the materials more amorphous. The pronounced efficiencies in
neutralization and attenuation of inorganic contaminants from AMD were observed to be
superior as compared to bentonite clay and cryptocrystalline magnesite used individually. It
was observed that the best conditions for synthesis of the composite are 1:1 wt%. Milling
improved the physicochemical properties of the composite hence making the composite an
excellent material for neutralization and attenuation of inorganic contaminants
simultaneously. This makes the present study to conclude that the magnesite-bentonite
composite has the capacity to neutralize AMD and remove potentially toxic chemical species.
Optimization experiments revealed that 20 min of equilibration and 1 g of composite dosage
were the optimum conditions under these laboratory conditions for treatment of AMD at
1:100 S/L ratios. Four processes were observed to govern the removal of inorganic
contaminants from AMD using the composite, namely, (1) adsorption, (2) ion-exchange (3)
precipitation and (4) co-precipitation. The adsorption process fitted to pseudo-second-order
kinetics rather than pseudo-first-order kinetics, confirming that the step governing chemical
reaction is chemisorption. In adsorption modelling the data conformed better to the
Freundlich adsorption isotherm than Langmuir adsorption isotherm hence confirming
multilayer adsorption. An increase in the levels of base cations in the product water as shown

by ICP-MS and a decrease in the secondary residue as shown by XRF, and SEM-EDS
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indicates that ion exchange was one of the mechanisms that were taking place during the
removal of metal species from contaminated water bodies. PHREEQC geochemical model,
revealed that Fe, Al, Mn, and Ca formed sulphate-bearing minerals. SEM-EDS, disclosed that
the presence of Fe, Al, Ca, Mg, C and O suggest minerals such as Fe, Al oxide, metals
hydroxides, Fe carbonate, gypsum, Al and Fe oxyhydrosulphates are formed as precipitates
or co-precipitates. From modelling simulations, the formation of these phases follow a
selective precipitation sequence with Fe** at pH > 6, AI** at pH > 6, Fe** at pH > 8, Mn*",
Ca®* and Mg?" at pH >10. The composite proved to be effective for treatment of AMD as
compared to traditional wastewater treatment methods such as limestone, magnesite, clays,
lime and bentonite blend. It also produced water of useable standard for industrial and
agricultural purposes. This study showed that magnesite and bentonite clay composite can be
an efficient and effective technology for treatment of AMD.
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6.1

CHAPTER SIX

CONCLUSIONS AND RECOMMENDATIONS

Conclusion

This study was designed with an attempt to answer the following questions pertaining to the

application of cryptocrystalline magnesite-bentonite clay composite for neutralisation of

acidity and attenuation of chemical species concentration from gold mine waters.

6.1.1

What are the chemical compositions of AMD from the Witwatersrand Western Basin,
Gauteng, South Africa?

What are the physicochemical and mineralogical properties of cryptocrystalline
magnesite, bentonite clay and the composite before and after interaction?

What is the chemistry of processed water after interacting AMD with the
cryptocrystalline magnesite?

What is the chemistry of processed water after interacting AMD with the ball milled
bentonite clay?

What is the chemistry of the processed water after interacting AMD with
magnesite/bentonite clay composite?

What is the chemical composition of the processed water is after interaction of AMD
with cryptocrystalline magnesite and the composite as compared to department of

water affairs and sanitation (DWAS) water quality guidelines?

Characterization of aqueous solution

Analysis of chemical composition of AMD by ICP-MS revealed that the AMD from the

Witwatersrand basin contains on average 4635 mg/L sulphate, pH 2.3, TDS of 10237 mg/L,
EC of 22713 pS/cm, 248.4 mg/L of Na*, 21.6 mg/L of K*, 2.3 mg/L of Mg, 710.8 mg/L of
Ca®*, 1243 mg/L of total Fe, 134.4 mg/L of AI**, 91.5 mg/L of Mn**, 41.3 mg/L of Co**, 7.8
mg/L of Cu?*, 16.6 mg/L of Ni**, 6.3 mg/L of Pb*, 7.9 mg/L of Zn**, 2.3 mg/L of Mg**, 16.6
mg/L of Ni**, some radioactivity and 200 mg/L acidity (as CaCO3). Oxyanionic species were
observed as follows 20 mg/L of As, 5 mg/L of B, 20 mg/L of Cr, 16 mg/L of Mo and 17
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mg/L of Se. This results proves that AMD is a highly polluted water that can pose hazardous

impact to living organisms on exposure.

6.1.2 Characterization of magnesite

Magnesite was reported to contain brucite, forsterite, dolomite, quartz, magnesite and
periclase as the mineral phases. After interacting with AMD, brucite, calcite, dolomite,
forsterite, quartz and magnetite were observed to be present in the secondary residues. This
could be explained by a decrease of those chemical species in AMD. FTIR showed the
availability of brucite, magnesite, and carbonate stretches on raw magnesite. After contacting
AMD with raw magnesite, brucite and carbonate stretches hence indicating the formation of
siderite, rhodochrosite, calcite and dolomite. SEM-EDS showed that the morphology of
cryptocrystalline magnesite contains spherical, leafy like and rod shaped structures hence
indicating that the material is heterogeneous. EDS revealed high levels of C, O, and Mg with
traces of Ca hence confirming that it is magnesium carbonate. After contacting AMD with
magnesite the leafy like, spherical and sheet structures have disappeared after reaction hence
indicating the dissolution of magnesite on contact with AMD. Appearance of rod like
structures and aggregated lump-like structures indicates formation of new mineral phases in
the solid residues. Raw magnesite was observed to contain MgO as the major component
with traces of Si and Ca. The levels of Al, Fe, Mg, Ca, Mn and S were observed to increase in
the resultant solid residues indicating formation of new phases. ELTRA analytical technique
revealed that magnesite contains 6% of carbon on raw material and 8% elemental
composition post interaction with AMD. This shows that the material understudy is a
carbonate and it sink more carbonate when reacting with carbon rich solution. Sulphur
content was recorded to be 0.002% on raw magnesite and 0.97% on reacted magnesite hence

confirming that magnesite is a sink of sulphur from AMD.

6.1.3 Characterization of bentonite clay

Al and Si were observed to be present at notable levels hence the name aluminosilicate. The
presence of Fe and sulphur indicates possible adsorption of Fe and S during geological
deposition. MgO, Ca0, Na,0 and K,O show that these are the main exchangeable cations in
the bentonite clay matrices. The chemical composition of AMD-reacted bentonite clay
showed an increase in the contents of Al, Fe, Mn, Ca and SOj; indicating the adsorption and
retention of inorganic contaminants from AMD. A decrease in Na, K and Mg indicated that

polycations of Al, Fe and Mn were exchanged by those polycations through isomorphous
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substitution. Montmorillonite, quartz, muscovite, calcite, and dolomite were observed to be
the mineral phases which are present in bentonite clay matrices. The AMD-reacted bentonite
clay contained montmorillonite, quartz, muscovite, calcite, dolomite and magnetite. This
indicated that there was mineralogical transformation during contact with AMD. The SEM
micrographs showed the presence of spherical agglomerates on the bentonite clay matrices.
After contacting AMD the SEM micrographs showed a slight alteration in the morphology of
bentonite clay since the spherical agglomerates were still intact indicating that the mechanical
structure of bentonite clay was not affected by the reaction of bentonite clay and AMD. FTIR
showed the presence of Si-O, AI-Al-OH, OH, AIl-Al-OH, Al-Fe-OH, Al-Mg-OH, CO;
stretches were observed to be present in bentonite clay. The surface area of ball milled
bentonite clay was observed to be 37.1 m?/g which increased to 70 m?/g hence indicating that
the materials are being deposited to the surfaces of clay mineral. CEC was observed to be
independent of pH. It was observed to decrease from 280.8 to 163 meq/100g after reacting
bentonite clay with AMD, thus, indicating the exchange of low density species with high
density species.

6.1.4 Characterization of the composite

The composite was reported to contained montmorillonite, quartz, dolomite, calcite, brucite,
periclase and muscovite. AMD-reacted composite was observed to be constituted of
montmorillonite, kaolinite, microcline, quartz, dolomite, brucite, calcite, gibbsite and
muscovite. The presence of gibbsite, periclase and quartz showed that the material has been
mineralogically transformed. The presence of kaolinite, microcline, quartz, dolomite, brucite,
calcite, gibbsite and muscovite indicate the adsorption, precipitation and co-precipitation of
Al, Fe, Mn, Ca, Mg, K and Na which are the main culprit in AMD. Elementally, the
composite was dominated by Al, Mg and Si hence showing that the material is a combination
of magnesite and a clay mineral. After contacting AMD with the composite, there was a
drastic reduction in Na and K on the composite matrices. This may be described by an
increase in Na and K in product water post treatment. Ca, SOz, Mn and Fe were observed to
increase in the secondary residue. The raw composite is characterised of irregular
(heterogeneous) shape and size, and tend to be in the form of agglomerated clusters of small
particles. The EDS showed that Al, Si and Mg are the major chemical species with traces of
Fe, Ca, Na and K. The presents of Na, Mg, Ca and K indicates that these are the
exchangeable cations on the composite interlayers. SEM micro image is showing that the

particles are of the order of micrometres and have irregular shapes with sharp edges. The
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agglomerates were observed to contain flowery lumps suspended on the surface of reacted
composite. FTIR showed the presence of MgO, Si-O, Al-Al-OH, OH, Al-Al-OH, Al-Fe-OH,
Al-Mg-OH, COs; stretches were observed to be present in bentonite clay. The surface area
was observed to decrease from 18.3 to 15.9 m%g. CEC was determined to be independent of

pH since it was 437 and 442 meq/ 100g at pH 5 and 7 respectively.

6.1.5 Treatment of AMD with cryptocrystalline magnesite

Contact of AMD with magnesite led to an increase in pH and a notable reduction in metal
and sulphate concentrations. Removal of Al, Mn, Fe and other metals was maximized after
60 min of agitation for a S: L ratio of 1 g: 100 mL and particle size ranging from 0.1 — 125
pum. Under these conditions, the pH achieved was >10, an ideal regime for metal removal.
Using geochemical modelling, it was shown that most metals e.g. Fe, Al, Mn, and Ca formed
sulphate-bearing minerals. From modelling simulations, the formation of these phases follow
a selective precipitation sequence with Fe** at pH > 6, AI** at pH > 6, Fe®" at pH > 8, Mn*",
Cca®** and Mg2+ at pH >10. This study has pointed to the efficiency of magnesite in
neutralizing and attenuating metals from AMD and metalliferous industrial effluents. A
disadvantage of this technology is that most of earth alkali and alkaline earth metals remain
in solution which means a post treatment processes such as ion exchange or reverse 0Smosis

might be required for polishing the product water.

6.1.6 Treatment of AMD with a vibratory ball milled bentonite clay

The use of vibratory, ball-milled bentonite clay for neutralisation of acidity and removal of
heavy metals from acidic and metalliferous mine effluents has delivered good results in
treating AMD on a laboratory-scale. Contact of AMD with ball milled bentonite clay led to
an increase in pH and large decreases in major metal concentrations. EC and TDS were
observed to increase following treatment of AMD with bentonite clay, indicating possible
release of basic cations to the aqueous solution through ion-exchange processes. Optimum
conditions using bentonite clay for AMD treatment at bench scale were determined to be 1 g
of adsorbent to 100 mL of AMD with 30 mins of equilibration with shaking. Even though
major cations were removed from AMD there is a need to further “polish” treated AMD to
lower the residual concentration of sulphate. However, ball-milled bentonite clay treatment
resulted in water that met some of the water quality guidelines requirements as compared to

the poorer performance of mortar-and-pestle milled bentonite.
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6.1.7 Treatment of AMD with cryptocrystalline magnesite-bentonite clay composite

Optimization experiments revealed that 20 min of equilibration and a 1 g of composite
dosage were the optimum conditions under these laboratory conditions for treatment of AMD
with magnesite-bentonite clay composite at 1:100 S/L ratios. The adsorption process fitted
pseudo-second-order Kinetics rather than pseudo-first-order kinetics, confirming that the step
governing chemical reaction is chemisorption. In adsorption modelling the data conformed
best to the Freundlich adsorption isotherm than Langmuir adsorption isotherm hence
confirming multilayer adsorption. Four processes were observed to govern the treatment of
AMD using the composite, namely, (1) adsorption, (2) precipitation, (3) co-precipitation and
(4) ion-exchange. The composite proved to be effective for treatment of AMD as compared
to traditional wastewater treatment methods such as limestone, magnesite, clays, lime and
bentonite blend. It also produced water to potable standard. This study showed that magnesite
and bentonite clay composite can be an efficient and effective technology for treatment of
AMD. Nonetheless, more studies need to be carried out using AMD from various sources to
test the capacity of the composite to treat AMD of various geochemical origins.

6.1.8 Overall significance of the study and hypothesis

This study proved that magnesite-bentonite clay composite is better candidate as compared to
magnesite and bentonite clay individually. The mechanochemically modified composite
managed to reclaim water to usable standards as stipulated by the water quality guidelines
hence making it a replacement for conventional methods that are used for AMD treatment.
Magnesite and bentonite clay individually showed some good performances however they
were not fully effective. This suggests that magnesite can be used as a pre-treatment step for
a number of treatment technologies that are proven to work. Bentonite clay can be used as a
polishing technology for pre-treated mine water due to poor adsorption capacities at elevated

concentrations.

This study successfully proved the hypothesis which state that magnesite-bentonite clay
composite is a better candidate for acid mine drainage treatment as compared to

cryptocrystalline magnesite and bentonite clay individually.
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6.2 Recommendations

The application of magnesite and bentonite clay blends for remediation of AMD showed
promise for AMD treatment and remediated water to almost within DWAF Water Quality
Guidelines standards. However, further research studies are needed in this area if this
technology is to be employed on a larger scale. As such, this study identified several research

areas that could be pursued:

e Ability of magnesite and its composite to neutralize and remove inorganic
contaminants from AMD was tested against one type of AMD from a gold mine in the
Western Basin. Further investigations are needed to be carried out to establish the
effectiveness of the composite and magnesite to treat AMD from different sources

including neutral drainage.

e This study only focused on batch laboratory experiments and validation of
experimental results using a geochemical model. AMD formation is a natural process
that can take place in abandoned underground workings as well as surface tailings
dumps. Column studies that can simulate natural processes under the force of gravity
need to be carried out in attempts to study the effectiveness of magnesite or the
composite to stabilize tailings dumps, neutralize acidity and remove inorganic

contaminants from tailings leachates.

e Magnesite has been successfully employed in treating acidic and metalliferous mine
drainage, further research can be pursued with the aim to explore the possibility of
using magnesite mine-tailings for the treatment of AMD, stabilization of gold- and

coal-mine tailings and recovery of metals.

e Pilot test and large scale test need to be developed and performed to determine the

efficiency of the material at a large scale set up.

e Hybrid systems that can be used in integration with magnesite and magnesite
bentonite clay composite need to be developed to further polish the water to required

standards for myriad of defined uses.
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Appendix A: Schematic presentation of a proposed treatment plant
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Appendix B: Experimental results

Table B1: Effect of contact time on treatment of acid mine drainage using cryptocrystalline
magnesite

Effect of time

Al STDV | Mn STDV | Fe STDV | Sulphate | STDV | pH STDV

1 95 | *2.52 92 | %153 99 | +0.58 59 | £5.20 7| %0.15

10 100 | #0.10 98 | *1.76 100 | 0.25 69 | £3.46 9| +0.36

20 100 | *0.40 100 | +0.06 100 | 0.10 75| %155 9| #0.17

60 100 | +0.03 100 | #0.00 100 | +0.06 75| +1.15 10 | %0.23

120 100 | +0.05 100 | +0.06 100 | +0.00 75| +1.15 10 | %0.10

180 100 | +0.00 100 | £0.05 100 | +0.05 75| +0.58 10 | %0.00

240 100 | +0.01 100 | £0.12 100 | +0.03 75| +6.35 10 | %0.00

300 100 | +0.02 100 | +0.06 100 | +0.03 75| +0.58 10 | %0.00

400 100 | +0.05 100 | +0.12 100 | +0.05 75| +5.00 10 | x0.50

Table B2: Effect of magnesite dosage on treatment of acid mine drainage using
cryptocrystalline magnesite

Effect of dosage

Al STDV | Mn STDV | Fe STDV | Sulphate | STDV | pH STDV

0.1 76 | +3.21 70 | £1.00 97 | #1.31 20 | £10.000 7 | £0.500

0.5 97 | +0.25 100 | +0.15 100 | #0.15 33| +2.887 8 | £0.153

1 100 | x0.12 100 | +0.03 100 | +0.02 75| +0.000 10 | £0.500

2 100 | =0.02 100 | +0.00 100 | #0.01 83| £5.774 11 | £0.289

4 100 | +0.06 100 | +0.03 100 | +0.00 93| 16.351 11 | £1.041

6 100 | +0.00 100 | +0.03 100 | +0.01 97 | +1.732 11 | £0.764

8 100 | +0.00 100 | +0.06 100 | +0.58 99 | %7.095 11 | £0.361

Table B3: Effect of particle size on treatment of acid mine drainage

magnesite

using cryptocrystalline

Effect of particle size

Al STDV | Mn STDV | Fe STDV | Sulphate | STDV | pH SThV

1| 100 +0.28 100 | +0.06 100 | +0.000 81| %5.00 11| %0.00

32| 100 +0.10 100 | +0.52 100 | +0.003 79| +4.04 11| #0.29
125 | 100 +0.16 100 | *1.10 100 | +0.263 80| +2.89 11| +0.76
250 | 100 +1.09 73| *3.61 100 | +0.113 60 | +5.00 8| +0.50
500 | 100 +0.56 40 | +0.00 100 | +0.574 50 | *2.89 7| +0.76
2000 86 +1.00 21 | +3.61 95 | +1.528 20| *2.89 5| +0.32
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Table B4: Effect of chemical species concentration on treatment of acid mine drainage using cryptocrystalline magnesite

Effect of chemical species concentration

Al % removal STDV | Mn | % removal | STDV Fe % removal | STDV | Sulphate | % removal | STDV pH STDV
2 100 +0.035 | 1 100 +0.153 16 100 +0.006 47 100 +0.015 12 0.3
3 100 +0.015 | 2 100 +0.115 31 100 +0.006 94 100 +0.032 12 +0.15
6 100 +0.015 | 3 100 +0.404 63 100 +0. 023 188 100 +0.456 12 +0.75
13 100 +0.032 | 6 100 +0.021 125 100 +0.012 375 100 +4.041 11 +1.00
25 100 +0.469 | 13 100 +0.406 250 100 +0.032 750 94 +2.887 12 +0.50
50 100 +0.317 | 25 100 +0.045 500 100 +0.546 1500 80 +6.028 11 +0.50
100 100 +0.010 | 50 100 +0.041 | 1000 100 +0.000 3000 61 +20.000 11 +0.50
200 100 +0.046 | 100 100 +0.234 | 2000 100 +0.000 6000 40 +55.076 10 +0.29
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Table B5: Effect of contact time on treatment of acid mine drainage using bentonite clay

Effect of contact time

Al | STDV Mn | STDV | Fe STDV | Sulphate | STDV | pH STDV

1] 10 +0.764 5| +1.000 8 | £1.000 20 | £5.033 3| +0.500

5| 20 +1.155 10 | +1.000 15 | £1.528 26 | £1.000 4| +0.321
10| 70 +2.646 5| +2.000 80 | +7.638 33 | £2.517 5.5 | £0.451
15| 80 +2.517 20 | +2.887 90 | +4.041 35 | +3.606 5.5 | £0.200
20| 85 +5.000 30 | +2.517 90 | +6.028 35 | £1.000 5.5 | £0.289
30| 85 +5.000 40 | +2.646 90 | £1.528 35 | +2.517 5.5 | £0.379
60 | 85 +1.000 40 | +3.215 90 | £1.528 35 | £1.000 5.5 | £0.252
180 | 85 +1.155 40 | +2.082 90 | £5.000 35 | £2.000 5.5 | £0.208
360 | 85 +1.528 40 | +2.646 90 | +3.606 35 | £3.000 5.5 | £0.300

Table B6: Effect of bentonite clay dosage on treatment of acid mine drainage using bentonite

clay

Effect of adsorbent dosage

Al | STDV Mn STDV | Fe STDV | Sulphate | STDV | pH STDV

0.1 5 +1.000 2| +0.252 3 | £1.000 10 | £2.000 3.5 | £0.289
05| 40 +1.000 20 | +2.082 30 | £0.577 30 | +2.646 4 | +0.100
1| 70 +1.528 40 | +2.082 65 | +2.000 35 | +1.528 6 | £0.265
2| 85 +2.082 80 | +1.528 90 | +1.528 75 | £1.528 7 | £0.100

41 95 +2.000 88 | +1.000 99 | +1.000 80 | £1.000 7.5 | £0.265
6 99 +1.000 90 | +1.528 99 | +0.577 85 | £1.000 8 | £0.265
8| 99 +1.000 94 | +£1.000 99 | £1.000 90 | +1.528 8.5 | £0.321
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Table B7: Effect of chemical species concentration on treatment of acid mine drainage using bentonite clay

Effect of chemical species concentration
Al | % removal | STDV | Mn | % removal | STDV | Fe % removal | STDV | Sulphates | % removal | STDV | pH | STDV
2 100 | £0.500 1 99 | £1.000 15 100 | £1.136 50 96 | +2.884 | 7| +0.321
25 100 | +0.300 2 100 | +0.500 30 100 | +1.509 100 98 | £1.311 | 6.5 | £0.361
5 100 | £0.529 | 2.5 100 | +0.503 65 100 | +2.640 200 98 | +2.082 | 6 | £0.115
15 100 | £1.136 5 100 | +0.408 | 125 100 | +0.996 375 98 | +1.026 | 6 | £0.153
25 100 | £1.510 | 15 100 | +0.543 | 250 100 | +1.526 750 99 | £1.046 | 6 | £0.265
50 100 | £0.572 | 25 100 | +0.461 | 500 100 | £0.999 1500 90 | +2.517 | 6 | £0.153
100 100 | £0.995 | 50 100 | +0.468 | 1000 100 | £0.955 3000 67 | £1.347 | 5.5 | £0.416
200 100 | £1.719 | 100 99 | £0.551 | 2000 100 | £1.405 6000 33 | £2.269 | 5.5 | £0.252
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Table B8: Effect of contact time on treatment of acid mine drainage using cryptocrystalline
magnesite-bentonite clay composite

Effect of contact time

Al STDV| Mn |STDV | Fe |STDV | Sulphate | STDV pH STDV

1 75 +2.89 70 +2.52 90 +2.52 10 +42.72 6 +0.31
5 100 | %0.10 89 +0.76 98 +1.00 15 +6.35 8 +0.25
10 100 | +0.23 99 +0.00 | 100 | +0.15 24 +1.15 10 +0.25
15 100 | +0.05 | 100 | +0.06 | 100 | *0.02 50 +7.51 11 +0.25
20 100 | #0.01 | 100 | +0.04 | 100 | +0.04 50 +25.17 11 +1.00
30 100 | #0.01 | 100 | #0.02 | 100 | *0.02 50 +6.08 11 +0.32

60 100 | #0.05 | 100 | +0.04 | 100 | +0.04 48 +103.64 | 11 +0.26

180 100 | +0.02 | 100 | +0.03 | 100 | +0.02 53 +31.75 11 +0.10

360 100 | +0.02 | 100 | +0.06 | 100 | +0.04 53 +3.79 11 +0.33

Table B9: Effect of composite dosage on treatment of acid mine drainage using
cryptocrystalline magnesite-bentonite clay composite

Effect of adsorbent dosage

Al STDV | Mn |STDV | Fe | STDV | Sulphate | STDV pH STDV

0.1 82 +1.53 39 +2.65 95 +0.76 85 +1.02 6 +0.32
0.5 99 +0.55 79 +3.21 99 +0.54 92 +1.11 8 +0.25
1 100 | +0.50 98 +2.08 | 100 | +1.09 99 +1.04 10 +0.00
2 100 | #0.57 | 100 | +0.01 | 100 | *0.06 100 +0.43 11 +0.06
4 100 | #0.00 | 100 | #1.00 | 100 | #0.12 100 +0.68 12 +0.50
6 100 | #0.00 | 100 | +0.63 | 100 | *0.52 100 +0.58 12 +0.17
8 100 | #0.00 | 100 | #0.11 | 100 | %0.29 100 +0.12 12 +0.46
10 100 | #0.00 | 100 | +0.01 | 100 | *0.35 100 +1.21 12 +0.46

Table B10: Effect of bentonite clay to cryptocrystalline magnesite ratio on treatment of acid
mine drainage

Effect of dosage to dosage ratio

Al STDV | Mn | STDV Fe | STDV | Sulphate | STDV pH STDV

0.1:1 | 100 | +0.50 99 +0.55 | 100 | +0.58 85 +0.51 10 +0.90
0.2:1 | 100 | 045 | 100 | +0.87 | 100 | *1.52 93 +1.71 11 +0.29
11 100 | +0.15 | 100 | +0.05 | 100 | +0.58 99 +0.41 11 +0.25

2:1 100 | +0.00 | 100 | +6.30 | 100 | *1.15 100 +0.25 12 +0.29

31 100 | +0.56 | 100 | *1.10 | 100 | +0.57 100 +0.88 12 +0.21

4:1 100 | +0.00 | 100 | *1.21 | 100 | +0.63 100 +1.17 12 +0.23
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Table B11: Effect of chemical species cocentration on treatment of acid mine drainage using cryptocrystalline magnesite-bentonite clay composite

Effect of chemical species concentration

Al % removal | STDV Mn | % removal | STDV Fe % removal | STDV | Sulphate | % removal | STDV pH STDV
2 100 +0.115 1 100 +0.577 16 100 +0.500 47 100 +0.577 11 +0.289
3 100 +0.462 2 100 +0.265 31 100 +1.000 94 100 +0.115 11 +0.500
6 100 +0.115 3 100 +0.346 63 100 +2.309 188 100 +1.155 11 +0.416
13 100 +0.346 6 100 +0.529 125 100 +0.608 375 100 +2.309 11 +0.404
25 100 +2.082 13 100 +0.462 250 100 +1.000 750 100 +0.252 11 +0.115
50 100 +0.529 25 100 +1.674 500 100 +0.115 1500 98 +0.058 11 +0.115
100 100 +0.300 50 100 +1.155 | 1000 100 +0.577 3000 95 +1.015 11 +0.603
200 100 +0.577 100 100 +0.468 | 2000 100 +0.361 6000 90 +1.000 10 +1.127
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Appendix C: Papers

Paper 1

Passive remediation of acid mine drainage using cryptocrystalline
magnesite: A batch experimental and geochemical modelling
approach.

Vhahangwele Masindi**, Mugera Wilson Gitari’, Hlanganani Tutu® and Marinda De Beer*

Emvironmental Soience, University of Venda, Plbag X050, Thohoyandoo, 0950, South Afrior
“Molecwlar Sciences institule, School of Chemisiry, Uiniversity of the Witwatersrand, ABag X4, WITS, 2050, Johannesburg, South Africo
“CAIR (Counc of Soentific and industrial Research|, Built Environment, Building Science and Technology (B5T). 0 Box 395, Pretonia, 0001,
South Africa
“DSTACSR Nationgi Centre for Mane-Sirurctured Materials, Council for Soientiffic and industrio Research, PO Box 395, Pretoria, 0007,
South Africa
ABSTRACT

Acid mine drainage Is generated when mining activities exposs sulphidic rock io water and oxyges kading io generation
cfmhhu')can‘lzﬂn-lru:l:uPe,MSOlllﬂanuhmmmunlhmH;Ca,Hdzpmﬂmgcnth
geology of the rock hosting the minerals. Thease sfluents must be collected and treated befiore release 1nin surface water
bodies. Mintng companies are In cosstant szarch for deeaper, efective and efficiznt mine water treatment technologies.
This study assessed the potential of applying am initial sbep inan add mine drainage
(AMDY) mamagement system. Neutralization and metal atienuation was evaluated using batch laboraory experiments and
using dedlizg, Contact of AMD with cryptocrystalline magnesite for 50 minat 1 g 100 mE 571
ratio led to an ncrease in pH, and a sigmificant increase in metals attenuation. Salphate concestration was redocad to =1 910

mg/t. PH redox equilibrinm (in C langmage) (PHREEQC) grochemical modelling results shenwed that metals
axy-Epdroaysalphates,

‘out of salution to form complex mineral phases of

, g¥psum and dolomite. The resualts of

ydronides,
‘this study showed that magnesiie bas poiential in neatralize AMD, keading o the reduction of sulphate and precipitation of
metals.

Keywords: acid mine drainage, crypiocrystalline magnesite, toxic metals, geochemical modelling, water
‘treatment

INTRODUCTION

The aftermath of gold and coal mining has triggered seri-
ous environmental problems that need nrgent attention
prior to degradation of terrestrial and aquatic ecosystems
and their ability to foster life (Jooste et al., 1999; Lois et
al., 200%; Raymond et al., 2009; Equeenuddin et al., 2010).
Mining of the aforementioned minerals exposes snlphide-
bearing minerals to oxidising conditions. During rainfall
and underground working, sulphide minerals react with
water and coxygen leading to the formation of highly acidic
mine effluent known as acid mine drainage (AMD]. The
acidity in AMD promotes the leaching of heavy metals from
the surrounding gealogy (Johnson et al, 2005; Sheoran et
al., 2006; Cheng et al., 200%; Simate et al, 2014; Amos etal.,
2015 Delkash et al, 2015). The equation below shows the
formation of acid mine drainage using pyrite as an example
(Simate et al, 2014}

4FeS, + 150, + WH,O% 4FefOH), + 8503 + 6H' (1)

* Towhom all correspondence should be addressad.
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In the Witwatersrand gold ores of Soath Africa, for instance,
up to 70 minerals have been identified, including gold, pyrite,
uraninite (U,0,], sphalerite (ZnS5), galena (PhS) and various
silicates among others (Tutu et al., 2008, 2005). Numerous
technologies have been for remediation of acid
mine drainage (Gitard et al., 2008; Delkash et al, 20015;
Lakovleva et al., 2015} The commonly used technologies
inclode fon exchange (Buzzi et al, 2013), reverse osmosis
(Johnson et al., 2005), adsorption (Gitari, 2014; Lakovleva et
al., 2015}, binsorption (Sheomn et al., 2006) and precipita-
tion {Bologo etal, 2012; Maree et al, 2013). However, gen-
eration of secondary shadge, toxicity, high operation costs,
poor efficiency and demand for large expanses of land limit
the application of the majority of developed technologies
(Johnson et al., 2005; Kalin et al., 2006; Sheoran et al., 2006,
Simate et al, 2004}

‘The Witwatersrand Basin produces approximately 340
MEiday of mine water (Bologo et al,, 2012) and this has been
reported to impair the quality of water downstream (Jooste et
al, 199%). Trentment of large volomes of mine effluents requires
a very effective and efficient technology. In South Africa,
limestone has been widely used as the main chemical agent
fior nentraliration and removal of metals in acid mine waters
(Maree et al., 1994, 2004, 2013). However, the use of limestone
s the limitation of precipitating towic metals with gypsum
and mising pH > 7 (Maree =t al,, 1993).
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Fate of inorganic contaminants post treatment of acid mine drainage by
cryptocrystalline magnesite: Complimenting experimental results
with a geochemical model
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ARETICLE INFO AESTRACT

This study assessed the Bte of inorganic ontaminants post trestment of acid mine dranage by

ayptocrystalline magnesite. To arcomplish that, neutralization and metal atenuation were evahuated
amd compl ith simu! gmchemic] modding. Mineral phase formation and changes
during the reaction of magnesiie and AMD were dso evahated The grochemic] compuier code

Aorailaie cofine oo PHREECH and WATEQH datahase was used far geochemicl madslling of the process watsr. Interactian of

AMID with magnesit= 2t an optimum salid: quid ratio of 1:100 and contct time of &0 min led to an
PR ——— increase in pH, reaching s maximum pH of ¥, resulting in significant precipitation o f meost metal species.
Ma Increase of pH i n salution with coniact time caus o the nemoval o f the metali ons mainly by predpitation,
Tk meuk @-precipitaion and adsorption Sulphate mncentration was lowered from 4630 down to 1910 mg L. F=

was mainly remaved 2s Fe{OH )y, goethite, and janasite, Al 2= basahumi nite, boshmite and jurbanits, Al
M rmraliza B (OH and as gihhsie and dizspore. Aland Fe pracipitated s inon ooy )-hy droocd e and abum nium | mey)-

Iydrocides Mn precipitated 2= rhodochrosite and manganite. G2 was removed 25 gypsum. Sul phate was
remaved & gypsum, and Fe, Al hydromoyl sulphate minerals. Mg was removed as brudite and dolomibe.
Cry pocry stalline magnesite effedtively nautralized AMD and attenuated concentration of inarganic
spedes to within depantment of water affirs and sanitation [[WAS) water quality guidelines

& 2016 Blsevier Ltd. All rights reserved_

1. Introdisct ion

Mining contributes = gnificantly to the gross domestic product
and, consequently, to the economy of South Africa However, it has
been reported to impair the quality of terrestrial and adquatic
eosystems and their integrities to foster life due to generation of
acid mine drainage (AMD] AMD is 3 commaon |egacy in most gokd
and coal mines and results from the oida tion of pyrite (FeS5) in the
Bost rodk |1-8) AMD is formed when sulphide minerals such as
PTite are expaded bo0xyge i amd wa ter |eading ot e forma tien of

" auther av and Fodiuton Chemiary
Renaaach Groap, Depamment of Boslogy and Ressances Management, Schodl of
Envienmentl Stence, Uniesity of Venda, Fliag X503, Thihoyandon, 0950,
Sauth Afica.

E-madl s VML Sindl cxic oo 2.3 (V.M i)

i e il P01 10 5 e 203 5
IE-H3T) & 2005 Eleviar Ll ARl rights nessned.

iron hydroxide, sulphate and acid & indicated in Equation [1).

AFeS; + 150; + 14H,0™T™ 4Fe(0H), + 507 + 16H )

This acid promotes westhering and leaching of tosic elements
suchas Al Fe Ag B, Ba,Co, Or, Cu Mo, Ni, 51, Zna nd Mncontained in
ithe hast rock |2-11] In the Witwatersrand basin gold mines in
South Africa close to 70 minerals have been ide ntifi ed in the host
rock incleding gold, pyrite, waninite (U,Ds) sphalente (Zns),
galena (PUS) and various silicates [2.4-6,8 10

In thee Last decades, AMDhas received greata thention due to the
devastating impacts that it can impose onto aquatic and terrest rial
ecosystems. Curently,  total volume of 360 ML is genersted by
goldmines in johannesdsurg which is decinting to sdjacent aquatic
econystem and sccelersting the degradation of waterbodies
downstream. Out of that, 20 MLjd of contaminated water fows
into the Tweslopies Spruit mear Randfontein (Western Basin)
Research studies 2150 pointed out that, by 2015, a further 60
will decant resar Bokabirg (Central Basin) and a fierther 120 MLjday

Complimenting experimental
jee 2

Please cite this anticle in pres 2= V. Masindi, etal__Fate of inorganic eontaminants post treatment of add mine draina ge by cryptocrystalline
results with a geochemical model, | Enviran. Chem. Eng. (2016 http: jdx.doiorg/ 10,1016/
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Efficiency of ball milled South African bentonite clay for remediation
of acid mine drainage

W)

Vhahangwele Masindi***, Mugera W. Gitari*, Hlanganani Tutu”, Marinda DeBeer®

3 Environmentn! Remestiarion ang Wter Fiintion Chemisry Mesearch Group, Dep of Erniogy anst

Schence, University of Venda, itag X550, Thefioyandos 0950, Soieh frics
¥ Maleculyr Sriences | nstiinte, School of Chemisiry, University of the Witneters s, Friag X4, WTS, 2050 Jahamnestery, Soath Afrio,

¥ CHIR  Coanct of SEIEnHhe ans INdusiial Reseqven, Bare Emvranmest. ‘Science and Terhnoigy (EST), F: 0 B 395, Fretari 0001, South Afrio,
# DSTPCSIR Mtiomnl Cemtr for Nanp-Sructared Materiss, Counctt for Soiemtific ond indwsirief Bessrch, P 0. o 395, Fretaria 0001, South Afrion

Schoal of

ARTICLE INFD ABSTRACT
Articie histary: The Feasibility of using vibratory ball milled South African bentonite clay For neutralization and atten-
Received 30 May 2015 uation of inorganic contaminants from acidic and metalliferous mine effluents has been mlu.i:d.

Recerved inrevised form 22 October 2115

Treatment of acd mine drainage (AMD) with bentonite clay was done using batch
Acoepied 5 Novermber 2015

Laboratory
Parameters optimized included ontact time, adsarbent dosage and cmmm-.l:un.hl]milled

- ite clay was mixesd with simulated AMD at sperific solid: gquid (51) ratios and squilibrated on 2
Keywonds: table shaker. Contact of AMD with bentonite clay led fo an increase in pH and a significant reduction in

:“‘m"u"::;”"" cancentrations of metal species. At canstant agitation time of 30min, the pH increased with the increass
fras— in dosage of bentonite clay. Remaval of Mn?, AP+, and Fed* was greatest after 30 min of agitation. The
Nemtrairation adsarption afinity oheyed the s=quence: 50, [1_21lmgg V)= Mn (307 mgg )= Al (305 mgg )= Fe
Heavy metals (I02Zmgg ') The pH of reacted AMD ranged from =3 to & Bentonite clay showed high adsorption
‘capadties for Al and Fe at concentration <500mg/L, while the capacity for Mn was lower. Adsorption
capadty for sulphate was >50%. Adsorption Kinetics revealed that the suitable kinetic model describ-
img data was pseudo-sscond-order hence confirming chemisarption. Adsorption isotherms indicated
that remowal of metals fitted the Langmuir adsarption isotherm for Fe and sulphate and the Freundlich
adsarption isotherm for Al and Min, respectively. Ball-milled benionibe day showed an excellent capacity

im newtralizing acidity and lowering the levels of inorganic contaminants in acidic mine effluents.
© 3015 Elszvier Lvd. All rights reserved.
1. Introeduction to the environment as an initial step in preventing environmental

degradation [1-4].

Exposure of sul phide bearing minerals towater and ocygen dur-
ing and following mining activities accelerates the formation of acid
mine drainage (AMD) which is very acidic and metalliferous. The
acidity in AMD promuotes the leaching of heavy metals from the sur-
rounding geology. Due to its addic nature and high loads of heavy
metals, AMD has high electrical conductivity (EC) and total dis-
solved solids (TDS) concentration which are considerably above the
recommended limits for effleents to be discharged into rivers. Thus
mine effluent needs to be contained and managed prior to release

* Corresponding author at: Comncil for Scientific and Indusirial Research (CSIRY,
Built Envirorment, Building Sceence and Techmalogy (BST), F 0. Box 395, Pretora
0007, South Africa.

E-maill rsreroes: ¥ Masindigcsir. e 2, masind ivhahangwele@gmail. com
V. Masindiy

it o dod.org 10100 B/ wpe- 200 511007
2214714400 2015 Eisevier Linl. All rights resersed.

Discharge of AMD to the environment can redoce the ability
of any ecosystem to support life. It lowers water quality render-
ing it unfit for defined wses such as for domestic and agriculral
purpases [ 5,6 It also leads to iron sedimentation in aquatic ecosys-
tems due to precipitation of iron hydroxide (yellow boy shdge).
The suspended flocs also lead to reduced hunting abilities of fish
due to poor visshility in water bodies [7]. Toxic chemical species in
AMD pose hazards to terrestrial and aquatic organisms [8] Acidity
in water leads to the migration of certain species less tolerant to
acidic conditions affecting the integrity of the ecosystem to sup-
port life due to reduced biodiversity [7,9-13). This has emphasized
the need to develop pragmatic solutions to treat AMD by newtral-
izing the acidity and removing heavy loads of dissolved metals and
sulphate.

Due to their high surface areas, cation-exchange capacity (CEC),
swelling ability, bow cost, abundance and versatility, r_'Iays have
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K 3

Acid mine drainage

Nemiralization
Magnesite—hentonite cay composite
InorEanic contaminants

Adsorption modelling:

The primary aim of this study was io synthesize cryptocrystalline magnesite- bentonite clay compas-
ite by mechanochemical activation and evaluate its usability 25 low cost adsorbent for neutralization

and ion of inorganic in acidic and metalliferous mine drainage. The composite
‘was symthesized at 1:1 weight to weight ratio. The capacity of the composite to neutralize acidity and
remove toxic chemical spedes from symthetic and Reld AMD was evaluaizd ai optimized conditions.
Imteraction af the composite with AMD led to an increase in pH [pH= 11) and lowering of metal concen-
trations. The remioval of chemical species was optimam at 20 min of squilibration and 1 gof dosage. The
composite removed =00 (AP, F*, and Mn™) and =00 (504" ) from raw mine =fuent. Adsorption
kimetics fitted better to pseudo-second-order Kinetic than pseudo-first-order Kinetic hence comfirming
chemisarption. Adsorption data Rited better io Freundlich adsorption isotherm than Langmuir hence
canfirming multisite adsorption. Gibbs free energy model predicted that the reaction is spantanecus
im mature for Al, Fe and sulphate except for Min. Geochemical model indicated that Fe was removed as
Fe{OH . goethite, and jarosite, Al as basaluminite, boehmite and jurbanite, AKOH] and as gibbsite and
diaspore. Al and Fe precipitated as inon (oo -hydroxides and aluminium (axy)-hydroxides. Mn precip-
itated as rhododhrosite and ite. £2 was removed as gypsum. Sulphate was removed as gypsum,
and Fe, Al hydraxyl sulphate minerals. Mg was removed as brucite and dolomite_ it was concluded that
‘the comiposite has the potential to neutralize acidity and ially taxic ical species
From acidic and metallif=rous mine drainage.

&IN5 Elsevier Lvd. All rights reserved.

1. Introduction

the formation of AMD post oxidation [4] During rainfall on tail-
ings dumps and rising groundwater in disused mineshafts, water

acidic and metalliferous drainage originating from metal min-
ing activities can cause serious environmental pollution [1] On
release to receiving aquatic ecosystems, acid mine drainage (AMD)
can cause major ecological impacts which have the capability to
compromise the integrity of terrestrial and aguatic ecosystems to
sustain life [2]. In South Africa. AMD is generated by oxidation of
pyrite associated with coal and gold seams | 3]. During mining pro-

and oxygen interacts with pyrite leading to the formation of acidic
effluent The resultant acidic water accelerates beaching of metals
from surrounding rock strata or tailings [2]. The release of metals to
effluent waters makes the water metalliferous. In most instances,
the formation of AMD can be represented by the following chemical
equations [5]:

cesses, pyTite is exposed to water and oxygen and

* Coresponding author.

(E-mail adgresses: ¥ Masndighosin.coz 2, masindivhahangwele@#gmail.com

V. Masindiy
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Hhis POMOIES  pfesyry 4 TOug) + 2Ha0" = 2y + Al + 850, (1)
AFell, + Oyg) + 4HY , — dFelt, 4 2H;0) (2)
FeSars) + 14Fe%" 4 8H0 — 15Fe™ 4 2500, 4 16H" (3

for neutralization and

mmmmnmmvmuim
attenuation of inarganic

cryptocrystalline andiits application
mmm-ﬂm“m;mmmmm

hittpcidx doiorgl 10,1016/} jwpe. 2015, 11,007
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L 4
drainage treatment and the development of technology in treating industrial
; Wastgwam.,
Hitgy s
28, 2015
Sy P
: 'z:\{. f;:: @—
%\ Henry Laas Dr Corrélithui‘t’ers -
T Grouy Chief Executive Executive Birector: CSIR Built Enyironment
Murrgy & Roberts Limited Council for Scientific and Industrial Research
- M e

Picture 1: Handing over of award
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Picture 2: Winners and management
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