® RMIT

UNIVERSITY

Investigating Biological Filtration for Manganese Control in
Lorne Water Supply System

A thesis submitted in fulfilment of the requirements for the degree of Master of Engineering
(Chemical Engineering)

Jiteng Wang
Bachelor of Engin. ering
(Chemice L icineering)

RN T U ive sity, Melbourne

School of Engineering
College of Science, Engineering and Health
RMIT University

August 2018



Declaration

I, Jiteng Wang hereby certify that:

1. Except where due acknowledgement has been made, the work is that of the author

alone;

2. The work has not been submitted previously, in whole or in part, to qualify for

any other academic award,;

3. The content of the thesis is the result of work which has been carried out since the

official commencement date of the approved research program;

4. Any editorial work, paid or unpaid, carried out by a third party is acknowledged;

and, ethics procedures and guidelines have been fol'ay ed.

Signed: Jiteng WANG

1 Aug 2018



Acknowledgement

Firstly, | would like to express my sincere gratitude to my senior supervisor, Dr Linhua Fan
for his constant and patient guidance, encouragement and support throughout the two years of
research. The thesis would not be accomplished without your immense knowledge, endless
patience and tremendous efforts into enlightenment, advice and feedbacks. Secondly, | am
deeply grateful to my joint supervisor Prof. Felicity Roddick, for her extensive experiences,
endless wisdom, countless inspirations and precious advice. In my undergraduate study, you
were my most favourite and respectful lecturers. In my postgraduate study, you made the best
supervisory team. | am thankful for providing me with the opportunity to join the research

group. And it was extremely honoured to be a part of the group.

My sincere thanks to Prof. Andy Ball and Dr Esmaeil She asc vart from Bioscience Department
of Bundoora Campus, RMIT University. Thn«s for your generous help on the genomic

analysis.

Also, I am grateful to the RMIT Chemical Engineering technician team: Mr Cameron Crombie,
Dr Sandro Longano, Ms Peggy Chang, Mr Mike Allen and Dr Muthu Pannirselvam. Thanks
for the training, purchasing, and replenishment in the lab. My research would not be carried

out smoothly and successfully without your assistance.

My thanks to my colleagues: Dr Yufei Wang, Mr Matthew Kube, Ms Nusrat Rezwana, Mr
Arash Mohseni, Ms Shruti Sakarkar and Dr Harish Ravishankar. It was a great pleasure to meet
and work with you all. You brought motivation, passion and fun to me, and together, created a

happy, healthy and positive environment to the lab as well as the office.



In the end, I would like to express my gratitude to my parents Mr Hao Wang and Ms Xiya Yan,
thanks for your unconditionally love, support and encouragement; you are the best parents, |

love you. And to my girlfriend Ms Meng Wang, thank you for your love, care, understanding

and encouragement, | love you too.



Dedication

Dedicated to my beloved parents Hao and Xiya,

Who support, encourage and love me unconditionally.



Table of Content

DECIArAtION. ... e I
ACKNOWIBAGEMENTS. ...t Il
DEAICALION. .. ..t \%
LISt OF FIQUIES. .ot e XI
LISt Of TaDIES. ... X1
List of ADDrevIations.........c.o.o i X1V
00010101 1 1
Chapter 1 IntroducCtion..........c.oviiiiiiiii i e e 4
1.1Project Background.............ooiiiiiiiiii i e e 4
L2AIMS. et R B S P 5
IR s 1TSS S 1 4 o111 D 5
Chapter 2 Literature ReVIEW.......c.iiiiiiiiii i e e eeen 7
2.1 Nature Of Man@an@Se. .. ... .ouutentintiettant ettt et et et e et et e et e et enaenneaaananas 7
2.1.1 Natural Occurrence OF Manganese. ........ouveriirineini i 7
2.1.2 Anthropogenic Discharge............ccoouiiiiiiiiii e 8
2.1.3 Source of Manganese in Drinking Water Supply Systems........................ 10
2.1.4 ACSTNELIC ISSUCS. .. .uuint ittt e 11
2.1.5 Health PerspectiVes. .. ..uuuurieii ettt e e 12
2.1.6 Regulations and Guidelines for Mn in Drinking Water.............................. 13

VI



2.2 Analytical MethOods. .......o.oinii e 14

2.2.1 Colorimetric Methods..........cooiiii i 14
2.2.2 Electrochemical Methods. ..o 15
2.2.3 Atomic AbSOrption SPeCtrOSCOPY ... uvnrtentintietteteteet et eeeaeeaneanansn 15
2.2.4 Inductively Coupled Plasma Spectrometry............covveviiiniiiiiininninn.n. 15
2.3 Methods for Manganese Control.............ooiiiiiiiiiiiii i 16
2301 ACTALION. ..ttt ettt 16
2.3.2 Chemical OXIdation..........c.ovtiuiniiiii e 17
2.3.3 Ton EXChange.......c.oonuiinii i e 20
2.3.4 Membrane Processes. .......oo.vviuevneni i 21
2.4 Manganese Oxidising Bacteria.......... .. e 25
2,41 Habitats. .. oee el e e 26
2.4.2 Enrichment and Isolation of MOB............coooiiiiiiii i, 27
2.4.3 ldentification 0f MOB..........oiiiiii 28
2.4.4 Tnoculation of MOB ... ...t 29
2.5 Biological Treatment AppliCations............coiuiiuiitiitiii i 30
2.5.1 Biofilter Media........ooouuiiiii i 31
2.5.2 Operation Conditions of Biofiltration Process................c.ccoviiiiiiiiiiin... 32
2.6 Concluding Remarks..........oouiiiiiiii i e 35
Chapter 3 Materials and Methods............oooiiiiiiiiii e 38

VIl



3.1 Raw Water Samples. .......oueiniini i 38

3.2 Laboratory-scale Biofiltration Tests...........coooiiiiiiiiiiiii e 38
3.2.1 Filtration Media.......o.oiiiii i e 38
3.2.2 BIofiltration Set-up........ooviiiiiiiiii e 38
3.2.3 TNOCUIAtION. « .. ne e 39
3.2.4 Biofiltration Setup Adjustment............ooeviiniiiiiiiiiii i aenn 39
3.2.5 Backwash. ..o 41
3.2.6 Temperature Adjustment..........ooeivuiiiiiiniit i 41
3.2.7 Dissolved Oxygen Adjustment...........ocevvuiiiiiiioiiiie i eaaeaen. 41
3.2.8 pH adjustment.........oouiiiniii e s 42
3.3 Analytical Methods.......................0 . o Ut 42
3.3.1 M CONCENEIALION . oottt ettt ettt et ettt 42
3.3.2 Dissolved Organic Carbon..........cooviiiiiiiiiiiiiiie e 42
3.3.3 Temperature Dissolved Oxygen and pH................cooiiiiiiiiiiiin. 43
Be3id UV A Sh i e e 43
3.3 TUIDIAILY ... 43

Chapter 4 Impact of Raw Water Characteristics and Operating Conditions on Manganese

Removal using B1ofilter...... ..o 44
4.1 Establishment of the Biologically Active Filters...............cooiiiiiiiiiiiiiiiiiians 44
4.2 Impact of Initial Mn Concentration............c.ouivrereentaritaneeeiteatet e aenreieaeanans 47

Vil



4.2.1 Extremely Low Mn Level...........oooiiii 49

422 Low Mn Level. ... 49
423 HighMn Level.. ..o 50
4.2.4 High Mn Level with Extremely High Dissolved Mn Content...................... 50
4.3 Impact of EBCT on Mn Removal........ ..o 51
4.4 TMPact Of T@MPETATULC. . ...\ttt ettt e et e e e e e et e e e e e eaeeaeannns 53
4.5 ITmpact Of PH. oo e o4
4.6 Impact of DisSolved OXYZeN.......iiuiiiiit i 55
4.7 An Operational 1SSUe ODSErVed. ..........vuiiuiititit i et 57
4.8 CONCIUSIONS. ...ttt e e et e et 58

BIofItration. ..o e 60
ST B 6115 46 0 15 o ) s W 60
5.2 Impact of Backwash and Feedwater Change..................cooiiiiiiiiiiiiiiiii e, 60

5.2.1 Impactof Backwash. ... 61

5.2.2 Impact of Feedwater Change................cooiiiiiiiiiiii i 63
5.3 Recovery of Mn Removal from the Mn ‘Bleed’ State....................cooiiiiiiiiiiinn. 68
5.4 A Comparison of the Effect of Filter Media on Biofiltration Performance.................. 69
5.5 CONCIUSIONS. .« ettt ettt et et ettt e et et e s 71
Chapter 6 Microbiological Characterisation of the Biofilters....................ccocoiii 73



6.1 INITOAUCTION. . oo ettt e e e e e e 73

6.2 MeEthOdOIO@Y ....neeiii e e 73
6.2.1 Media Samples.......oiiniiii i 73
6.3 Results of Microbiological Characterisation of the Biofilter Media......................... 74
6.3.1 Structure of Mn-oxidising Bacterial Community of the Biofilters............ 74
6.3.2 Structure of Mn-reducing Bacterial Community of the Biofilters................ 77
Chapter 7 Coast Analysis and Life Cycle AsSessment............coovvvieiiiiniiiiiiiiniennennnnn. 80
R B O AN -1 A S PPN 80
7.2 Life Cycle ASSESSIMENL. ... ..ttt e e e e e et et et e et ee e eeenans 84
7.2.1 Goal Definition and SCOPING.........ccoei i e 85
7.2.2 Inventory Analysis.........c. oo i e 85
7.2.3 Environmental Iniac’ 2:8SeSSMENt. ... uuuitiitiitiiiiiii e 86
7.2.4 LCA Result and DiSCuSSION. ... ..ouutireitiniiititiit e eaeeaen 90
0 T ) T L] 107 4T 90
Chapter 8 Conclusions and Recommendations..............ooevviiiiiiiiiiiiiiiiiiiiiiieniennnnn. 91
8.1 CONCIUSIONS. ... ettt e e e 91
8.2 Recommendations for Future Work......... ... 93
Appendix A Mn Bacterial Species Classification Results.................ccoooiiiiiiiiiiin.n. 97
Appendix B Cost Curves and Calculations for Cost Estimation.......................coeeenni. 100



List of Figures

Figure 2.1 Forms of manganese in water as the function of redox potential and pH at water
temperature of 25°C (Crittenden etal., 2012) ..ot 8

Figure 2.2: Impact of pH on oxidation rate of Fe (1) and Mn (I1) by oxygen (Crittenden et al.,

2002 17
Figure 2.3: Pathway of microbial manganese oxidation (Tebo et al., 2010) .................... 24
Figure 3.1: Schematic diagram of the laboratory-scale biofilters................................. 40
Figure 3.2: Picture of the laboratory-scale biofilters.................ooooii 40

Figure 4.1: Key parameters of influent and effluent during inoculation including Total Mn (a),
DOC (b), UVA254 (€) and DO (0) ..., 46
Figure 4.2: Mn removal efficiency using different Mn concentration raw water................. 48
Figure 4.3: Comparable residual dissolved Mn in the 2o iter effluent for the high Mn

concentration raw water (a) and the high Mn.=ai ~ei tration raw water spiked with MnSO4

Figure 4.4. Comparison of *:2 change in total Mn removal before (a) and after the EBCT of

the biofiltration system was doubledto 40 min (b) ... 52
Figure 4.5: Mn removal efficiency at various temperatures.............cccooeeiviiiieinnennannn. 53
Figure 4.6: Mn removal efficiency with various pH conditions.........................oeenee. 54

Figure 4.7: Mn removal efficiency at influent DO of 9 mg/L (standard lab condition) compared
with DO of 6 mg/L () and 2 mg/L (D) ..ovienii e 56
Figure 4.8: Change in Mn Concentration in the inoculation period............................... 58
Figure 5.1: Residual Dissolved (a) and total Mn concentration (b) of the biofilters before and
after their DaCKWaShINgG. ... 62
Figure 5.2: Residual dissolved Mn concentration before and after switching feedwater from

lower Mn level to higher Mn level. ... ... ..o, 64

Xl



Figure 5.3: Residual dissolved Mn concentration before and after switching feedwater from
high Mn level to medium Mn level and from medium Mn level to low Mn level................ 66
Figure 5.4: Residual dissolved Mn concentration after switching feed water from high Mn
level to loWw M IBVEL... ... 67
Figure 5.5: Dissolved Mn of the effluent of both biofilters during the recovery period after

switching from high Mn to medium Mn feedwater (a) and switching from medium Mn to low

M FEAWALET (). ...ttt e 69
Figure 6.1 Top Mn-oxidising species present in the sand (a) and GAC (b) media.............. 75
Figure 6.2 Top Mn-reducing species present in the sand (a) and GAC (b) media................ 77
Figure 7.1: A typical chemical process train............o.oveiiiiiiii e, 81
Figure 7.2: A typical biological method process train..............icevviiiiiiiiiiiiiieiienennn, 82
Figure 7.3: Estimated cost of the conventional process.... <. i i, 83
Figure 7.4: Estimated cost of the biological procass ... ....coiiiiiii e, 83

Xl



