ZUTS

UNIVERSITY
OF TECHNOLOGY
SYDNEY

POTENTIAL APPLICATIONS OF
GRAPHENE-BASED MEMBRANE IN
SOLUTION PURIFICATION PROCESSES

by Sudesh Yadav

Thesis submitted in fulfilment of the requirements for
the degree of

Doctor of Philosophy

under the supervision of Dr. Ali Altaee (Prinicipal Supervisor)

Prof. John Zhou (Co-supervisor)

University of Technology Sydney
Faculty of Engineering and Information Technology

June 2022



CERTIFICATE OF ORIGINAL AUTHORSHIP

I, Sudesh Yadav declare that this thesis, is submitted in fulfilment of the requirements for the
award of Doctor of Philosophy, in the School of Civil and Environmental Engineering/Faculty

of Engineering and Information Technology at the University of Technology Sydney (UTS).

| certify that the work in this thesis is my own and the literature used is appropriately

acknowledged.

This thesis has not been submitted to any other academic institution for accreditation.

This research is supported by the UTS President's Scholarship (UTSP) and UTS International

Research Scholarship (UTS IRS) Program.

Production Note:
Signature: Signature removed prior to publication.

Date: 22" June 2022



DEDICATION

This doctoral thesis is dedicated to:

My teacher Dr. Ali Altaee and my father Mr. Ranbeer Singh Yadav,

who taught me the power of patience and perseverance,

And

My brother Mr. Sanoj Kumar,

for having my back, and motivating me.



ACKNOWLEDGEMENTS

How do | acknowledge my teacher Dr. Ali Altaee who has stood by me throughout my Ph.D.
journey? My simple answer is to dedicate this doctoral thesis to my principal supervisor Dr.
Ali Altaee, for his unwavering support and encouragement throughout my Ph.D. study. |
would like to express my heartfelt gratitude to Prof. John Zhou for the enlightening

discussions throughout my doctoral studies.

Apart from my supervisors, I'd like to express my gratitude for the assistance | received from
the external collaborators (Prof. Akshaya K. Samal, Prof. Sébastien Déon and Prof. Juin-Yeh
Lai) who allowed me to work with them. | am grateful to all laboratory staff and friends in UTS
for their support especially Elika Karbassiyazdi, Ibrar lIbrar, and Nahawand AlZainati, Namuun

Ganbat and Dr. Niren Pathak.

I'd like to express my gratitude to my mother (Mrs. Roshni Devi) and sister-in-law (Deepika),
whose love and guidance accompany me in whatever endeavour | undertake. Their
unwavering trust, timely encouragement, boundless patience, and love resurrected me when
| became weary. I'd also like to thank my daughters (Innaya and Parisha) for providing me

with endless joy and happiness.

Finally, | thank with love to my friends Ajay Gill, Dr. Akash S. Rasal, Dr. Anchal Yadav, Arpit
Pandey, Deepika Matta, Dixi S. Patel, Divya Prasad, Pooja M. Suresh, Poorvika Agarwal and
Uttam Kumar. They have always loved, supported, encouraged, entertained, and helped me
get through this agonizing period in the most positive way. Thank you to my wife (Rekha

Kumari) for her patience and friendship.



LIST OF PUBLICATIONS

e This list includes journal articles that have been prepared during the Ph.D. candidature,

which are part of the report.

1. S.Yadav, H. Saleem, I. Ibrar, O. Naji, A.A. Hawari, A.A. Alanezi, S.J. Zaidi, A. Altaee, J. Zhou,
Recent developments in forward osmosis membranes using carbon-based nanomaterials,
Desalination, 482 (2020) 114375.

2. P. Bhol", S. Yadav', A. Altace, M. Saxena, P.K. Misra, A.K. Samal, Graphene-based
membranes for water and wastewater treatment: a review, ACS Applied Nano Materials,
4 (2021) 3274-3293. " P.B. and S.Y. contributed equally.

3. S.Yadavy, I. Ibrar, A. Altaee, A.K. Samal, R. Ghobadi, J. Zhou, Feasibility of brackish water
and landfill leachate treatment by GO/MoS,-PVA composite membranes, Science of the
Total Environment, (2020) 141088.

4. S. Yadav, |. Ibrar, A. Altaee, A.K. Samal, E. Karbassiyazdi, J. Zhou, P. Bartocci, High-
Performance Mild Annealed CNT/GO-PVA Composite Membrane for Brackish Water
Treatment, Separation and Purification Technology, (2021) 120361.

5. S.Yadavy, I. Ibrar, A. Altaee, S. Déon, J. Zhou, Preparation of novel high permeability and
antifouling polysulfone-vanillin membrane, Desalination, 496 (2020) 114759.

6. S. Yadav, I. Ibrar, A.K. Samal, A. Altaee, S. Déon, J. Zhou, N. Ghaffour, Preparation of
fouling resistant and highly perm-selective novel PSf/GO-vanillin nanofiltration

membrane for efficient water purification, Journal of Hazardous Materials, (2021) 126744.

7. S. Yadav, I. Ibrar, A. Altaee, A.K. Samal, J. Zhou, Surface modification of nanofiltration
membrane with kappa-carrageenan/graphene oxide for leachate wastewater treatment,

Journal of Membrane Science, (Manuscript Number: MEMSCI-D-21-0295; Under Review).



This list includes journal articles that have been prepared during the PhD candidature,

which are not part of the report.

S.Yadavy, I. Ibrar, S. Bakly, D. Khanafer, A. Altaee, V. Padmanaban, A.K. Samal, A.H. Hawari,

Organic Fouling in Forward Osmosis: A Comprehensive Review, Water, 12 (2020) 1505.

S. Yadav, S.R. Jena, M. Bhavya, A. Altaee, M. Saxena, A.K. Samal, Heterostructures of 2D
materials-quantum dots (QDs) for optoelectronic devices: challenges and opportunities,
Emergent Materials, (2021) 1-22.

I. lbrar, S. Yadav, A. Altaee, A.K. Samal, J.L. Zhou, T.V. Nguyen, N. Ganbat, Treatment of
biologically treated landfill leachate with forward osmosis: Investigating membrane
performance and cleaning protocols, Science of The Total Environment, 744 (2020)
140901.

I. Ibrar, S. Yadav, A. Altaee, A. Hawari, V. Nguyen, J. Zhou, A novel empirical method for
predicting concentration polarization in forward osmosis for single and multicomponent

draw solutions, Desalination, 494 (2020) 114668.

I. Ibrar, S. Yadav, N. Ganbat, A.K. Samal, A. Altaee, J.L. Zhou, T.V. Nguyen, Feasibility of
H,0, cleaning for forward osmosis membrane treating landfill leachate, Journal of
Environmental Management, 294 (2021) 113024.

I. Ibrar, S. Yadav, A. Braytee, A. Altaee, A. HosseinZadeh, A.K. Samal, J. Zhou, J.A. Khan, P.
Bartocci, F. Fantozzi, Evaluation of machine learning algorithms to predict internal
concentration polarization in forward osmosis, Journal of Membrane Science, (2022)
120257.

A.S. Rasal, S. Yadav, A. Yadav, A.A. Kashale, S.T. Manjunatha, A. Altaee, J.-Y. Chang, Carbon

guantum dots for energy applications: A Review, ACS Applied Nano Materials, (2021).



10.

11.

12.

13.

14.

A.S. Rasal, S. Yadav, A.A. Kashale, A. Altaee, J.-Y. Chang, Stability of Quantum Dot-
Sensitized Solar Cells: A Review and Prospects, Nano Energy, (2021) 106854.

D. Khanafer, S. Yadav, N. Ganbat, A. Altaee, J. Zhou, A.H. Hawari, Performance of the
Pressure Assisted Forward Osmosis-MSF Hybrid Desalination Plant, Water, 13 (2021)
1245.

N. AlZainati, S. Yadav, A. Altaee, S. Subbiah, S.J. Zaidi, J. Zhou, R.A. Al-Juboori, Y. Chen, M.
H. Shaheed, Impact of hydrodynamic conditions on optimum power generation in dual
stage pressure retarded osmosis using spiral-wound membrane, Energy Nexus, (2021)
100030.

M. Sivakumar, S. Yadav, Wei-Song Hung, Juin-Yih Lai, One-pot eco-friendly synthesis of
edge-carboxylate graphene via dry ball milling for enhanced removal of acid and basic
dyes from single or mixed aqueous solution, Journal of Cleaner Production, 263 (2020)
121498.

D. Khanafer, I. Ibrahim, S. Yadav, A. Altaee, A. Hawari, J. Zhou, Brine reject dilution with
treated wastewater for indirect desalination, Journal of Cleaner Production, 322 (2021)
129129.

Yu-Hsuan Chiao, M. Sivakumar, S. Yadav, S. Yoshikawa, Wei-Song Hung, Eco-friendly
water-based graphene/sodium silicate dispersion for electrically conductive screen-
printing technique and theoretical studies, Carbon, 178 (2021) 26-36.

S. Chinnaraj, V. Palani, S. Yadav, M. Arumugam, M. Sivakumar, V. Maluventhen, Mandeep
Singh, Green synthesis of silver nanoparticle using goniothalamus wightii on graphene
oxide nanocomposite for effective voltammetric determination of metronidazole,

Sensing and Bio-Sensing Research, 32 (2021) 100425.

Vi



15.

16.

17.

0. Naji, R.A. Al-juboori, A. Khan, S. Yadav, A. Altaee, A. Alpatova, S. Soukane, N. Ghaffour,
Ultrasound-assisted membrane technologies for fouling control and performance
improvement: A review, Journal of Water Process Engineering, 43 (2021) 102268.

S. Swarnalata, B.M. Shenoy, P. Bhol, S. Yadav, S.R. Jena, G. Hegde, A. Altaee, M. Saxena,
A.K. Samal, Facet dependent catalytic activity of Pd nanocrystals for the remedy of organic
Pollutant: A mechanistic study, Applied Surface Science, 570 (2021) 150775.

R. Ghobadi, A. Altaee, J. Zhou, P. MclLean, S. Yadav, Copper removal from contaminated
soil through electrokinetic process with reactive filter media, Chemosphere, 252 (2020)
126607.

This list includes book chapters that have been prepared during the PhD candidature,

which are not part of the report.

M.B. Bhavya, S. Swain, P. Bhol, S. Yadav, A. Altaee, M. Saxena, P.K. Misra, A.K. Samal,
Functionalized nanomaterials (fnms) for environmental applications, Functionalized
Nanomaterials for Catalytic Application, (2021) 109-134.

S. Swain, P. Bhol, M.B. Bhavya, S. Yadav, A. Altaee, M. Saxena, P.K. Misra, A.K. Samal,
Synthesis of functionalized nanomaterial (fnm)—based catalytic materials, Functionalized
Nanomaterials for Catalytic Application, (2021) 135-168.

I. Ibrar, D. Khanafer, S. Yadav, S. Bakly, J. A. Khan, A. Altaee Solar co-generation of
electricity and water, large scale photovoltaic systems - Desalination by Forward Osmosis:
Failure, Success, and Future Expectations, UNESCO-EOLSS.

M.B. Bhavya, S. Yadav, A. Altaee, M. Saxena, P.K. Misra, A.K. Samal, Role of surfactants
in facet dependent synthesis of anisotropic nanostructures, Chemical Modifications of

Solid Surfaces by the Use of Additives, (2021) 1-20.

Vil



5. S.R.Jena', S.Yadav', A. Yadav, M.B. Bhavya, A. Altaee, M. Saxena, A.K. Samal, Advanced
functional materials for the detection of perfluorinated compounds in water, Polymer-
Based Advanced Functional Materials for Energy and Environmental Applications (Energy,

Environment, and Sustainability) Springer, Singapore, (2022) 257-269. " S.R.J. and S.Y.

contributed equally.

Vil



PREFACE

This doctoral thesis is prepared in a "Thesis by compilation" format according to the
"Graduate Research Candidature Management, Thesis Preparation and Submission
Procedures, 2019" of the University of Technology Sydney. It comprises of the articles that
have been published or submitted for publication.

This thesis contains two published review paper in Chapter 2 and five original research articles
in Chapters 3 to 7, four of which are published, and another one is under review for
publication. The authorship of these works has been decided after discussing with the
supervisory team. Lastly, Chapter 8 includes conclusions and future recommendations.
Chapter 2 comprises of the following article:

S. Yadav, H. Saleem, I. Ibrar, O. Naji, A.A. Hawari, A.A. Alanezi, S.J. Zaidi, A. Altaee, J. Zhou,
Recent developments in forward osmosis membranes using carbon-based nanomaterials,
Desalination, 482 (2020) 114375.

P.Bhol", S. Yadav', A. Altaee, M. Saxena, P.K. Misra, A.K. Samal, Graphene-based membranes
for water and wastewater treatment: a review, ACS Applied Nano Materials, 4 (2021) 3274-
3293. " P.B. and S.Y. contributed equally.

Chapter 3 includes the following technical article:

S. Yadav, I. Ibrar, A. Altaee, A.K. Samal, R. Ghobadi, J. Zhou, Feasibility of brackish water and
landfill leachate treatment by GO/MoS,-PVA composite membranes, Science of the Total
Environment, (2020) 141088.

Chapter 4 includes the following technical article:



S. Yadav, I. lbrar, A. Altaee, A.K. Samal, E. Karbassiyazdi, J. Zhou, P. Bartocci, High-
Performance Mild Annealed CNT/GO-PVA Composite Membrane for Brackish Water
Treatment, Separation and Purification Technology, (2021) 120361.

Chapter 5 includes the following technical article:

S. Yadav, I. Ibrar, A. Altaee, S. Déon, J. Zhou, Preparation of novel high permeability and
antifouling polysulfone-vanillin membrane, Desalination, 496 (2020) 114759.

Chapter 6 includes the following technical article:

S. Yadav, I. Ibrar, A.K. Samal, A. Altaee, S. Déon, J. Zhou, N. Ghaffour, Preparation of fouling
resistant and highly perm-selective novel PSf/GO-vanillin nanofiltration membrane for
efficient water purification, Journal of Hazardous Materials, (2021) 126744.

Chapter 7 includes the following technical article:

S. Yadav, I. Ibrar, A. Altaee, A.K. Samal, J. Zhou, Surface modification of nanofiltration
membrane with kappa-carrageenan/graphene oxide for leachate wastewater treatment,
Journal of Membrane Science, (Manuscript Number: MEMSCI-D-21-0295; Under Review).

Chapter 8 includes the conclusions and future recommendations.



STATEMENT OF CONTRIBUTION OF AUTHORS

The research papers reported on original research | conducted during the period of my Higher
Degree by Research candidature and is not subject to any obligations or contractual
agreements with a third party that would constrain its inclusion in this thesis. | have
contributed more than 80% to all the papers reported in this thesis including
conceptualization, methodology, software, validation, formal analysis, investigation, data
curation, visualization, writing - original draft, - review and editing. | am the primary author
of all the papers reported in this thesis.

Production Note:
Signature: Signature removed prior to publication.

Date: 22" June 2022

Xl



TABLE OF CONTENTS

CERTIFICATE OF ORIGINAL AUTHORSHIP ..ottt ettt ettt teesbe e s saeesstesbeesseesaeesaeesans I
DEDICATION ...ttt sttt ettt ettt ettt sttt ettt e b e she e st e et e bt e bt e e beesaeeeae e e bt e bt e bt e sbeesatesaneeabeenbeenneesanesmnes Il
ACKNOWLEDGEMENTS ...ttt sttt ettt e bt et esat e st e bt et e bt e sbeesheesateeateebeabeesaeesatesabeeabeenbeeneas Il
LIST OF PUBLICATIONS ...ttt ettt ettt ettt st sttt be e s ae e s at e st e et e embeebeesbeesaeesateeteebeesseesaeesane v
PREFACE ...ttt ettt ettt e s bt st s et s bt e bt e s b e e s bt e s et e st e e bt e bt e s b e e s he e sanesane e bt e ereesaeenaee IX
STATEMENT OF CONTRIBUTION OF AUTHORS......oiiiiiitiiniierieett ettt sttt s s Xl
TABLE OF CONTENTS. .. tttiittiteettett ettt sttt ettt e sb e sbe e sate st e bt e bt e sbeesmeesaeesmt e et e e bt e bt e sneesaeesnreenreenne Xl
LIST OF FIGURES ...ttt ettt ettt sttt ettt b e s bt et e st et e e be e beesaeesaeeeabeeabe e bt enbeesbeesaeesabesaneans XVI
LIST OF TABLES ... teeitte ittt ettt ettt sttt ettt e s bt e sat e sate st e e beesbeesaeesatesateeabeenbe e beesbeesbaesaeesateenteenne XX
LIST OF ABBREVIATIONS ...ttt ettt sttt ettt ettt ettt b e st s s s r e e sneesmeesanesaees XX
NOMENCLATURE. ...ttt ettt ettt ettt sttt e bt e s b e s st e sae e eat e et e e b e e bt e saeesaeeeabeebeenneesaeennee XXIV
ABSTRACT ..ttt ettt e s bt e she e sat e e bt e bt e bt e sa e e eut e e a b e e b e e b e e eb e e eh e e eat e e bt e be e bt e eheeeateeabeebeenbeenreens XXV
1. CHAPTER 1 INTrOQUCTION . ...ciiiiiiiiieiiiie ettt ettt s s smn e s neeesnreas 1
1.1.  Introduction to global water ShOrtage........eiuvuiiiiiiciiie e 1
1.2, Problem StatemMeNnt ....c.co i e 2
0 TR Y F- [ o] o I o LU =Ty 4o o U 3
1.4, RESEAICH OBJECHIVES ..ceiiii ittt e e e e e e e e e e e ettt e e e e e e e e esnnreaeeeeaeeeesnnns 3
1.5, TRESIS OULINEG ..ottt et st st et e s bt e e sabeesbeeesabeesabeeeas 4

2. CHAPTER 2 LiteratUure FEVIEW ....c.eeeiiiiiieie it eitee e ertee ettt e e st e e st e e s sareeeessareeeesenneeeesennneeesans 6
2.1. Membrane technology for desalination and wastewater treatment.........ccccceeeeveeeecreeeenee, 6
2.2.  Membrane processes for liquid SEParation ........cccceeeueeeieciieececee e e 7
2.3.  Graphene-based MaterialS........cccuiiiiiii i e a e e s 9
2.3.1. Introduction to graphene Materials......cccccvvciiii e 10
2.3.2. Physiochemical Properties........ccucuiiiiiiiiie et e e e et e e e saaaee s 10
2.3.3. Synthesis of graphene and its derivatiVes.........cccececiiee e 11

2.4.  Graphene-based MEMDIANES ........uviiiiiiiiciee e e e e e e e e s e e s sarrreeeeee s 14
2.4.1. Filtration Methods........eiiiie e e 16
2.4.2. Casting/coating METNOAS ........cciiiiiiiiiecie et be e re e s aae s abeeanas 18
2.4.3. Layer by layer (LbL) assembly method.........ccoveiiiiiiieiciiiie e 19
244, Other METhOAS.....eiiiiecee e e s 19

2.5.  Molecular simulation and mechanisms of graphene based membranes...........ccccccuvvveeen.... 21

3. CHAPTER 3 Feasibility of brackish water and landfill leachate treatment by GO/MoS,-PVA
COMPOSITE MEMDBIANES .. .vviiiiiiiiee ettt e e e et e e et e e e e bae e e e abteeeesasaaeeeassteeesansraeeeasseeesensens 26

I B 1V [ 1T o I o] oY =T 6 Y7 TSR 26



3.2. Y4 oY I8 Lot f [o] o I 26

3.3, Materials and MethodS .......coouiiiiiii e s 30
3.3.1. Y YT o - | £ TP 30
3.3.2. Membrane FabriCation .........coceoioiienieiee e e 31
3.3.3. CharaCterizatioNns .......eoceieiieeeeeee ettt s b e b e b e s s 32
3.3.4. Permeation and Rejection measurements for NaCl and Landfill Leachate water........ 32

3.4, ReSUItS aNd DiSCUSSIONS .....veiiiuiiiiiieeiiieeriee ettt st e sttt e st e s sbeeesaee e s beeesabeesbeessabeesabeeesneeesaseenns 34
3.4.1. Surface characterizations for GO/MoS,-PVA composite membranes..........ccccecou...... 34
3.4.2. Zeta potential, Micro Raman and XRD ANalysis.......ccccoveeeeiiieiiiiieee e 36
3.4.3. Surface morphology and composition of GO/MoS,-PVA composite membranes ....... 39
3.4.4. Permeability and separation performance for salt and landfill leachate water........... 41

K TR T (o] o Tol (V1Y [ o F OO O POV PRTOPSTRPPRTOPSPRUOION 48

4. CHAPTER 4 High performance novel mild annealed CNT/GO-PVA composite membrane for
brackish Water treatment ........coo i e s 50

N N1 (1 T o To o o= 4 V7= PR 50

4.2, INEFOTUCTION ettt ettt ettt e st e e sabe e sabe e e bee e sabeeebeeesabeesabeeesnbeesaneeans 50

4.3. Materials and MeETNOAS .......cocviiiiiiiiieeeee e e 54
43.1. Chemicals FEQUITEA .......ccociiie et et e e e e ete e e s e are e e e e aree e e eanees 54
4.3.2. GO/CNT-PVA Membrane fabriCation c....ooeeeeeeeeeeeeee ettt e et e e e e e e seeeraeeeeeeseseeans 54
4.3.3. Membrane performance STUdIES ......covciiieiiciiee et raee s 57

4.4, ReSUItS and diSCUSSIONS .......eiiviiriieriiiiieeie ettt ettt st e e s 58
4.4.1. Physicochemical properties of the GO/CNT-PVA composite membranes ................... 58
4.4.2. Performance StUAIES .....oouui it st e 66

Y 0] ool [V ] T o H TSPV PSP PPRTOPRPRION 71

5. CHAPTER 5 Preparation of novel high permeability and antifouling polysulfone-vanillin
(011001 o1 T o T TP PSR PP PR PRUSUPRIN 73

5.1, AIMS AN ODJECHIVES ..uuueeiiiieeie e e e e e e e st re e e e e e e e ennbaraeeeee s 73

o302 [ 14 o o [V £ o o TP P RO PST PR PSPRION 73

LT TR = d o = o1 01T ) - | PP PPPPR 77
5.3.1. Chemicals and Materials .........cooeereeriiiiiieee e 77
5.3.2. Membrane fabrication ..........ooeiioiiii e 78
5.3.3. Membrane characterization ..........ccooceeeiiieiie e 80
5.3.4. Performance STUGIES .....coocuuii it s 83

5.4, ReSUItS aNd diSCUSSION ...eiiuiiiiiiiiiiiieiitt ettt ettt e st e e sabe e s bt e e sabeesbeessabeesareeens 85
5.4.1. Surface functional roup analysis ........eeiiiieeiiciiie e 85
5.4.2. Porosity and mean Pore radiUsS........coccuviiiieeeii i e 87



5.4.3. Morphology of PSf-vanillin membranes ..........cccoecvieeeeciiii e 88

5.4.4. [ V70 [T o] oY1 1 ol Y 20 SPUP 89
5.4.5. Surface charge and thermal stability ........cccccoveiiiiiiiiii e 91
5.4.6. Filtration PerforManCES ......cccuuiii ittt et e et e e et e e e e saaae e e ennaee s 93
TR T 6] o Tol [V o T DO OO OO TP PP PPR PR PRSPPI 98
6. CHAPTER6 Preparation of fouling resistant and highly perm-selective novel PSf/GO-vanillin

nanofiltration membrane for efficient water purification..........cccoeeciiiveeeii i, 100
(3 B ¥ 10 13- T 1o I o] o] =T ot 6 V<R 100
6.2, INErOAUCTION oot 100
6.3. Materials and MethodS.......coooiiiiiiiii e s 104
6.3.1. CREMICALS .ttt et sttt e st e e s bt e e sab e e sabeeesabeeenneesareas 104
6.3.2. Membrane fabrication ..o 105
6.3.3. Physiochemical characterization ..........ccceeeeiiee e 107
6.3.4. Membrane porosity and pore radius........ceeeeieecciiiieeee e 108
6.3.5. Pure water flux and salt rejection studies ........ccecveeiiiiciiiicici e 109
6.3.6. ANtIfOUIING STUAIES 1oviieiiiie et e e s araee s 110
6.4.  ReSUIS aNd diSCUSSION ...ccviiiiiiiiiiiieii ettt s s s e e 111
6.4.1. FUNCLIONAl SroUP @NalySiS...ccccuuiiiiciiie ettt e e e abee e e 111
6.4.2. Physiochemical characterization ........ccc.ueeeeii oo 113
6.4.3. Porosity and mMean Pore radiUsS.........eeeiceieeeiiiiieeeiiiee e esree e e esrre e e e saree e e 116
6.4.4. MoOrphological @NAIYSIS .....cceccuiiie i e 117
6.4.5. Performance STUdIES ......c.eevieieiee e e e 119
6.4.6. ANTIFOUIING STUAIES oo e e e e e e e e e e e e e e naaee s 121
RS T (o] o Tol (V1Y [ o T PO U PP TTOPRP 125

7. CHAPTER 7 Surface modification of UA-60 nanofiltration membrane with kappa-
carrageenan/graphene oxide composite for enhanced salt rejection and antifouling performance 127

2% T X[ 1T g Lo I o] o] =T 6 1Y SRR 127
/2 R [ 14 7o To [V £ T o NPT PRSP 127
7.3.  Materials and MethodS .......cooiiiiiiiiiii e s 131
7.3.1. Chemicals FEQUINEA ......cciiciiiei ettt et e e e tb e e s eba e e e e e baeeeesnraeeeeans 131
7.3.2. Membrane fabrication and characterizations ...........ccoceeveeneneniinicieecee 132
7.3.3. Salt REJECLION SEUIES ...vviiiieee e et e e e e et e e e e e s e e sberre e e e e eeeeanns 134
7.3.4. ANtIfOUIING STUTIES ceeeeieeeeee e e et e e e e e e ne e aeeaee s 135
7.4, ReSUItS and diSCUSSION ..ceivuiiiiiiiiiiiieiiie ettt ettt ettt e e sabe e st e s beeesabeessbteesareas 136
7.4.1. VT aYoru o) o b1 = o T o I [0 =1 V2] TSRS 136
7.4.2. Membrane morphology and elemental analysis ......ccccceveeeiviiieeeiec e, 137

XV



8.

9.

7.4.3. Water contact angle and surface charge studies........cccceeecviieecciieececciieeeecee e,

7.4.4. Performance studies........ccceeeeeiiviiiiiiiiienieeneens
7.4.5. Antifouling studies ........cccvecveeiiiciieeiiciieeees

2 TR 0o o Vol [V o Y o L3

CHAPTER 8 Conclusions and future recommendations

8.1. [000] s Lol [V 1 1o s -3
8.2. Recommendations ........ccouuvueeeiieeeiiiiiiiiee e,

REFEIENCES ...ovvvvvviiiiiiiiiiieieiteeeteeeveveve e reaarararaens

XV



LIST OF FIGURES

Figure 1.1 Global physical and economic water scarcity in 2025, Source: World Water
Assessment Programme (WWAP), March 2012.

Figure 1.2 The proposed thesis outline for the development of graphene-based membrane
for solution purification processes.

Figure 2.1 Schematic representation for various graphene derivatives a) graphene, b)
graphyne, c) graphdiyne, d) graphane, and e) graphene.

Figure 2.2 Schematic representation for a) top-down method and b) bottom-up method for
the preparation of graphene.

Figure 2.3 Schematic representation for the preparation of graphene sheets using chemical
method.

Figure 2.4 Fabrication techniques for the preparation of graphene-based membranes.
Figure 2.5 Schematic diagrams a) for the preparation of GO membranes using pressure,
vacuum, and evaporation assembled metho, b) of layer by layer (LbL) assembly of a GO/PAH
membrane (b).

Figure 2.6 Physical and chemical characterization techniques for graphene-based
membranes.

Figure 3.1 Schematic of possible interactions between graphene oxide (GO) and polyvinyl
alcohol (PVA) moieties.

Figure 3.2 The FT-IR of GO/Mo0S,-PVA membranes (a) and dynamic water contact angle for
GO/MoS,-PVA membranes (b).

Figure 3.3 Scheme illustrating the formation of covalent bonds between graphene oxide (GO)

and polyvinyl alcohol (PVA).

XVI



Figure 3.4 Zeta potential measurements for the coating solutions of GO/MoS,-PVA composite
membranes.

Figure 3.5 Micro Raman spectra GO/MoS,-PVA composite membranes (a), XRD analysis of
GO/MoS;,-PVA composite membranes (b).

Figure 3.6 Optical images (a) and FESEM top surface (b) cross-sectional (c) of GO/MoS,-PVA
composite membranes, (d) EDAX mapping for the M3 membrane.

Figure 3.7 Pure water flux studies for GO/MoS,-PVA composite membranes.

Figure 3.8 NaCl water flux (a) and rejection (b) for GO/MoS,-PVA composite membranes.
Figure 3.9 Long term study of M3z membrane for NaCl.

Figure 3.10 Landfill leachate water for GO/MoS;-PVA composite membranes.

Figure 4.1 Schematic illustration for the fabrication of GO/CNT-PVA composite membranes.
Figure 4.2 Physicochemical characterizations of CNT/GO-PVA composite membranes. (a) Top
surface morphology of CNT/GO-PVA composite membranes. (b) UV-visible spectra with
wavelength ranging from 380 to 750 nm. (c) XRD with 28 ranging from 5 to 50 °. (d) FTIR
spectra with wavenumber ranging from 500 to 4000 cm. (e) Raman spectra with Raman shift
ranging from 1000-2000 cm?.

Figure 4.3 Schematic for the interaction scheme (a) Van der Waals interactions between PVA
and CNT. (b) and (c) covalent bond formation between PVA and GO.

Figure 4.4 Deconvoluted C1s spectra of CNT/GO-PVA composite membranes.

Figure 4.5 Na,SO4 (a), and NaCl (b) flux of CNT/GO-PVA composite membranes. (c) The
rejection rate of Na;SO4, and NaCl for CNT/GO-PVA composite membranes. (d) Illlustration for
the desalination performance of CNT/GO-PVA composite membranes.

Figure 5.1 Molecular structure of polysulfone (a) and vanillin (b).

XV



Figure 5.2 Schematic representation of the PSf-vanillin membrane fabrication process by in-situ
cross-linking and blending.

Figure 5.3 FT-IR for vanillin, PSf, and PSf-vanillin membranes.

Figure 5.4 Possible intermolecular hydrogen bonding between vanillin and polysulfone
moieties (a), hydrophobic aromatic ring of vanillin for m — 1t interactions with polysulfone (b)
and Intramolecular hydrogen bonding between vanillin moieties (c).

Figure 5.5 FESEM images of the top surface (a-Mo, b-M1, c-M, and d-Ms), bottom surface (e-
Mo, f-Mi1, g-M3, and h-Ms) and cross-section (i-Mo, j-M1, k-My, and |-M3) PSf-vanillin
membrane surfaces.

Figure 5.6 Water contact angle measurements for the PSf-vanillin membrane surfaces.
Figure 5.7 Water uptake studies for the PSf-vanillin membranes.

Figure 5.8 a) Surface zeta potential measurement for the PSf-vanillin membranes, b) Thermal
stability for the PSf-vanillin membranes.

Figure 5.9 Pure water flux measurements for the PSf-vanillin membranes.

Figure 5.10 Permeate flux obtained for NaCl (a) and MgS0a (b) solutions with the PSf-vanillin
membranes and the commercial UA60 membrane.

Figure 5.11 Pure water flux and BSA solution water flux measurements for the PSf-vanillin
membranes and commercial UA60 membrane.

Figure 5.12 Total fouling, reversible fouling and irreversible fouling (a) and FRR and BSA
rejection percentage (b) for the PSf-vanillin membranes and commercial UA60 membrane.
Figure 6.1 An illustration of the fabrication process for PSf-GO/vanillin composite membrane
via in-situ cross-linking and blending.

Figure 6.2 Schematic illustration for the liquid-liquid demixing for PSf-GO/vanillin composite

membrane.

XVl



Figure 6.3 a) FT-IR spectra for PSf, PSf-vanillin, and PSf/GO-vanillin membranes, b-d)
intermolecular hydrogen bonding between GO and vanillin molecules, e) functional groups
and chemical structure of vanillin and f) intermolecular hydrogen bonding between PSf, GO,
and vanillin molecules.

Figure 6.4 a) WU (water uptake) and IEC (ion exchange capacity) b) WCA (water contact
angle), c) surface zeta potential measurements for PSf/GO-vanillin membranes, and d)
schematic illustration for the membrane fabrication process.

Figure 6.5 Field emission scanning electron microscope (FESEM) images for PSf/GO-vanillin
composite membranes.

Figure 6.6 a) Pure water flux, b) and c) permeate flux of 2000 ppm sodium chloride (NaCl) and
magnesium sulphate (MgS04) solutions respectively, and d) rejection rate of NaCl and MgSQ,4
with PSf/GO-vanillin composite membranes.

Figure 6.7 Flux measurements (a, d), fouling measurements (b, e) and flux recovery ratio (c,
f) for BSA and landfill leachate wastewater, respectively, with PSf/GO-vanillin composite
membranes.

Figure 7.1 Schematic illustration for the preparation of x-CGN/GO composite coated
membranes.

Figure 7.2 FT-IR spectra of UA-60, UA-60-k-CGN, and UA-60-k-CGN-GO membranes.

Figure 7.3 FESEM images of UA-60, UA-60-k-CGN, and UA-60-k-CGN-GO membranes (EDAX
analysis for carbon (C), oxygen (O) and sulfur (S) are written in blue color).

Figure 7.4 Pure water flux (a), water flux with NaCl and MgS04 (b, c) and rejection percentage
for NaCl and MgSQ; (d) of UA-60, UA-60-k-CGN, and UA-60-k-CGN-GO membranes.

Figure 7.5 Permeation flux (a), reversible, irreversible, and total fouling (b) and flux recovery

ratio of UA-60, UA-60-k-CGN, and UA-60-k-CGN-GO membranes with landfill leachate water.

XIX



LIST OF TABLES

Table 2.1 Properties and characterizations of pressure-driven membrane processes.

Table 3.1 Compositions of different coating solutions.

Table 3.2 Characteristics of landfill leachate water.

Table 3.3 EDAX elemental analyses for GO/MoS,-PVA composite membranes.

Table 3.4 Comparison of performance studies of reported literature versus the present study.
Table 3.5 Initial concentration and rejection percentage of various contaminants in landfill
leachate water treated with GO/MoS,-PVA composite membranes.

Table 4.1 Composition of GO, CNT and PVA in the various coating solution for the preparation
of GO/CNT-PVA composite membranes.

Table 4.2 Analytical instruments used to study the physicochemical properties of GO/CNT-
PVA composite membranes.

Table 4.3 Surface zeta potential and water contact angle studies of CNT/GO-PVA composite
membranes.

Table 4.4 Comparison of CNT/GO-PVA composite membrane performance with others
reported in the literature.

Table 5.1 PSf-vanillin and TRISEP® UA60 membrane characteristics.

Table 5.2 Composition of the casting solution for PSf-vanillin membranes.

Table 5.3 Structural properties of the various PSf-vanillin membranes.

Table 5.4 MgSO, and NaCl rejection performance for the PSf-vanillin membranes and
commercial UA6O membrane.

Table 6.1 Characteristics of landfill leachate wastewater used for this study.

Table 6.2 Chemical composition of casting solution used for fabrication of PSf-GO/vanillin

composite membranes.

XX



Table 6.3 Various analytical tools used to characterize PSf-GO/vanillin composite membranes.
Table 6.4 Structural properties for PSf/GO-vanillin composite membranes.

Table 6.5 Concentration and rejection rate of different ions in landfill leachate wastewater
with PSf/GO-vanillin membranes.

Table 7.1 Characteristics of landfill leachate wastewater obtained from Hurstville Golf Centre
in Sydney, Australia.

Table 7.2 Surface modification conditions for k-CGN/GO composite coated membranes.
Table 7.3 Analytical instruments used to characterize UA-60- k-CGN-GO composite
membranes.

Table 7.4 Water contact angle and surface zeta potential measurements for UA-60, UA-60-k-
CGN, and UA-60-k-CGN-GO membranes.

Table 7.5 Initial concentration and rejection percentage of various ions and total organic
carbon of landfill leachate wastewater using UA-60, UA-60-k-CGN, and UA-60-x-CGN-GO
membranes.

Table 8.1 Performance summary of the optimal prepared membranes reported in this thesis.

XXI



LIST OF ABBREVIATIONS

NF

RO

1D

2D

GO

rGo
MrGO
CNT
MWCNT
SWCNT
GO-ZnO
MoS;
PSf

PES

PVP
PVA

PEI

PVC
PAN
PVDF
CA

MCE
NMP
B14DBA
BCP)
kGN
BSA

R

Rir

R:

Nanofiltration

Reverse osmosis
One-dimensional
Two-dimensional

Graphene oxide

Reduced graphene oxide

Mild annealed reduced graphene oxide
Carbon nanotubes
Multiwalled carbon nanotubes
Single-walled carbon nanotube
Graphene oxide—zinc oxide
Molybdenum disulphide
Polysulfone

Polyethersulfone

Polyvinyl pyrrolidone

Polyvinyl alcohol
Polyethyleneimine

Polyvinyl chloride
Polyacrylonitrile
Polyvinylidene fluoride
Cellulose acetate

Mixed cellulose esters
1-Methyl-2-pyrrolidone
Benzene-1,4-diboronic acid
block copolymers

kappa carrageenan

Bovine serum albumin
Reversible fouling

Irreversible fouling

total fouling

XXII



FRR Flux recovery ratio

K potassium

Ca calcium

Th thorium

Pb lead

Ag silver

Zn zinc

Fe iron

Cr chromium

Al aluminium

Mg magnesium

NaCl Sodium chloride
NazSO4 Sodium sulfate
MgSO4 Magnesium sulfate
MgCl, Magnesium chloride

XX



NOMENCLATURE

Meaning and symbol

Transmembrane pressure (AP)

Brunauer, Emmett and Teller (BET)

Molecular weight

Active membrane surface area (A)

Permeated water volume (V)

Time interval (At)

Solute concentrations of feed solution (Cf)

Solute concentrations of permeate solution (Cp)

Water flux (Jw)

Maximum value of membrane surface roughness (Rmax)
Root mean square value of membrane surface roughness (Rg)
Turbidity

Total dissolved solids (TDS)

Total organic carbon (TOC)

Conductivity

Salinity

XXIV

Unit

g/L

g/L

L.m2.h"t (LMH)
nm

nm

NTU

mg/L

mg/L

mS/cm

ppt



ABSTRACT

Climate change with industrial and environmental pollution are among the reasons for water
quality deterioration. Unfortunately, conventional polymeric membranes have inherent
limitations, such as low separation or rejection rate, fouling, limited water flux, and high
energy consumption. Two-dimensional (2D) based layered materials with tunable chemical
functionalities and surface charge properties have emerged for on-demand applications,
including membrane technology. However, the instability of graphene oxide (GO)
membranes during operation is one of the biggest challenges for its practical applications.
Therefore, it is important to improve the stability of GO membranes without losing their
physiochemical properties.

This thesis aims to develop advanced performance GO membranes for water purification.
Initially, research was conducted to investigate the pressure-assisted method for fabricating
a GO membrane using polyvinyl alcohol (PVA) as adhesive materials for swelling control and
molybdenum disulfide (MoS;) as nanospacer. The next study evaluated synergistic ionic
complexation between 1D-CNT (carbon nanotubes), 2D-GO, and PVA to overcome the
permeability-selectivity trade-off. Thermal treatment of GO membranes was also
investigated in this study. Later, part of this thesis is focused on developing a proof of concept
of preparing an antifouling GO membrane using a non-solvent induced phase separation
method for a highly selective membrane. The potential of vanillin and GO for various model
foulants and landfill leachate wastewater was investigated in this study. Finally, a surface
modification technique was used to modify the commercially available loose nanofiltration
(NF) membrane. In this study, kappa-carrageenan (k-CGN)/GO composite has been used to
modify a commercial NF membrane to improve salt rejection antifouling properties when

landfill leachate wastewater is the feed solution.
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The techniques presented in this thesis demonstrates are not only simple and effective but
can also be applied to a wide range of membrane substrates and even large-scale membrane
development. GO membranes' mechanical integrity and structural stability are evaluated for
72 hours of operation; however, low water permeability is still challenging. Therefore, studies
should prepare an efficient GO membrane of high permeability without compromising its
rejection rate and stability. At the same time, the mechanical properties and stability of the

GO membrane should be explored to understand its potential applications better.
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