Tailoring the performance of thin film nano composite reverse

osmosis polyamide membranes for water desalination applications

By
Saba Ibrar

Department of Physics

Quaid-i-Azam University
Islamabad, Pakistan
Session (2021-2023)

Registration No.02182113008



Tailoring the performance of thin film nano composite reverse

osmosis polyamide membranes for water desalination applications

A thesis submitted to the Department of Physics, Quaid-i-Azam University, Islamabad, in partial

fulfillment of the requirements for the degree of
Master of Philosophy
In
Physics
By
Saba Ibrar
Department of Physics
Quaid-i-Azam University,Islamabad, Pakistan
Session (2021-2023)

Registration N0.02182113008



Dedication

This thesis is dedicated to my parents and brothers for their endless love, support and
encouragement. Your boundless support, both emotionally and financially, has made it possible
for me to pursue my dreams and reach this academic milestone. This thesis is a tribute to your
enduring faith in my potential and a reflection of the values you have instilled in me and I am

eternally grateful for all that you have done.



DECLARATION

I, Saba Ibrar, MPhil Scholar of Quaid —i-Azam university, hereby declare that the research work
entitled “Tailoring the performance of thin film nano composite reverse osmosis polyamide
membranes for water desalination applications” done by me is original. To the best of my
knowledge, it contains no material written by another person or previously published except where
due acknowledgement or reference has been made. I also declare that I am aware of terms
‘copyright ‘and ‘plagiarism’, and that in case of any copyright violation or plagiarism found in this

work, I will be held fully responsible of the consequences of any such violation.

Date:12/12/2023

Signature of Students
Saba Ibrar

Reg.no.02182113008



CERTIFICATE

It is hereby certified that the work presented by Saba Ibrar D/O Muhammad Ibrar in this thesis
entitled “Tailoring the performance of thin film nano composite reverse osmosis polyamide
membranes for water desalination applications” is based on results of research conducted by
candidate under my supervision. No portion of this work has been formerly been offered for higher
degree in this university or any other institute of learning and to best of author’s knowledge no
material has been used in this thesis which is not his own work, except where due
acknowledgement has been made. She has fulfilled all the requirements and qualified to submit
this thesis in partial fulfillment of the degree of M.Phil. in Physics, at Quaid-i-Azam University,

Islamabad.

Supervisor

Dr. Naveed Zafar Ali

Principal Scientist

Department of EPD

National Centre for Physics (NCP)

Islamabad, Pakistan

Chairman Department of Physics

Dr. Kashif Sabeeh
Department of Physics
Quaid-i-Azam University

Islamabad,Pakistan



ACKNOWLEDGMENTS
“If you are grateful, I would certainly give you more” (Surah Al-Lugman)

Thank you, my Allah, for blessing me with much more than I deserve. Your blessings are like stars

that twinkle in my life, giving light to every moment. Alhamdulillah!

I want to express my gratitude to Dr. Naveed Zafar Ali, EPD department, National Centre for
Physics, Quaid-i-Azam university campus Islamabad, for his technical support and diligent
guidance. His motivating direction, insightful advice, energizing encouragement, generous
assistance, politeness, courtesy, and kind nature enables me to accomplish my assignment well in
time. I greatly benefited from his keen scientific insight for solving practical difficulties and the

ability to put complex ideas into simple terms.

I would like to take a moment to offer a cascade of thanks to Prof. Dr. kashif Sabeeh, chairman
of Department of Physics providing me an opportunity to work in this department. I want to
express my gratitude to Dr. Asif Mahmood and Mr. Zahid Mehmood from Pakistan Institute of
Engineering and Applied Science (PIEAS) Islamabad and NS&TD department of National Centre
for Physics, Quaid-i-Azam university campus Islamabad, for characterizations of synthesized

samples.

To my steadfast friends, Iqra Raza and Sadia Alam, your untiring support and enduring
camaraderie have illuminated my journey through life's twists and turns. You have been the pillars
of strength, the laughter in my darkest hours, and the constant reminders that friendship is a
treasure beyond measure. I would like to acknowledge seniors and lab fellows for listening,

offering me advice and supporting me through this entire process of completing my project.

I would like to express my heartfelt gratitude to my father (Muhammad Ibrar) and my mother
(Rehana Kousar) for their love, constant support, and invaluable guidance throughout this
journey. Their belief in me has been my driving force. This achievement is as much yours as it is
mine. Lastly, a big thanks to my bloodline my brothers Muhammad Awais, Muhammad Jawad,
who have been my safety net in my highs and lows. May ALLAH showers His countless blessings

on them.

Saba Ibrar



1. Table of Contents

ACKNOWLEDGMENTS ...ttt eeeeeeaa e e e e e e eesaaaaeeeeeaeeeennns 6
LIST OF FIGURES . ...ttt ettt e e e e e e et e e e e e e e s s essaaaaaeeeeeeeseenns 9
LIST OF TABLES ...ttt e e e e ettt e e e e e e e essaatrnaeeeeeeeeeanns 11
ABSTRACT ...ttt e e e e e e ettt e e e e s e e e s bbb e e e eeeeessesaabbaeeeeeeseeninns 12
(O = 2N o = SRRSO 1
TINTRODUCGTION . ...ttt e ettt e e e e e s et e et e e e e s sessnsaaaaeeeeeeesssnaareees 1
1.1.SIGNIFICANCE OF NANOTECHNOLOGY: ....uuvtvrieeieeeeeiiiinreeeeeeeeeeeniisreeeeeeeesenssssssseseseseessnsnsneens 5
1.2.INTRODUCTION TO MEMBRANE TECHNOLOGY .....cceeviiiiiiiiiiieieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 6
1.3.OVERVIEW OF POROUS MATERIALS: ......ceottittiririeeeeeiiiiirreeeeeeeeeeenisrreeeeeeeesensssssseseseseessnsnnenes 8
1.4.STRUCTURAL ASPECTS OF NANOMATERIAL COMPOSITES IN MEMBRANE FABRICATION: ......... 9
1.4.1.Carbon based MaterialS: .......coouueiiiieiiiieeeeeeeeeee ettt e e s e e 10
1.4.2.Zeolites and silica NANOPATtICIES: .......cccvvieiviieciiieieeee e e e 11
1.4.3.Covalent organic framework (COFs) and metal organic framework (MOFs): ....... 12
1.4.4.Zeolitic -Imidazolate Frameworks (ZIFS):.......cccccoviiieiiieiiiieeieece e 14
1.5. CUSTOMARY PROTOCOLS CHEMICAL MIXTURES SEPARATION: ......ocevievieeeeeeinrreeeeeineeeeeennnes 16
1.6. POLYMERIC MEMBRANES: ....oiiieiiieieieieeeeeieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeesesesesesesssesesssesesesesssessseseens 17
1.6.1. Rubbery polymeric MemDbIane:..........c.ccveeiieriierieeniieeieeieeseeeree e eseesneeseeeene e 18
1.6.2.Glassy polymeric membrane: ..........ccceevuiriiniiiiiniinieeeeceeeee e 19
1.7.POROUS AND DENSE MEMBRANES: .....ccceiiiiiiiutrrreeeeeeeeiininrreeeseeeeeenisssesesssesesssmsisssesesssessennnns 19
1.8.SYMMETRIC OR ASYMMETRIC MEMBRANES: ....oiiiiiieieieieieieieeeeeeeeeieeeeeeeeeeeeeeeeeeeeeseseesseeeeeeeens 20
L0  POLY AMIDES: ..oiiiiiiiiettiieieee e et eeeette ettt e e e eeeeeaaaereeeeeeeeeessastreeeseeeesesssaaeressseseesanssssereeeseseenanes 21
1.10.MIXED MATRIX MEMBRANE (MMMS): .....iiiiiiiiiiiiieiie ettt 23
1.11.APPLICATIONS OF MIXED MATRIX MEMBRANES (MMMS):.....coiiiiiiiniieeiieeiie e 24
1.11.1.Waste water treatment: ............ooooviiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 25
1.11.2.011ve 011/Water SEPATAtION: .....ccueierireeriieeriieeerieeertteeeeeeeeireesseeesseeesseeennseesnsseeens 25
L. 11.3.PeIVAPOTALION: ...ttt ettt ettt sttt et e 26
1. I2.MEMBRANE PROCESS: ....eiiiiiiiiiiittrieeeeeeeeieeiiteereeeeeeeeeesissreeessseesesssssesesssesesssnssssnsesssesssnanns 27
| D IR\, el o) i1 U v:15 10 ) s LU TR PRRRRR 27
1122 UItra fIration: .....ooooiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee 28
O DR TR\ F: 3 1 o) 41 L 4215 (o) s TR P PSSR 28
1. 12,4 REVETSE OSIMOSIS: ...ccieiiieeieieeeeeeeeeee e 28
1.13.PRESSURE REQUIREMENT FOR RO PROCESS: .....cooiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee 32
1.14. RO MEMBRANES: ......cootiiiiiiiee e 33
1.15. DESIGN AND OPERATIONAL CRITERIA FOR THE RO PROCESS: ......cvvviiiieeeeeiecirreeeeeeeeeeenns 36
1.16. MEMBRANE FILTRATION AND WATER DESALINATION: ......cccovviiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeee 37
1.17. MEMBRANE MODULES: ......ceiiiiiittriteeeeeeeieiiitreeeeeeeeeeieeitssreeesseeeeesssssssessseseesseiissnsessseseennnns 39
1.18.SYNTHESIS TECHNIQUES FOR RO MEMBRANES: ....ccitiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 40
1.18.1.PHASE INVERSION (PI)-BASED SUPPORT LAYER SYNTHESIS: ...cccvveriieiieniieeieennenne 40
1.18.2.INTERFACIAL POLYMERIZATION (IP) FOR SELECTIVE LAYER SYNTHESIS:................ 41
1.19.CALCULATIONS FOR RO MEMBRANES: .......cuuttrieiieeeeeiiiiinrreeeeeeeeeeiieirerereeeeeesseiisssnseseseeeennnns 42
1.20. OBJIECTIVE OF STUDY: tuvttiiieiiiieitttrreeeeeeeeieissreereeeeesssissssssessssssssemmsisssessssssssmmssssssssseesssnnnns 43

1. 21 THESIS LAY OUT: tetttuueeeeteeeeteeeeeeeeeeeetttaeneeeseeesessaananaesesesssssanaesssssesssanaesesssssssmnnsneseees 44



122, PLAN OF WORK ..ttt ettt e e e e e e e et e e e e e e e e e e e e s e e e e e s e e e e s e e e aeseeeeaeeeennaaeeee 44

2. EXPERIMENTAL TECHNIQUES AND MATERIALS: .. 45
2.1. SYNTHETIC PROCEDURES: ....ccettttiiiiiiiiiiiieieieieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeeeeeeeeeeeeeeeeeeeeeeeeeereeeeeees 45
2.2. INSTRUMENTS AND MATERIALS USED: ......cottiiuurrereeeeeeeeiitrrreeeeeeeeesestsnreeeseseeeensssrnseseseeesnnnns 45
R TN T0) YA 23 A 0] 384 01 (€ 46
2.4. DRYING OF ETHANOL AND METHANOL: .....coooiuurreieeeeeeeeiittreeeeeeeeeeeeiitsreeeeeeseesenssssreesesseesnnnns 46
2.5. MOFS SYNTHESIS METHODS: .....ccettttttiiieieieieieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeereeeeeees 47
2.5.1.Conventional hydrothermal/solvothermal methods:..............cccoevviiiiiniiininniieen. 47
2.5.2.Non conventional METNOAS: ........ouveiiiiiiieeieeeieeeeeeeeeee et aeaeseeeeennnanes 47

2.6, ZIFS SYNTHESIS: ...ceiieeutrteeeee et eeeeeeireeeeeeeeeeeeettrreeeeeeeeeessstrsreeeeeeeesssisrsreeeseseesensssrrsereeeeeennnns 50
2.6.1.S0lvothermal METhOd: ........ovvieiieeieeeeeeeeee e aesesesesnnanas 50
2.6.2. Hydrothermal method: ..........cooiiiiiiiiiiieiecie e 50

2. 7.SYNTHESIS PROCEDURE OF ZIF-8:.....ooooviiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 51
2.8.SYNTHESIS OF GRAPHENE: ......ccootttttttreiieeeeeieiiitteeeeeeeeeeesiurreeeeeeeeeeesissareeeseseesensssrneeseeeseennnns 52
2.9.SYNTHESIS OF ZIF-8/3DG COMPOSITES: .....cooouuttttieeeeeieiiiieteieeeeseesisisaseeeeeesssssssssssseeessssssins 53
2.10.MEMBRANE SYNTHESIS METHODS: ....cccceeiiiiiiuttteeeeeeeeeeniiirereeeeeeeenssissereeesesessemsssresesesssesnnnns 54
2.10.1.Support layer synthesis by Pli.......cccooiiiiiiiniiiiiceeeeeeeee 54
2.11.PSF SUPPORT PREPARATION: ......uuuurvieiiieeeiieiirrreeeeeeeeeenisureeeeeeeeeenassssseeeseseesensssrnsesssssesnnnes 55
N B T0) BL0i8 b (0) N 3 241N 27N N (0) N 55
2.13.PREPARATION OF POLYAMIDE MEMBRANE: ......ccceiiiiiiiiitireieeeeeeeeiiiiusrreeeeeeeesensissreeeseeeseennnns 56
2.14 PREPARATION OF ZIF-8 INCORPORATED POLYAMIDE MEMBRANE:.........ccoovvvreiiieiireeeeenennn, 57
2.15.PREPARATION OF ZIF-8@3DG /POLYAMIDE MEMBRANE: .......ccctiitieiiniieniieieeeeneeeneeeeeene 57
2.16.CHARACTERIZATION TECHNIQUES: ...uuuuueeeieteititrenieeeeeeetetuseneeeesesesesssmnnssesssesssmsnnnsssseseseses 58
2.16.1.X-ray diffraction (XRD): ....c.ccooiiiiiiieiieiieeie ettt e 58
2.16.2.Scanning electron microSCOPY (SEM): ...coiiiiiiiiiiiiieiieeeeee et 60
2.16.3.Fourier transform infrared spectroscopy (FTIR): ......coocvieviiiiniiiiieeie e, 61
2.16.4. Thermogravimetric analysis (TGA): . ...cooriiriiiiriiieeeeeeeeeee e 63
2.16.5.RAMAN SPECITOSCOPY: +eeeuvrreeerrearreeairreeatreeaisreesseeesseeessseeessseesssseesssseesssseesssseesnsees 63
2.16.6.Brunauer —Emmett-Teller (BET):.......coooiiiiiiiiiieeeee e 65
2.17. RO MEMBRANE TESTER :........cettttitttreiieeeeeiesitreeeeeeeeesenssueeeesseessessssssseeesesessenssssesesssssssnnnns 66
2.18. PERFORMANCE TEST FOR MEMBRANE RO .....oooiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeee 67
CHAPTER 3.ttt e e e e e e e e e s ee b eeeeeeeeeeensssaareeeeeeeeennaes 69
3. RESULTS AND DISCUSSION: .....eeiiiiittrrreeeeeeeeieiitrreeeeeeeseeisssseeeesseseesensssseseessessssmmssssrsesssessennnns 69
3.1. STRUCTURAL ANALYSIS: .oiiiieiieiiitirtreeeeeeeeieiiirreeeeeeeeeeeeiesnsseesaeeeeeesiissssereseseessesssssesesesesennnes 69
3.2. VIBRATIONAL MODES ANALYSIS: .uvvvviiiiiiiiiiiirereeeeeeeeeiisrneeeeeseeeeseniissseseessessssmnisssssessssssennns 73
3.3, SURFACE MORPHOLOGY: ..cceeeeieiittrtreeeeeeeeieeiitereeeeaeeeesiessssesseeeeseesiessssssseeeseessessssseseseseseennnes 77
3.4. CHEMICAL COMPOSITION OF ELEMENTS: ...uuuuvvriiiieeeiiiiirneeeeeeeeeeeenissreeeeeseesesenisssseeesssssssnnns 78
3. 5. THERMAL STABILITY :.uuvvveieeeeeeieiiiirereeeeeeeeeeeiisrreeeeeeeeeesaesnssessseeeseesssssssessseseessmssssresessseseennnns 81
3.6. SURFACE AREA ANALYSIS: .iiiiiiitttireeeeeeeeiiiiiteeeeeeeeeeesisaseeeesseeesseniissseseessessssisssssrsesssssssnnnns 82
3.7 RAMAN ANALYSIS: «ouutttttetieeeeeieiieirereeeeeeeeeetiirrrteeeeeeeeseetsssressseeeeeesiirsraseseseeeessssissresereeeeeennnes 83
3.8. PERFORMANCE EVALUATION OF MEMBRANES: ........ccciiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee, 85
QL CONCLUSION .ottt et ettt e e e e et e e et a e eeeeeeeeesetsraaaeeeeeeeeeeansrarereseeeennaes 89



LIST OF Figures

FIGURE 1.1:- GLOBAL DISTRIBUTION OF TOTAL AND FRESH WATER ........covvvrrrrrsessssssssmmmnesenssnsnnneesesses 3
FIGURE 1.2:-SOURCES OF SALTWATER INTRUSION[14] .....oocovsttseesesssiimiceesesssnesnsessssssssssssmsssssssssssessessesses 5
FIGURE 1.3:- SCHEMATIC REPRESENTATION OF TFN- RO MEMBRANES INCORPORATING
DIFFERENT NANOFILLERS IN THE PA LAYER [16] c.occooeeesssiiiieeeverrrenenesessssssssssmmsesssssssssssesssssssssssnnne 6
FIGURE 1.4:-A SCHEMATIC DIAGRAM OF MEMBRANE SEPARATION PROCESS.......cccoeiiiiicvverrrrnnnnnnresns 7
FIGURE 1.5 :-CLASSIFICATION OF POROUS MATERIALS........ccccccoesssssiiimmieeeerssnenneessssssssssssmsssssssssssesssesesses 9
FIGURE 1.6 :<(A) STRUCTURE OF GRAPHENE SINGLE SHEET, (B) THE 3D STRUCTURAL
REPRESENTATION OF THE POROUS 3D GRAPHENE[30]....ccccuuuuurruieeeeeererrrrersssssssssssssssssssesssssssseseeeesses 11
FIGURE 1.7:- SCHEMATIC REPRESENTATION OF STRUCTURE OF TYPICAL MOFS[38] ......cccovvvvrrrrrnrnes 13
FIGURE 1.8:-ZIF-8'S RELATIVE PORE SIZE IN COMPARISON TO THE HYDRATED ION SIZES OF NA®,
CL", AND WATER MOLECULES .......eesiiiiiueeeererrresesssssssssssssssssssssssssssssesssssssssssssssssssssssssssssssssssssssssssssne 15
FIGURE1.9:-DISPLAY A REPRESENTATIVE DIAGRAM OF ZIFS WITH METAL CENTERS LINKED BY
IMIDAZOLATE LINKERS THAT ARE TETRAHEDRALLY COORDINATED. ........occccvvvrrrrrrressssssssssnnne 16
FIGURE 1.10 :-DYNAMIC PARAMETERS FOR MEMBRANE SELECTION.........oooovsssrssssesssmmmiecenennnnnenesesss 20
FIGURE 1.11:-SCHEMATIC REPRESENTATION OF SYMMETRIC AND ASYMMETRIC MEMBRANE[54]21
FIGURE 1.12:-STRUCTURE OF POLYAMIDE [59] .....ccvvcvvvverveeeeeesssssssssssssssesssssssessessssssssssssssssssssssssesesesess 23
FIGURE1.13:- SCHEMATIC REPRESENTATION OF MMMS ......cccoooestsssiiimmieeersssnsnessssssssssssssmssssssssssssesesssess 24
FIGURE 1.15:-REJECTION MECHANISM OF RO MEMBRANE ......ccmmmmiiemirmmrnnnnrsssssssssssssnmmisssssssssssesesssess 30
FIGURE 1.16:-COMPARISON BETWEEN THE MORPHOLOGY OF BOTH FO AND RO .31
FIGURE 1.17:-SCHEMATIC CROSS SECTION OF THE TYPICAL THIN-FILM COMPOSITE (TEC)
MEMBRANE, DISPLAYING THE FUNCTIONALITY OF EACH LAYER[68] .......oovvcceevrrrrererrrsssssssssnnne 34
FIGURE 1.18:-GLOBAL DISTRIBUTION OF DESALINATION CAPACITIES BASED ON THE
TECHNOLOGY EMPLOYED.......oooocesteeestsiiiimiieesesessessessssssssssssssssssssssssssssssesssssssssssssssssssssssssssssssssssssssssssne 38
FIGURE 1.19. SCHEMATIC REPRESENTATION OF A SPIRAL WOUND MEMBRANE MODULE................ 40
FIGURE 1.20. LIST OF SOME OF THE MONOMERS COMMONLY EMPLOYED TO CREATE THE PA
ACTIVE LAYER L.ooottttettttemieeeeesessseeeeee e sssssssssssssssssssss s s11s2s s 42
FIGURE 2.1. EXPERIMENTAL INSTRUMENTS UTILIZED (NCP) ...cco.ovrrmmiieerrrrrrnnnessssssssssssmnmsssssssssesseeesssees 46
FIGURE 2.2: AN OVERVIEW OF THE VARIOUS ZIF-BASED MATERIALS FABRICATION METHODS ....50
FIGURE 2.3.ILLUSTRATE THE HYDROTHERMAL PROCESS UTILIZING AN AUTOCLAVE.............cccocvee 51
FIGURE 2.4. A PICTORIAL REPRESENTATION OF STEPS INVOLVED IN THE SYNTHESIS OF ZIF-8......52
FIGURE 2.5: REPRESENTS THE SYNTHESIS PROCEDURE OF 3D GRAPHENE .......cooooesiiiiicerrrrrrnnnnnniiins 52
FIGURE 2.6: FLOW CHART FOR THE SYNTHESIS OF ZIF-8/3D GRAPHENE ...........ccoooeeessiiiiiieeernrnnrnnnesenins 53
FIGURE 2.7 :SCHEMATIC OF THE PSF SUPPORT MEMBRANE BY PHASE INVERSION APPROACH ......55
FIGURE 2.8: POLYAMIDE MEMBRANE FORMATION........coovrrrrresessessssmmmmseessssssssesessssssssssssssmsssssssssssssssesssess 56
FIGURE 2.9. THIN FILM COMPOSITE-PA MEMBRANE ........oooorrresessessssimmsieeessssssseeessssssssssssssmsssssssssssssesessssss 57
FIGURE 2.10:TEN-PA MEMBRANES WITH DIFFERENT ZIF-§ CONCENTRATION (A) PSF@PA-ZIF-
8(0.002WT%) (B) PSE@PA-ZIF-8(0.008WTY) ....vvvvvverresssssssssmmseesssessssseresesssssssssssssssssssssssssssesessssssssssssssssee 57
FIGURE 2.12:X-RAY DIFFRACTION FROM CRYSTAL SURFACES[85].......ccccvvrrrrrrresrssssssssssmmiesesssseseesesssees 60
FIGURE 2.13: SCHEMATIC REPRESENTATION OF SEM .....oovvvsrosesesssssiimmicesssssssneeesssssssssssssssssssssssssssessesssess 61
FIGURE 2.14: SCHEMATIC REPRESENTATION OF FTIR INSTRUMENT[73] ..covvvverrossssessssmieecenennnnneneseses 63
FIGURE 2.15: AN ILLUSTRATION OF RAMAN SPECTROSCOPY EQUIPMENT ........oocoosiiiiivveeererrrnnnnerrrins 64
FIGURE 2.16:SCHEMATIC REPRESENTATION OF BET ANALYZER .......cccccovvrrrrrrnnnsssssssssssieeesessnneenesesss 66
FIGURE 2.17: SCHEMATIC DIAGRAM OF RO MEMBRANE PERMEATION TESTER ...........oooccecrirrnnnnnnnrns 67
FIGURE 3.1: XRD PATTERN OF ZIF-8 ......oooooosstttsessstmsieeesssssseeeessssssssssisssissssssssssee s ssssisesssssssnesesssss 69
FIGURE 3.2 XRD PATTERN OF 3D GRAPHENE ........ccocccvirrrrrrrressssssssssssmmmsssssssssssssesssssssssssssonssssssssssssesssesess 71
FIGURE 3.3: XRD PATTERN OF ZIF-8/3DG w...ccceeesssssssieueeesssrseeesssssssssssssssssssssssssssssssssssssssssssssmmssssssssssssesesssess 72
FIGURE 3.4:XRD PATTERN OF (A) ZIF-8 (B) PSF@PA-ZIF-8(0.00WT%) , (C) PSF@PA-ZIF-8(0.002WT%),
(D) PSF@PA-ZIF-8(0.008WT%),(E) PSE@PA-ZIF-8-3DG(0.002WT%).....ccccceceesssssrrmeeeeererrrrneeessssssssssssne 73
FIGURE 3.5: FTIR SPECTRA OF (A) ZIF-8, (B) ZIF-8/3DG .....vvvvverssessssssssimsseesssssessesessssssssssssmmssssssssssssesesesses 75

FIGURE 3.6: FTIR SPECTRUM OF (A)ZIF-8,(B) PSF@PA-ZIF-8(0.00WT%) , (C) PSF@PA-ZIF-8(0.002WT%) ,
(D) PSF@PA-ZIF-8(0.008WT%),(E)PSF@PA-ZIF-8-3DG(0.002WT%) .- rvveoeseeeeeeereseeeeeseeseeseeeseeeeseeseee 76



FIGURE 3.7: -(A, B) SEM IMAGES OF ZIF-8 AND (C, D) SHOWS SEM IMAGE OF ZIF-8 WITH GRAPHENE

AT (A) 400NM, (22.43KX) (B) 300NM, (35.44KX) (C) 1pM (15.00KX), (D) 10pM(1.00KX) ....vecorrveeenneee. 78
FIGURE 3.8. (A ,B) CREATIVELY DEMONSTRATED THE ANALYSIS OF EDS FOR ZIF-8 AND ITS

COMPOSITE ... eveeeeeeeeeee oo eee oo eeeeeeeee s eee s e s ee s eee s e s e eee s eeee e e e s e eees e eees e eses s seess e seseseeeeeee 79
FIGURE 3.9:SEM MICROGRAPHS OF POLYAMIDE TFC (A, C, F) AND TFN (B, D, E) MEMBRANES.........81
FIGURE 3.10: (A) ZIF-8 EXHIBITED TGA CURVES .......ccosirveeeoeeeeeeeeeeeeeeeeeeeeeseeeeseseeeeseseeeessseeeesseeeeseseeesseseeeen 81
FIGURE 3.11:TGA EVALUATION OF THREE SAMPLES OF MEMBRANE ,(A) PSF@PA-ZIF-8(0.00WT%),

(B) PSF@PA-ZIF-8(0.002WT%) ,(C)PSF@PA-ZIF-8(0.008WT.........ocooreerrreeereseeeereerseseeesseeresseeeseeeeresseeen 81
FIGURE 3.12.A) BET PLOT , (B) LANGMUIR PLOT ........vvcceeooeeeeeeeeeeeeseseeeeeeeeeseseeeesessesseeesessesseeesesseseeeesesseeee 82
FIGURE 3.13.RAMAN SPECTRUM OF ZIF-8..........oociooveeeeeeeeeeeeeeeeoseeeeeeeeeeeeseeeeeeseseeeeeeseeeeeeseeeseeseeesesee s 84
FIGURE 3.14:RAMAN SPECTRUM OF 3D GRAPHENE .....cooovvvveereeoveeseseeeeeeseeseeeeeseseesseeseesesseeesesseseeeseseesee 85

FIGURE 3.15: (A-D) SHOWS THE RO PERFORMANCE OF TFN MEMBRANES AT VARIOUS ZIF-8
CONCENTRATIONS. (D-E) COMPARISON OF RO RESULTS AT VARIED ZIF-8
CONCENTRATION.. ...ttt e et et 86.



List of Tables

TABLE 1.1: EXAMPLES OF RUBBERY AND GLASSY POLYMERS ..o, 19
TABLE 1.3:A BRIEF SUMMARY OF MEMBRANE PROCESS ......c.ccccioiiiiiiiininincececeneeene e 31
TABLE 1.4:RETENTION CHARACTERISTICS OF REVERSE OSMOSIS (RO).....coceoveviiriininininecieiceniene, 35
TABLE 2.1: AS-SYNTHESIZED NANOMATERIALS. ......c..cciiiiiiniteeeteteene ettt sttt s 53
TABLE 3.1:STRUCTURAL PARAMETERS OF ZIF-8 USING XRD .....cccccceoirinininiiieienicienceeneeeereeeeeneenen 70
TABLE 3.2:FTIR BANDS OBSERVED FOR ZIF-8 .......ccteiiiitiiiiiiieteeeetciente sttt 74
TABLE 3.3: AN OVERVIEW OF THE MEMBRANES' DISTINCTIVE FUNCTIONAL GROUPS....................... 76
TABLE 3.4: DISPLAYS THE CONCENTRATION ( WT.%, AT %) OF VARIOUS ELEMENTS IN ZIF-§ AND
ITS COMPOSITE WITH 3D GRAPHENE ......ccooiiiiiiiiiiiicccn e 79
TABLE 3.5: CHARACTERISTICS OF THE PORE STRUCTURE ........ccccccciiiiiiiiiiiiiiiiicccce, 82
TABLE 3.6: RAMAN BANDS OBSERVED FOR ZIF-8 .......ccccoiiiiiiiiiiiiiiiiiiicceeecec e 83
TABLE 3.7: RAMAN BANDS OBSERVED FOR 3D GRAPHENE ........ccccccooiiiiiiiiiiiiiiiccece, 84

TABLE 3.8: REJECTION & PERMEATION FLUX OF MEMBRANES UNDER BRACKISH WATER
CIRCUMSTANCES ...t et et et et et e e et s saeesaee et e a e e e e e e e eneeeneesneeas 88



Abstract

The development of cutting-edge technologies for effective water desalination is required
due to the critical global issue of clean water scarcity. Reverse osmosis (RO) membranes
made of thin-film nanocomposite (TFN) layers with incorporated nanomaterials have
received substantial research as an energy-efficient material because of their flexible
characteristics and improved water/salt separation abilities. Metal organic frameworks
(MOFs, also known as porous coordination polymers), which are three-dimensional
structures consisting of metal-containing nodes connected by organic linkers, have recently
come to be recognized as a novel class of porous materials with a wide range of
technological facets. In this study, the zeolitic imidazolate frameworks (ZIFs), a subclass
of MOFs, were investigated for water desalination applications. ZIFs are an entirely novel,
distinctive type of metal organic frameworks consisting of metal ions and imidazole
linkers. ZIFs have many advantages, including a large surface area, tunable pore size,
controlled topologies, small pore diameter, high thermal or chemical stability, and an
abundance of metal as well as organic substances in their scaffolds. These features make
ZIFs excellent precursors for the porous carbon and similar nanostructures that can be used
as functional materials. In the current work, we have synthesized 3D graphene using the
direct carbonization approach, as well as several classes of carbon-reinforced ZIF-based
hybrid nanostructures, notably ZIF-8 and its individual composites with 3D graphene. The
synthesized materials are characterized using XRD, SEM, IR, TGA, EDX, BET, and
RAMAN. By employing XRD analysis, it was discovered that ZIF-8 nanoparticles have
average crystallite sizes of 19.74 nm crystallizing in the cubic phase, as predicted by the
Debye-Scherrer equation. SEM images of ZIF-8 nanoparticles revealed a rhombic
dodecahedral geometry exhibiting an apparent uniform size around 133nm and membrane
images displayed the usual ridge and valley shape of aromatic polyamide (PA) as well as
BET surface area of 1242.548 m?/g. The prepared sample ZIF-8 displays the major band
at 460cm’', which is the vibration caused by the stretching of Zn-N. ZIF-8 is thermally
stable up to 490°C . The D band (1338 cm™) and the G band (1574cm™) are the two peaks
of the 3D Graphene's Raman spectra, respectively. The integration of functional

nanoparticles is a promising way to improve or generate unique material features, such as



the improvement of permeability or selectivity linked to water filtration and reuse. TFN-
RO trilayered membranes were fabricated using top layer of ZIF-8 nanoparticles with
different wt% incorporated polyamide membranes, enveloped on polysulfone (as middle
layer) overlayered on PET support (bottom layer). The main goal was to examine the
precise impacts of porous ZIF-8 nano structures on the separation abilities of TFN
membranes. Following this, the ZIF-8 modified TFN membranes' apparent morphology,
roughness, or hydrophilicity were altered, which had an impact on the TFN membranes'
salt and water rejection capability. Our findings highlighted the significance of MOFs size
in further research of TFN membranes including MOFs by showing that the TFN
membrane containing ZIF-8 with 0.008wt% showed the best performance owing to the
largest dispersion in polyamide layer. The effective incorporation of ZIF-8 nanoparticles
in TFN membranes raised the water permeation of TFN-ZIF-8(0.008wt%) to 2.84 Lm~h"
'bar!, with the maximum NaCl rejection to 95.56% compared with pristine TFC and other
wt% of ZIF-8/PA TFN membranes. The as synthesized membranes show the better

potential for its use in water desalination applications.



Chapter 1

1.INTRODUCTION

The socio-economic well-being of a country is closely related to its resources, and water
plays an essential role in its development. The issue of water scarcity is becoming more
prominent globally due to factors like climate change, increased industrialization, and
population growth. In 2015, the United Nations established Sustainable Development
Goals (SDGs) that prioritize the availability of reliable and sufficient water as a key factor.
Ensuring an adequate supply of portable water is a critical issue as population growth and
rapid industrial expansion have negatively impacted both the quality and quantity of water
necessary for various aspects of life[1] .The Asian Pacific regions, including Pakistan, are
not exempt from the multiple challenges related to water and achieving sustainable
development goals. Pakistan, specifically, is confronted with both water scarcity and water
quality issues [2]. The qualitative challenges related to water encompass the presence of
bacteriological contaminants, toxic metals, pesticides, and an excess of dissolved salts and
metal ions. Moreover, there is a growing concern regarding water scarcity, with a current
per annum availability of 1050 cubic meters of water per capita for Pakistan's anticipated
population of 200 million people. However, as the population continues to increase, the
situation is expected to worsen, with projections indicating a population of 220 million by
2025. This poses a significant challenge as per capita freshwater availability is estimated
to decline to around 800 cubic meters by 2025, indicating a state of water scarcity. Water
is an essential and renewable resource that sustains life naturally. However, it is not evenly
distributed in its different forms. Saline water makes up about 97.5% of the total water on
Earth, while freshwater accounts for only 2.5%. Out of this freshwater, approximately
31.1% is found in rivers, and underground aquifers, which are used for human
requirements. A significant portion of the remaining freshwater is confined in ice caps, as
displayed in Figure 1.1. The World Economic Forum (WEF) has identified water as the 4™
most impactful and 9" most probable crisis in its global risk report. Water scarcity refers
to the lack of availability or access to safe drinking water due to physical limitations or
excessive demand. Over the past century, water consumption has risen at a rate more than

double that of population growth. As a result, numerous regions, particularly arid areas,



are approaching the maximum sustainable limit for providing water facilities.
Consequently, water is a vital resource essential for the survival of all living beings.
Surprisingly, out of the global population of 7.85 billion people, only one in every nine
individuals currently has access to clean water. Approximately 30% of people worldwide
lack access to fresh water sources, even for elementary sanitation essentials. In the near
future, it is predicted that 60-70% of the global population will reside in areas facing critical
conditions of severe water stress or scarcity[3]. This situation can be attributed to either
the physical unavailability of water resources or the economic inability to afford access to
existing water sources. It has become a widespread issue observed in different parts of the
world. Physical inaccessibility signifies insufficient water resources to address the existing
challenges, while economic unaffordability refers to the absence of proper mechanisms to
obtain access to water sources in the affected regions.Numerous countries, including the
United States, the Middle East, North African regions, parts of Southeastern Europe, South
Indian regions, Pakistan, Afghanistan, Mongolia, Tajikistan, Kazakhstan, and certain areas
in Western Australia, are primarily experiencing a shortage of accessible water
resources[4]. Conversely, specific regions such as Canada, several South American
countries, and a few Northern European countries face minimal to no water scarcity. The
demand for water in domestic, industrial, and irrigation sectors has reached a critical
threshold in numerous regions across the globe. The haphazard release of untreated waste
from different industries is leading to a significant global issue of heavy metal
contamination.[5] This problem is expected to worsen in the future due to population
growth and rapid economic development. Heavy. metals, even in small amounts, are highly
toxic, non-biodegradable, and have the ability to accumulate in the environment.[6] This
poses serious health risks to humans and demands immediate attention to prevent further

harm to both human health and the environment.

Ensuring an adequate supply of portable water is a critical issue as population growth and
rapid industrial expansion have negatively impacted both the quality and quantity of water
necessary for various aspects of life[7]. The demand for water in domestic, industrial, and
irrigation sectors has reached a critical threshold in numerous regions across the globe. The
haphazard release of untreated waste from different industries is leading to a significant

global issue of heavy metal contamination. This problem is expected to worsen in the future



due to population growth and rapid economic development. Heavy metals, even in small
amounts, are highly toxic, non-biodegradable, and have the ability to accumulate in the
environment. This poses serious health risks to humans and demands immediate attention

to prevent further harm to both human health and the environment[8§].

Figure 1.1:- Global distribution of total and fresh water

Saltwater, characterized by a high concentration of NaCl, is unsuitable for human
consumption. The kidneys may experience stress and function impairment due to high
blood salt levels[9]. Saltwater consumption in excess can result in diarrhea, vomiting, and
nausea. The high salt level can cause marine organisms to disrupt their osmotic balance,
which can result in death and dehydration. Because saltwater is so corrosive, it can harm
metal buildings, pipes, and other infrastructure. The process of desalination, such as reverse
osmosis or distillation, becomes crucial to remove salt and other impurities from seawater

or brackish water, making it safe to drink[10]. Excessive salt content in water can



negatively impact plants and crops. Water with high salt levels used for irrigation can lead
to soil salinization, resulting in reduced plant growth and crop yield. The removal of salt
from the water aids in maintaining soil quality and prevents agricultural issues associated
with salinity. By using salt-free water, manufacturing and production processes can avoid
problems like corrosion, scaling, and other issues that may arise from dissolved salts. The
elimination of salt from water ensures that the water quality meets the specific requirements
of the industrial application. Traditional water treatment methods, such as filtration,
evaporation, distillation, ion exchange, adsorption, coagulation, flocculation, chemical
precipitation, and electrochemical processes, have limitations in terms of efficiency and
cost-effectiveness.  In contrast, membrane separation represents a state-of-the-art
technology that has the potential to be applied to a diversity of separation procedures, in
count to water treatment. It confers various benefits over the customary separation
methods, including reduced energy requirements, lower costs, process simplicity,
environmentally-friendly characteristics, hybridization, and scaling up. To this day, reverse
osmosis (RO) remains the prevailing membrane-based procedure of choice for desalinating
brackish water and seawater[11]. However, while RO yields pure water, it suffers from
certain limitations such as a high demand for hydraulic pressure (energy), membrane
scaling or fouling, and the need for widespread pretreatment of given feed [8]. As such,
there exists the potential for a more energy-efficient membrane-based process to supplant
RO for future desalination applications. King tides, storm surge, excessive groundwater
pumping, and sea level rise are some of the main factors that contribute to saltwater
intrusion. Sea level rise and climate change are frequently linked. Ice caps as well as
glaciers melt as ambient temperatures rise, gradually raising the ocean's level. The over
pumping of groundwater for agriculture and other urban uses (such as drinking and
cleaning) in response to population growth is the other primary cause of saltwater intrusion.
When the ocean's seawater level rises above the groundwater level due to rising sea levels
and excessive groundwater pumping, saltwater flows towards the clean and

fresh groundwater source as shown in Figure. 1.2.



1.1. Significance of Nanotechnology:

Nanotechnology involves engineering materials at the molecular or atomic level in
order to create new and advanced substances[12]. In recent years, there has been a
significant increase in the use of nanotechnology, resulting in the commercialization of
numerous products. Nanomaterials possess unique characteristics such as enhanced
strength, lighter weight, and improved efficiency due to their physical as well as

chemical modifications[13].

Figurel.2:-Sources of saltwater intrusion[14]

They also exhibit a high surface area relative to their volume or mass, leading to improved
electrical, magnetic, and optical properties based on quantum effects. Furthermore, this
high surface area allows for more functionalization sites, enhancing the materials'
adsorption capabilities. Currently, there is no widely agreed-upon definition of
nanotechnology. However, (NSTC) describes nanotechnology as the manipulation and
comprehension of materials that exist within the range of 1 to 100 nanometers[15]. This
size range exhibits unique properties that enable novel applications. People worldwide are
recognizing the importance of addressing water contamination and are taking necessary
actions to implement water treatment technologies and purification processes. However,
the current approaches to water treatment and purification are limited and cannot provide
a sufficient amount of safe drinking water to fulfill human and environmental requirements.
A completely new category of functional materials created by nanotechnology need to be
explored for their potential use in desalination and water purification. Hoek and his

colleagues first introduced the term "TFN membrane” in early 2007[16]. In order to create



a thin-film-nanocomposite (TFN) membrane, they proposed the idea of creating enhanced
RO membranes with nanoparticles embedded into the PA layer. According to reports, the
innovative polyamide TFN membrane (as illustrated in Figure.1.3.) contain a variety of
porous nanomaterials as nanofillers, including carbon nanotubes (CNTSs), zeolite.
Through the voids that exist between nanofillers and PA, these TFN membranes quickly
transport water. MOFs are highly desirable for the production of TFN membranes for the
selective separation of nanoparticles[17]. This is mainly because the size of their particles
can be rationally regulated by varying the reactant's composition involving inorganic metal

ions as well as organic linkers.

Figure 1.3:- Schematic representation of TFN- RO membranes incorporating different
nanofillers in the PA layer [16]

1.2. Introduction to membrane technology:

One of the most difficult problems confronting the chemical industry is how we can
separate the mixtures of different liquids and gases having high purity. This can be
accomplished by using a variety of various conventional techniques that are well-known
in the field of chemistry. For instance, distillation, absorption and adsorption for the
separation of gases, and extraction, as well as distillation for the separation of liquids.
However, compared to membrane separation, these techniques use more energy and are
more expensive[18]. Additionally, some heat-sensitive components may be difficult to
separate using these techniques. In recent years, membrane technology has become a

crucial component of numerous critical industrial processes, including the water



purification, gas separation, dialysis, drugs and petrochemicals purification, tissue
engineering. Membrane materials must be exceptionally stable provided the wide range of
chemical industry uses for membrane technology. Utilizing all engineering techniques, a
number of permeable membranes were developed and used to mechanically
separate the liquid streams. The effective development of some asymmetric membranes
for utilization in RO by Yampol , skii and Paul in 1994 marked a major advancement in
membrane technology[19]. The membrane processes, which seek to cover a wide range of
particle sizes, employ various separation principles and mechanisms. Since the membrane
is considered as the core of every membrane separation process, is the characteristic that
unites these processes despite all technical process variations[20]. Although there have
been numerous efforts to define membranes, the following may be the most general and
appropriate: A membrane can be defined as a thin, semipermeable layer used to separate
solutes as transmembrane pressure is applied to the membrane or a selective barrier
between two phases that permits some objects to pass through it, such as certain molecules,
ions, or tiny particles under the influence of different types of driving forces[21]. The
membrane's driving force comes from differences in pressure, concentration and electrical

and chemical potential on both sides. [6].
Transmembrane pressure= (P; +Po)/2 — P, )

P; represents the inlet pressure on feed side, Po shows the outlet pressure on feed side and

P, indicate the pressure on permeate side.

Figure 1.4:-A schematic diagram of membrane separation process



1.3. Overview of porous materials:

Due to their many applications in storage, separation, and catalysis, porous materials have
attracted a great deal of interest from both the academic and industry perspectives. A solid
that has pores, also known as cavities, channels, or voids whose depth is more than their
width, is known as a porous material. In general, porous materials have porosity (the
volume ratio of empty space over the entire volume of the material) values between 0.2-
0.95[22]. Every application for porous materials should be connected to the characteristics
of the pores. The most fundamental intrinsic factors—porosity, pore shape, size, and pore

size distribution—have a significant impact on the characteristics of porous materials.

IUPAC divides these substances based on the size of their pores into the following

categories[23]:

e Microporous materials have pores that are less than 2 nm wide, or extremely small
pores. Only small molecules, such as gases or linear molecules, can pass through
or be retained by them. These components are frequently employed in gas storage,
gas separation, and catalysis.

e Pores in mesoporous materials range in size from 2 to 50 nm. Some large
molecules, such oligomers and aromatic chemicals, can be retained by them.

e Macro porous materials consist of pores that are greater than 50 nm in width and
have the capacity to hold large molecules.

e Another term for porous materials with pores between 1 and 100 nm is called

nanoporous, which includes mesoporous and microporous materials.



Figure 1.5 :-Classification of porous materials

1.4. Structural aspects of nanomaterial composites in membrane
fabrication:

To produce a membrane with the required characteristics in separation technology, the
choice of membrane material is essential[24]. The type of membrane used, the fabrication
process, and the separation method are all influenced by the membrane substance. Effective
separation depends greatly on the compatibility of the desired separation feature with the
chosen material performance. Therefore, selecting a material is not an arbitrary process;
rather, thorough study is needed based on specific polymer properties particularly

structural aspects. Significant requirements for a membrane material include the following:

e Chemically resistant nature

e High flux and relatively effective separation
e Mechanical as well as thermal stability

e Engineering viability

e Reasonable production reproducibility

e Economically affordable

A chemically and thermally stable membrane may more effectively withstand the
demanding operating circumstances for useful industrial separation applications[25]. The
ability to retain a sufficient stiffness toward pressure gradient is essential because pressure

1s a major driving force for numerous membrane processes. An additional requirement is
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the material's thermal stability, which enables the membrane to cope with the oppressively
high temperature conditions of manufacturing operations. Consequently, the perfect
material is affordable and easily transforms into an extremely effective, permeable, and
long-lasting membrane. Performance, morphology, and applications of MMMs rely on the
selection of the proper polymer phase, the properties of the filler, and the degree of filler
material loading. These crucial factors were linked to the future growth and success of
MMM's application[26]. This attribute enhances the effectiveness of MMMs, approaching
the trade-off boundary set by the polymeric membrane. The filler acts as a sieve to separate
one feed species while retaining the other. Some nano-porous materials that have been used
to create MMM s include zeolite, metal oxides, MOFs, and CNTs. Since these conventional
fillers offered improved separation for advanced application while maintaining the cost and
consumption of energy in control, a great deal of attention has been placed on the successful

preparation of the MMMs using them.

1.4.1. Carbon based materials:

A carbon tube having a diameter measured in nm and also have a cylinder shape (consists
of rolled up sheets of single layer carbon atoms) [27]. They are mechanically strong and
have a high conductivity. Hydrophobicity, non-uniformity in structure, and impurities are
some drawbacks. SWCNTs are CNTs with a diameter of 0.5 to 1.5 nm and a wall structure
consisting of a single graphite sheet closed in a tabular shape as shown in Figure 1.6.
MWCNTs are those that have a diameter of greater than 100 nm and are made up of several
graphite sheets stacked one inside the other in a tabular configuration. An allotrope of
carbon known as graphene is composed of a single layer of atoms structured as a hexagonal
lattice nanostructure as shown in Figure.1.6. A graphene sheet has a valence band that
covers the entire surface because each atom is joined to its three closest neighbours by -
bonds and a delocalized -bond[28]. In order to understand the electrical structure of
graphite, scientist Philip R. Wallace started investigating graphene theoretically in 1947.
By combining the words graphite, which refers to carbon in its highly ordered crystalline
structure, and the suffix -ene, which denotes aromatic polycyclic hydrocarbons in which
the atoms of carbon constitute a hexagonal shape or six-sided, ring structures, scientists

Hanns-Peter Boehm and Ralph Setton, as well as Eberhard Stumpp created the term
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graphene in 1986. With this particular structure, it exhibits a variety of remarkable
qualities, including extra high carrier mobility, exceptional mechanical durability and
adaptability, high electrical conductivity, a large specific surface area, and possibly optical
qualities. To be more exact, the agglomeration and re-stacking of graphene sheets
significantly suppresses its inherent features because of its poor processability and unique
structure, which have counteracted its practical applications when used as bulk material.
One ideal approach is to engineer graphene sheets to create three-dimensional (3D)
architectures (such as foam, sponge, network, aerogels, and hydrogels), preventing the re-
stacking of each of the sheets, in order to maintain the special properties in bulk and
increase the practical applications of graphene. Additionally, these three-dimensional
graphene-based materials (3D GBMs) offer numerous novel collective physicochemical
characteristics, including high porosity, low density and a large surface area, excellent
mechanical characteristics, unique electrochemical performance, and so on, in addition to
retaining the intrinsic properties of graphene [29]. For the desalination and filtration of
water, graphene membranes have demonstrated considerable promise. Their atomic-scale
pores enable the selective penetration of water molecules & preventing the passage of ions

and pollutants, making it highly effective & economical for the production of clean water.

() (b)

Figure 1.6 :-(a) Structure of graphene single sheet, (b) The 3D structural representation of
the porous 3D graphene[30]

1.4.2. Zeolites and silica nanoparticles:

Minerals contain silicon and aluminum compounds are known as zeolites. They are divided

into two categories: synthetic zeolites and natural zeolites (porous, prepared by China clay,
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feldspar and soda ash)[31]. Zeolites have high melting point, resistance to environmental
factors, insoluble in water, and generally used for water filtration. During the early stages
of development, when rubbery polymers were utilized to create the MMM, remarkable
separation efficiency for zeolite/polymer MMMs was noted. Zeolite’s excellent
compatibility with rubbery polymers is a result of the polymer chains' increased mobility,
which effectively incorporates particles into them and reduces MMM defects. Zeolite
molecular sieve is associated with considerably higher selectivity and diffusivity when
compared to pure polymer. Zeolite membranes, on the other hand, are expensive and
difficult to produce defect-free membranes for specific uses. Another important category
of traditional inorganic fillers is silica nanoparticles, which are further divided into
organized mesoporous as well as non-porous silica. The ordered meso-porous silica used
in the new generation MMMs, which have various pore sizes, shapes, and configurations,
has shown promise as a porous filler[32]. The high thermal as well as mechanical stability,
the possibility of chemical functionalization, and the acceptable particular surface area
(>500m?/g) of mesoporous silica are its distinguishing characteristics. Mesoporous
materials' larger pores hinder size exclusion and reduce overall selectivity, so pore structure
must be chemically altered for proper separation properties. In comparison to porous
inorganic fillers, nanosized non-porous fumed silica provides a unique set of properties for

silica/polymer MMMs[33]. .

1.4.3. Covalent organic framework (COFs) and metal organic
framework (MOFs):

The lighter elements (H, C, and N) that make up covalent organic frameworks are highly
porous organic solids that are extended in two or three dimensions and joined by covalent
bonds. The covalently bound framework is limited to 2D sheets in 2D COFs, whereas in
3D it is only allowed in 3D sheets with a large surface area. COFs have an ordered, porous
structure with great surface area and stability. In contrast to MOF, non-metal nodes like
boron and nitrogen are used in place of metal nodes. MOFs are organic-inorganic hybrid
materials with crystalline pores that are made up of a regular arrangement of metal ions
that are positively charged enclosed with organic "linker" components[34]. These metal
ions act as nodes, connecting the linkers' arms to create a repetitive, cage-like framework

as illustrated in Fig.1.8. MOFs have such an exceptionally vast internal surface area
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because of its hollow nature. MOFs provide unparalleled structural diversity due to their
consistent pore structures, customizable porosity, and flexible network architecture[35]. -
Their atomic-level morphological uniformity and varied chemical functionality make them
unique among all other porous substances. Researchers can successfully manage the
morphology, porosity, and functionality of the framework. With extremely high porosity
(close to 90 percent free volume) and massive interior surface areas, exceeding 7800 m?
/g[36]. MOFs, have become a distinct group of crystalline substances. These qualities make
MOFs intriguing for potential uses in renewable energy, particularly as media for storage
for various gases like as methane and hydrogen and also large-volume adsorbent
substances to encounter diverse separation requirements. These characteristics, along with
the extraordinary range of variability for inorganic and organic parts of their frameworks,

also make MOFs interesting[37].

Figure 1.7:- Schematic representation of structure of typical MOFs[38§]

We now have MOFs, crystalline hybrid materials produced by molecular self-assembly
from both inorganic and organic components. Initiated by Prof. Omar Yaghi at UC
Berkeley in the late 1990s ("Design and manufacture of an extraordinarily stable, highly
porous and permeable metal-organic framework"), MOFs have developed into a quickly
expanding study area. There have been reported over 90, 000 various MOF structures so
far, and the number is increasing every day. MMMs possess outstanding characteristics
such as controlled porosity, high absorption capacity, improved selectivity, and exceptional
adhesion with polymers [39]. These features are attributed to their large surface area and
the integration of organic linkers into their structural framework. Although there are some
preliminary understandings of the properties and transport processes in MOFs, more

extensive study in this area is still required to resolve many unanswered questions. The
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choice of an appropriate polymer/MOF pair and an effective MOF with greater selectivity
is a significant challenge in the production of technologically appealing MOF/MMM.
Because there are so many MOFs accessible, it seems like this is a necessary requirement
for effective MMM production. Many applications in many domains are being developed
that utilize MOFs' cage-like structure, including as gas separation and storage, liquid
purification and separation electrochemical energy storage, sensing and catalysis and

removal of heavy metal ions from water[40].

1.4.4. Zeolitic -Imidazolate Frameworks (ZIFs):

Zeolitic imidazolate frameworks (ZIFs), which have structures comparable to common
aluminosilicate zeolites, are a novel and distinct class of metal organic frameworks made
up of imidazolate linkers and metal ions. Transition metal ions like Co?" and Zn*" serve as
the metal source for ZIFs, and imidazole or imidazole derivatives, which are comparable
to the ligands of the aluminosilicate zeolite, serve as the organic linker. ZIFs produce a
metal-imidazole-metal (M-Im-M) structure, similar to the Si-O-Si link in conventional
silica-based zeolites, when the transition metal ion and the ligand come into contact[41].
ZIFs are able to possess the porous structure and high surface area of MOFs as well as the
adjustable characteristics and excellent stability of the conventional zeolite structure. Many
ZIF materials offer a wide range of possible applications due to their inherent porous

properties, diversity of functions, and remarkable thermal and chemical stabilities.

ZIF-8s are a well-known and recognized subclass of MOFs that have been extensively
examined for numerous applications. Among the wide variety of ZIFs, ZIF-8, which is the
most common one[42]. It was first created by Chen's group, and Yaghi's group gave it a
systematic designation[42]. The sodalite (SOD) structure of 2-methyl imidazole and zinc
metal ions can be used to create zeolitic imidazolate framework-8 having a ZnNjy cluster
with four and six rings, respectively. ZIF-8 nanoparticles' exceptional stability, which
allowed for long-term use, is one of their advantages. ZIF-8 offers two important benefits.
First off, there is a wide range of potential applications due to its simple fabrication,
customization, and stability. Secondly, its crystallographic pore size, which is 3.4, is
between that of CO», which is 3.3, N, which is 3.64, and CH4, which is 3.8, offering a

good sieving window for CO» gas separation. These factors have made ZIF-8 one of the
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most widely used ZIF materials at the moment, especially in the area of CO, gas separation
membranes. In addition to having superior compatibility between nanofiller and
polyamide, ZIF-8 has 3.4A pore size, making it perfect for separating salt from water.
Furthermore, ZIF-8 has exceptional chemical stability towards hydrocarbons like benzene
and alkanes, which are frequently present in water. Therefore, there is a good chance that
ZIF-8 will be employed as a nanofiller to create a TFN membrane with increased chemical
stability for the water treatment. Due to its advantageous characteristics, such as low
tortuosity nanochannels for quick water transport, pore sizes appropriate for molecular
sieving, better compatibility with polyamide, and superior chemical stability against
hydrocarbons, ZIF-8 was chosen as the nanofiller in this work to create the TFN membrane.
Incorporating ZIF-8 particles whose size is less than the thickness of the polyamide film is
particularly desirable. This is done to make sure the ZIF-8 particles may fit
appropriately inside the polyamide film and prevent the formation of TFN membrane
defects. ZIF-8 crystal structure is comparable to that of zeolite (as shown in Fig.1.9.),
and its pore size is 0.34 nm, making it useful for separating water (0.28 nm) or hydrated

sodium and chloride ions (0.6—0.7 nm)[43] .

Figure 1.8:-ZIF-8's relative pore size relative to the of Na", Cl', & water molecules.

Another subgroup of MOFs is zeolitic imidazolate frameworks -67, or ZIF-67. Similar to

ZIF-8, its structure is created by linking 2-methyl -imidazolate anions, and cobalt cations,
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resulting in a sodalite (SOD) shape. ZIF-67 and ZIF-8 almost share the same synthesis
mechanism due to comparable organic ligands and structural similarities.ZIF-67's
nanostructures as well as mean particle sizes can be altered by carefully varying the
experimental conditions[44]. The subsequent ZIF-67 has an extremely unwavering
structure, an adaptable pore aperture, catalytic activity, and supplementary properties.ZIF-
67's advantages can also be coupled with other substances or building blocks to make
compounds that might function more effectively than pure ZIF-67. Scientists are interested
in ZIF-67 as well as its derivatives because they can be employed in processes including
gas adsorption, molecular separation, electrochemistry, catalytic processes, and other
related activities [44]. The superior stability and large surface area (1240 m?/g) were factors

in the selection of ZIF 67.

et anol

Figurel.9:-display a representative diagram of ZIFs with metal centers linked by
imidazolate linkers that are tetrahedrally coordinated.

1.5. Customary protocols chemical mixtures separation:

The separation of chemical mixtures is non-spontaneous process and requires energy to
separate the chemical mixtures into their constituent parts. Usually, there are one or more
phases in a combination. In the case of a multiphase mixture, the phases must first be
separated. The products may vary depending on whether the feed mixture is solid, liquid,

or gaseous[45]. Each separation process involves the components of a mixture moving to



17

various, distinct spatial locations or phases. By using separation by phase creation
technique, a second phase that is not miscible with the feed phase is produced.
Crystallization and distillation are two typical processes that involves the transfer of
species between the liquid and vapor phases and Separation by phase addition technique
produces a new fluid phase that selectively absorbs, strips, or removes a certain species
from the feed. Liquid-liquid extraction is one of these procedures that is most well-known.
Separation by solid agent approach involves contacting a vapor or liquid feed with a solid
material (adsorbent) that has a large surface area and porosity. Then it makes use of
variations in a species' capacity to absorb for that particular adsorbent. In separation by
force field or gradient ,fluid feeds are subjected to centrifugal, electrical, thermal, and
other external forces, with electrophoresis particularly useful for separating proteins by
altering their electric charge and diffusivity[46]. Separation by barrier method uses a
barrier, usually a membrane, and analyzes differences in species permeability via a barrier.
There are two general requirements for the separation process: Technically, separation
must be possible as well as economically, separation must be feasible. The purpose of the

separation can be categorizing as:

e (Concentration
e Purification
e Fractionation

e Reaction mediation

1.6. Polymeric membranes:

Polymeric membrane is a semipermeable filter media composed of polymers. The part of
feed that may pass through polymeric membrane is known as retentate, while the part of
feed that cannot pass through membrane is known as permeate. Polymeric membranes
based on organic polymer chains that have been cross-linked to create open space for
molecules to diffuse. Polymeric membranes offer strong thermal stability and are
inexpensive, but they compromise on selectivity and permeability, and they have poor

mechanical stability and fouling issues. In order to manage the selective movement of ions,
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polymeric membranes are primarily utilized in batteries, gas separation, and water

purification[47].
e Permeability:

The permeability is a measure of a membrane's permeability to molecules.
Permeability= P= DS
Diffusivity (D) = measurement of a molecule's ability to move through pores in a

polymer chain.

Solubility coefficient (S)=The amount of gas that may dissolve in a unit volume of solvent.

1.6.1. Rubbery polymeric membrane:

Rubbery materials can be used at temperatures above the glass transition, the polymer
chains have plenty of time to rearrange and maintain thermodynamic balance. Silicon
rubber, polyethylene glycol, and polydimethylsiloxane (PDMS) are common examples of
rubbery plastics that are primarily used for membranes. The degree of selectivity with in
rubbery membranes can typically be predicted by the solubility difference of various gases,
regardless of the size of permeate[48]. Therefore, it is uncommon that larger molecules
frequently diffuse more readily than smaller ones. When it is necessary to separate nitrogen
from organic molecules, rubbery polymers primarily permeate organic vapours. The
separation of different solvents from nitrogen or air has been extensively researched using
a representative example of rubbery polymer, PDMS. Blume and colleagues used PDMS
to examine the gas separation capabilities of various gases. They noted that the
concentration of the solvents has a significant impact on their permeabilities and that
solvent sorption into the polymer's structural framework is a necessary condition for
solvent penetration. Silicon rubber is another instance of a rubbery polymer. Silicon
rubber-based polymer membranes can be used in virtually every vapour separation
equipment because they have excellent selectivities and are highly permeable to most

gases.



19

1.6.2. Glassy polymeric membrane:

Glassy polymers have exceptional mechanical qualities and high selectivity, which is why
they are used in the majority of commercial gas separation operations. Smaller molecules
have been found to be more permeable. Size restriction is typically the basis for selectivity
in glassy polymers. Chain rearrangement takes an extremely long time in glassy polymers
compared to rubbery polymers because they can operate far below the Tg.As a result,
thermodynamic equilibrium is never attained in terms of membranes. Polymer chains that
are not precisely packed result in extra free volume in the form of tiny spaces all over the
polymer material. The glassy polymers such as polysulfones, polycarbonates, cellulose
acetate, and polyimides are frequently used for gas separation process. The membranes of
this material are controlled by diffusivity selectivity due to micro voids in the polymeric
matrix. Due to the stiff molecular chains of polymers, sufficient free volume (up to 20%)
can be produced by fast cooling and careful solvent removal. These non-interconnected
micro voids can produce an open surface area that can be based on the gas absorption

method[49].

Tablel.1: Examples of rubbery and glassy polymers

Rubbery polymers Glassy polymers
Polydimethylsiloxane Polysulfone
Polycarbonates

Ethylene oxide or propylene oxide-amide Polyimides

copolymers

Silicon rubber Cellulose acetate

1.7. Porous and dense membranes:

There are two main types of membrane structures: porous membranes and dense
membranes. The construction of the dense membranes lacks any distinct, well-defined

pores or spaces. A gradient in pressure, or electrical potential and concentration drives
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the diffusion process that transports a combination of molecules through dense
membranes[50]. The construction of dense membranes can be symmetric or asymmetric.
The use of an electron microscope is useful in identifying voids and holes as well as
differentiating between porous and dense arrangements. Most uses for porous membranes
involve ultrafiltration and microfiltration. The size, distribution, and molecular weight of
penetrating species all affect the separation performance. Fouling and the concentration
polarization effect, which lower the flux, are a disadvantage of porous membranes[51].
To prevent fouling, material selection is therefore essential. Some membranes have straight
pores, while others have interconnected pores with curved channels, known as tortuous
porous membranes. In Figure 1.10, the dynamic parameters relevant to membranes utilized

in water filtration procedures are highlighted.

Figurel.10 :-Dynamic parameters for membrane selection

1.8. Symmetric or Asymmetric membranes:

A symmetric membrane contains a uniform structure all the way along. Two common types
of symmetric membranes are homogenous dense and porous membranes as shown in
Figure.1.11. The separating and bulk support layers are considered a single unit in the
isotropic membrane structures. It is preferable to have a thin uniform layer to accomplish
greater separation because the rate of flux via polymeric membranes has an inverse

relationship to the thickness of the membrane[52]. The range of symmetric membrane
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thicknesses (whether porous or nonporous) is around 10 to 200 nm, with the overall
membrane thickness dictating the barrier to mass transfer. A breakthrough to industrial
applications was the creation of asymmetric membranes. They are made up of a very thick
top layer or skin that ranges in thickness from 0.1 to 0.5 nm, which is supported by a porous
sublayer that is between 50 and 150 nm thick. While an asymmetric composite membrane
consists of two or more separate layers created through a variety of procedures[53]. The
porous support layer offers mechanical support without contributing to membrane

separation, while the thin layer separates species.
Symmetric membranes

Porous web , sponge or
nodular

dense

Asymmetric membranes

. . Thin Film composite TFC,
Integrally skinned with a Integrally skinned with skin layer and support are

porous skin layer a porous dense layer made from different

materials

Figure 1.11:-Schematic representation of symmetric and asymmetric membrane[54]
1.9. Polyamides:

Numerous studies have been conducted with the primary goal of prolonging the
operational life of components exposed to severe environments, searching for organic
polymers that are resistant to high temperatures as the main focus. Polyamides (PAs) are
the most well-known organic polymers that are formed through polymerization reaction of
TMC with MPD as shown in Figure.1.12. Polyamides are resistant to various chemicals
including bases, acids and oxidizing agents and highly thermally stable due to their strong

thermal stability, polyamides can survive high temperatures without experiencing
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considerable damage[55]. Polyamides are well suited for use in high-pressure water
treatment applications because of their great tensile strength and endurance. Several
commercial nanofiltration (NF) and reverse osmosis (RO) membranes have been
successfully produced using PA, which has good hydrophilicity, mechanical strength, and
thermal/chemical stability. The two crucial properties of the perfect membrane are high
permeability and selectivity. High water permeability is a characteristic of polyamide
membranes that makes them ideal for effective water filtration. The permeability of these
membranes does, however, have a practical limit, beyond which it becomes challenging to
maintain an adequate rejection of solutes. Due to issues with the membrane, fouling, and
concentration polarization, it is difficult to attain 100% rejection of all solutes. In 1990,
Robeson developed a model for membrane performance. It is known that selectivity
decreases as the permeability of the more permeable component increases. Although
polyamide membranes offer an acceptable level of fouling resistance, they are not
completely immune to it. Due to the high degree of crosslinking and low free volume of
PA, the cross-linked PA membranes, particularly the aromatic cross-linked PA
membranes, exhibit high selectivity but slightly low permeance. The membrane's
permeability reduces with increased fouling, which may also have an impact on rejection
performance. Using over 300 permeation data results, a trend was created by plotting
membrane selectivity against permeability of the more permeable component[56]. This
allowed for the clear distinction of rubbery and glassy polymers through specific data
points. The data plots illustrated the balance between selectivity and permeability and

raised the performance limit of the membranes studied

It has been reported that adding inorganic porous materials to PA to create thin film
nanocomposite (TFN) membranes can increase the membrane's permeance. Examples of
such fillers include silicas, zeolites, metal oxides, MOFs and CNTs, or graphene. The
thick PA layers of thin-film nanocomposite membranes can have more transport channels
created by inorganic "fillers" with porous structures and appropriate pore size[57]. This
results in increased permeance without a reduction in selectivity. Because of their superior
separation capabilities, polyamide membranes can efficiently filter out pollutants, salts,
and other impurities from water. These membranes can produce clean, filtered water and

have high rejection rates. Salt as well as other dissolved solids can be eliminated from
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water by RO membranes made up of polyamide, resulting in freshwater that is appropriate
for a variety of uses. Although the polyamide TFC membranes surpass other polymeric
materials in terms of increased water flux , salt rejection, as well as operational stability
over an extensive pH as well as temperature range, the desalination market is still looking
for high-performance RO membranes in order in order to further reduce the energy utilized

by RO processes[58].
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Figure 1.12:-Structure of polyamide [59]

1.10. Mixed matrix membrane (MMMs):

The integration of a solid phase (MOFs, zeolites, carbon nanotubes, COFs) in a continuous
polymer matrix is known as a mixed matrix membrane. By combining the simple
processing of polymers and the higher selectivity of inorganic materials, mixed-matrix
membranes (MMMs) improve the properties of polymeric membranes. Through the
utilization of MMMs, the production of costly inorganic membranes can be eliminated by
employing polymers as the continuous phase and inorganic particles as the dispersed phase.
Mixed-matrix membranes are constructed using either traditional porous fillers like
zeolites, porous silica, and porous carbon molecular sieves, or nonporous fillers like
graphene oxide, which can change the molecular packing of the polymer chains in the
membrane to change the free volume of a polymer[33]. Because of their stability, surface

charge, surface-area-to-volume ratio, and other common characteristics, nanoparticles are
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great candidates to be added to polymers for both the environmental and

biomedical applications including traditional water-treatment methods.

Figurel.13:- Schematic representation of MMMs

In 1970, the first research on mixed matrix membranes was conducted, with the addition
of 5A zeolite as a nanofiller into the polymer matrix demonstrating the best gas separation
performance in comparison to polymeric membrane. The main separation mechanisms of
biological systems, like blood purification, require numerous selective membranes. As a
result, it was the initial factor that attracted natural scientists to membrane technology.
Later, the industrial implementation of the membrane method made a breakthrough due to
the need for sea water desalination through an energy-efficient process. In all the highly
technological different countries, research on the production of high-performance
membranes has become mainstream with the creation of the reverse osmosis method for
desalination. Recent studies on the membrane process have demonstrated that it can
outperform traditional separation techniques like filtering, absorption, adsorption, and
distillation on the basis of energy efficiency, compactness, usability, and environmental

friendliness.

1.11. Applications of mixed matrix membranes (MMMs):

Due to competition in selectivity —and permeability characteristics, inorganic  and

polymeric membranes have faced difficulties. The efficiency of  inorganic and
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polymeric membranes in separation processes can be improved by combining nano fillers
inside the polymer matrix. The separation industry has given (MMMs) some consideration
because of their excellent mechanical, physicochemical, and transport qualities[61]. Gas
separation, hydrogen storage, water desalination, pervaporation are the common

applications of mixed matrix membranes (MMMs).

1.11.1. Waste water treatment:

70% of the earth is covered in water, and 97% of that is sea water, which is worthless
because of its high salt content. According to the WHO, 1.1 billion people lack access to
clean water, which endangers humans, plants, animals, and humans by containing
poisonous metal ions and causing diseases like malaria [62]. ZIF-8 has become a subject
of significant interest as a potential nanomaterial for polyamide TFN membranes. This is
mainly due to its impressive characteristics, such as its excellent water permeability
(approximately 5.0 liters per square micron per hour per bar), high specific surface area
(around 1400 square meters per gram), narrow pore size (3.4A), and remarkable stability
in aqueous environments. A major cause of heavy metals (toxic substances) in surface and
groundwater is wastewater produced by mining, battery manufacturing, and metallurgical
processes. Thus, heavy metals must be removed from wastewater before it is released into
the environment. Some researchers have also created high-flux MMMs for heavy metal
removal from a mixture of polymer and nanofillers. The membranes which are produced
from polysulphone and zeolites nano particles have the capacity to remove the Pb and Ni
from synthetic solutions. During filtering, the PVDF alpha-ZrP membrane with a 1.00 wt%
alpha- ZrP content was able to remove 42.8% (Cd*"), 44.4% (Ni*"), 93.1% (Cu®"),91.2%
(Pb**), from an aqueous solution. A useful adsorption material for treating wastewater is
alpha -ZrP because of its extraordinary qualities, including high ion-exchange capabilities,
high biocompatibility, and capacity to trap different kinds of molecules with different sizes

between their layers.

1.11.2. Olive oil/water separation:

Eliminating pollutants has become a difficult problem in the modern day due to the growth
of environmental contaminants and their hazardous problems[63]. In addition to limiting

the growth of animals and plants, toxic substances found in oily effluents are harmful to
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people. Examples include phenols, polyromantic hydrocarbons. Oil separation has recently
caught the interest of many researchers for the aforementioned causes. One of the most
significant traditional foods around the globe is olive oil. Over 2.5 million tons of olive oil
were produced globally in 2017, and 87% of that was done so in Mediterranean nations.
Production of olive oil is a valuable resource for many countries, both commercially and
in terms of health. Due to its cholesterol-depleting, and anticancer and advantageous
effects on the brain, heart, and nerves, olive oil is regarded as the major nutrient in the well-
known Mediterranean diet. Oil combustion, oil collectors, bio-combustion, are examples
of traditional technologies for the purification of oily wastewaters. In addition, there are
certain novel techniques, such as membrane technology, cyclones, electrostatic deposition,
gravity or centrifugal deposition, and absorption. Membrane technology, which is typically
successful for the separating of the oils having size smaller than 10 micro meter, is one of
the methods described that is most successful for the removal of oil and dissolving oil
emulsions. For oil/water separation, for instance, mixed matrix membranes containing
HMO (hydrous magnese oxide) and TiO» nanoparticles were created. Their findings
demonstrated a reasonable balance between oil rejection effectiveness and pure water flux.
By increasing the nanoparticle loading in membranes, researchers discovered the greatest
pure water flux of 1194 L/m*h, while flux of pure polysulfone membranes having the pure
water flux was 151L/m?h. Since the nanoparticle-containing membrane had an oil rejection
performance of almost 100%. ZIF-8 metal-organic framework impregnated
polyacrylonitrile-based membranes demonstrated exceptional hydrophilicity and the high

oil total rejection effectiveness in the addition of ZIF-8 particles.

1.11.3. Pervaporation:

Metal-organic frameworks (MOFs) & polymer-based MMMs provide a lot of prospects in
pervaporation separation due to the ease of creation and modification of MOFs as well as
their compatibility with polymer matrix. In recent years, biofuel has drawn a lot of attention
as a potential green energy source to solve the world's energy issues. As The
pharmaceutical, fine-chemistry, and chemical industries are highly relevant economically
to alcohol dehydration processes. Applications of PV can be categorized into 4 primary

groups: separation of the organic-organic mixtures, dehydration of the organic solvents
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mixtures, and removal of diluted organic molecules from aqueous streams and reversible
process. Polymer membranes have now been widely used in the PV process, although the
plasticization effect caused by the swelling of polymeric material typically results in a
decrease in selectivity. As a result, it was suggested that mixed matrix membranes
(MMMs), which consist of inorganic fillers and a polymer, could improve PV
performance by increasing selective sorption, diffusion, and stability by the addition of the
suitable fillers. The pervaporation process is a very promising technological advancement
because it may be used in reasonable working conditions. With potential energy savings of
up to 50% compared to the conventional distillation separation, it has proven to be one of
the most effective separation technologies for the purification of bioalcohols. Water
permeates preferentially via hydrophilic membranes like poly (vinyl alcohol), chitosan, and
polyacrylonitrile (PAN), hence these materials are frequently used. Hydrophilic
membranes interact via dipole-dipole interactions, hydrogen bonds, or ion-dipole
interactions with water. Polyimide is the most popular polymeric substance among those
used for pervaporation. It has excellent mechanical, chemical, and thermal stability needed
for liquid separations. ZIFs have shown permanent porosity and much better thermal and
chemical stabilities as compared to others MOFs.ZIF-8 has been widely employed in
MMMs for n-butanol pervaporation at a high flux and selectivity due to its permanent

porosities and strong hydrophobicity.

1.12. Membrane process:

Depending on the driving forces, a variety of membrane processes can be used in industry,
including microfiltration (MF), an ultrafiltration (UF), reverse osmosis (RO),
Nanofiltration (NF), gas separation (GS), pervaporation (PV), and vapour permeation

(VP).

1.12.1. Microfiltration:

Microfiltration is a technique for removing microscopic particles, including
microorganisms yeast cells, colloids, as well as smoke particles, from solutions or gases.
The technique makes use of membrane filters having pores which are accessible to liquid

yet retain the particulates, leading to separation, and have a size range of roughly >0.1
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micro metre. Microfiltration employs porous membranes and operates at low pressure.
Various materials, including ceramics and stainless steel, can be used to produce filters for

microfiltration, such as those made from polymers.

1.12.2. Ultra filtration:

The process of ultrafiltration (UF) involves passing a semipermeable membrane through a
separation caused by factors like pressure or concentration gradients. The so-called
retentate is where suspended particles and solutes with a high molecular weight are kept,
whereas the permeate is where water and solutes with a low molecular weight pass through
the membrane (filtrate)[64]. Sugars and other tiny molecular weight molecules can pass
through ultrafiltration membranes while larger substances including colloids, particulates,
lipids, germs, and proteins can be separated from them. Ultrafiltration membrane pore
diameters range from 0.1 to 0.01 micrometers, which are in between nanofiltration and
microfiltration. Additional properties of polymeric ultrafiltration membranes include
strong chemical and temperature resistance, as well as low fouling propensities with the

right pretreatment.

1.12.3. Nanofiltration:

Between RO and ultrafiltration (UF) membranes, the NF membranes are a comparatively
recent form of pressure-driven membrane[65]. The definition of an NF membrane is based
on two approximations: (1) pore sizes of 0.01 to 0.001, and (2) the passage of a significant
number of monovalent ions (> 30%) across the membrane and multivalent ions are
significantly rejected (by > 90%). The increased permeability, lower energy use, and lower
capital cost of the NF membrane make it more desirable in a variety of industries, including
the pretreatment of desalination plants, wastewater treatment, food, beverage, and

pharmaceutical industries.

1.12.4. Reverse osmosis:

A semi-permeable membrane is employed in the reverse osmosis method to cleanse
drinking water by removing unwanted compounds, larger particles, and ions. Reverse
osmosis is used for both industrial and potable water production due to its proficiency in

eliminating a broad range of bacterial and chemical species from water. The energy-
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efficient, high pressure reverse osmosis process, also known as hyper-filtration, is used to
concentrate low molecular weight compounds in solution, to dewater process streams, or
to purify wastewater. Due to its capacity to concentrate both suspended and dissolved
particles, this method has been applied to the desalination of brackish water. The Reverse
Osmosis (RO) phenomena is depicted in Figure. 1.15. Desalination is done in a way that
creates a flow across a membrane, allowing water that comes from the salty side to enter
the salt-free side. This is only possible if sufficient pressure is applied to the water column
in the area where salt is present. In order to forcefully drive water across the membrane,
this is carried out in order to first reduce the osmotic pressure that is naturally there and
then to provide the pressure that is needed. It is essential to be familiar with the osmosis
phenomenon in order to fully comprehend the RO process. The solvent is allowed to move
through the membrane, but the solute is trapped on the pressurized side selective membrane
must allow smaller components, like water molecules, to pass through without obstruction.
Larger molecules or ions cannot pass through due to the small pore size. Osmotic pressure
across a layer of membrane can be decreased to prevent the natural process of osmosis as
the direction of flow is normally towards the concentrate from the diluted. In this case,
more salt must be added to the cell in order to produce more clean water. Figure 1.16
presents the basic elements of the RO procedure. We need to increase the pressure applied
to the membrane's salty side in order to drive the water through. The fundamental
determinant of pressure is the salt concentration; when water is driven out, the salt

concentration rises and more pressure is needed to obtain more clean water.

Reverse osmosis works by employing a high-pressure pump in order to increase pressure
on the salt portion of the RO and drive the water over the semi-permeable RO membrane,
leaving nearly all (between 95% and 99%) of the dissolved salts left in the reject stream.
The pressure needed varies depending on the level of salt concentration in the incoming
water. If the feed water has a higher concentration of salt, a greater amount of pressure is
necessary to surpass the osmotic pressure[66]. If the hydraulic pressure is higher than the
total of both the osmotic pressure differential as well as the pressure loss of diffusion across
the membrane, the water can diffuse in the opposite direction. The name "reverse osmosis"
refers to this procedure. When the other parameters are kept constant, the water flow rate

becomes proportional to its total pressure since diffusion will occur more quickly if the
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pressure being applied is higher and vice versa. We can concentrate various solutes that are
distributed or mixed in a solution using the RO technique. The water flow across a RO

membrane is seen in the diagram below.

Figure 1.14:-Rejection mechanism of RO membrane [66]

Reverse osmosis is the opposite of the natural process of osmosis. While osmosis happens
spontaneously without requiring energy, reversing the process requires the application of
energy to more concentrated solution. A RO membrane is a special type of barrier that
allows water molecules to pass through but restricts the movement of dissolved salts,
organic sub stances, bacteria. Although both FO as well as RO membranes have a dense
thin film selective layer and a porous support layer, their constructions are different. In
pressure-driven membrane-based procedures like RO, the feed mixture flows against the
selective layer and the permeates accumulate on the support layer. Because high pressure
is used in these processes, it is necessary for a pressure driven membrane to have a
narrow or thin selective layer for increased water flux with salt rejection on a thick

or dense porous substrate to give sufficient mechanical strength.
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Figure 1.15:-Comparison between the morphology of both FO and RO [67]

Overall, membrane processes are influenced by a number of variables, including the pore
size, pressure range, flux range, permeate and membrane type and structure as shown in

Table 1.3.

Table 1.2:A brief summary of membrane process

Membrane Pore size Pressure Flux Membrane  Structure
process (bar) range type
Microfiltration >1pm 1-2 >50 Porous Symmetric
or
Asymmetric
Ultrafiltration  0.1-0.0um  2-5 10-50 Porous Asymmetric
Nano filtration 0.01- 5-40 1.4-12 Porous Composite
0.001pum
Reverse <0.001pm 15-1 0.05-1.4 Porous Composite or

0SMmosis Asymmetric




32

Regarding the history of membrane technology, there have been two distinct
developments: the scientific development and the commercial development. Already in the
middle of the eighteenth century, membrane phenomena were seen and investigated,
although more for the purpose of understanding the barrier qualities and associated
phenomena than for the purpose of creating membranes for technical and commercial uses.
Research on membranes has traditionally included work by biologists, biochemists,
biophysicists, and zoologists in addition to chemists and physicists. Before 40 years ago,
membrane filtration was not thought of as a technically significant separation method.
Today, a variety of applications utilize membrane processes. From an economic
perspective, the current state of membrane processes is somewhere between first
generation (MF, UF, NF, RO) and second-generation pervaporation (PV) and gas

separation (GS) processes.

1.13. Pressure requirement for RO process:

The process of reverse osmosis (RO) is based on a phenomenon known as a liquid driven
membrane, which enables membranes to flow water while rejecting micro-solutes like salts
and less molecular weight organics. In order to offset the effect of osmosis that drives water
to flow towards a very concentrated feed form dilute permeate, pressure-driven force—the
second sort of driving force needed—must be applied. The total amount of pressure that
needs to be used is determined by the salt solution concentration on the concentrated side
of the membrane. For instance, applying more than 200 psi of pressure is necessary for a
system to operate at 1100 ppm to the concentrate side. Typically, the system requires >800
psi of pressure or more to operate at saline concentration >33000 ppm. For domestic
appliances, 50 to 70 psi of pressure are required. Osmotic pressure consideration is a key
element in the high-pressure osmosis process. Typically, the high-pressure RO process
includes feed side operating pressures more than 100 bar. For waste water treatment
systems to achieve high water recoveries, functioning at trans-membrane pressure
differences between 120 and 200 bars must be established. The separation of water from
the solution of salt will be sufficiently driven by this type of pressure differential. When
high separation of both salt as well as low molecular weight organic solutes from solutions

is needed, the low-pressure RO technique is used to prepare electronic grade water.
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The RO method is popular and considered to be the most important when it concerns
purifying brackish water. When the high flux asymmetrical cellulose acetate (CA)
membrane was created using the technique introduced by Sourirajan and Loeb, it was first

used commercially in the late 1960s. The RO method has the following benefits:

e Since the process is pressure-driven, no possibly costly solvents are required.
e [tis an easy technique with an extremely simple structure and operation.

e [t can be employed in conventional procedures as well as hybrid processes.
e Inorganic as well as organic substances can be separated and concentrated

simultaneously.

1.14. RO membranes:

The permeability of a membrane is just as crucial as its ability to selectively separate
different solutes. When a specific material is chosen for its inherent separation properties,
the permeability of the resulting membrane can be enhanced by decreasing its thickness.
The rate of substance flow through the membrane is almost inversely proportional to its
thickness. To maximize performance, most reverse osmosis membranes are designed with
an asymmetric structure. They consist of a thin, dense top layer (thickness <lpum)
supported by a porous sublayer (50-150 um thick). There are two types of reverse osmosis

membranes that are most frequently used.

e Asymmetric membranes

e Thin film composite membranes

Reverse osmosis membranes of the asymmetrical varieties have a thin skin layer that is
supported by a porous sublayer made of a related type of polymer. The dense skin layer
defines the selective characteristics of the membrane along with fluxes, while the porous
layer serves as a mechanical support for the skin layer above it. This thick layer restricts
the movement of very tiny solute molecules. Typically, phase inversion techniques are
employed to prepare these types of asymmetric membranes. Since the majority of polymers
can be dissolved in one or more solvents, it is possible to manufacture asymmetric

membranes from nearly any type of material. Cellulose esters, such as cellulose diacetate
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and cellulose triacetate, are a significant type of asymmetric reverse osmosis membrane
created through phase inversion. These membranes are highly suitable for desalination due
to their excellent water permeability and minimal solubility towards salt. However, their
resistance to chemicals, temperature, and bacteria is notably low. To maintain their
performance, these membranes are typically operated within a pH range of 5 to 7 and at

temperatures below 30°C, preventing polymer hydrolysis

Thin film nanocomposite membranes made up of a thin polymeric barrier layer produced
on one or more support layers that are never identical to the surface layer above them.
Similar phenomena occur in these types of membranes where the surface layer controls the
flux and the porous layer acts as a mechanical support[67]. The barrier layer is quite thin,
allowing for quick water flux. Such membranes are created using an interfacial
polymerization technique, in which extremely porous poly-sulfone is covered with a
polymer solution in water, followed by a cross-linking agent reaction in a non-water
solvent as shown in Figure 1.19. Aromatic polyamides are commonly utilized as alternative
materials for reverse osmosis membranes. These materials exhibit strong salt selectivity,
although their water flow rate is slightly lower. A notable advantage of polyamides is their
ability to function effectively within a broader pH range, spanning approximately from 5

to 9.

Figure 1.16:-Schematic cross section of the typical thin-film composite (TFC) membrane,
displaying the functionality of each layer[68]

Reverse osmosis has a broad range of potential uses, which can be categorized into two

main types: purifying solvents to produce a permeate as the desired outcome, and
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concentrating solutes to obtain the feed as the desired product. Reverse osmosis (RO)
differs in their ability to retain substances. RO has varying retention characteristics for

different types of solutes as shown in table 1.4.

Table 1.3:Retention characteristics of reverse osmosis (RO)

Solute RO
Monovalent ions >98%
Bivalent ions >99%
Bacteria and viruses >99%
Micro solutes >90%

Reverse osmosis, also known as RO, membranes constitute a crucial part of the RO
process, that is frequently employed for desalination, water filtration, and other industrial
uses. To achieve best performance and efficiency, RO membranes are chosen based on a
number of factors such as quality of water, membrane material, permeability, fouling
resistance etc. The overall quality of the feedwater must be considered while selecting the
proper RO membrane. Important factors include the amount of dissolved solids, the
presence of organic components, scaling potential, or suspended solids. A thin-film
composite (TFC), polyamide, and cellulose acetate are just a few of the materials that can
be used to create RO membranes. The material selection is influenced by the particular use,
the operational environment, and the feedwater compatibility. The size of particle or
solutes that may penetrate through the membrane is determined by its Molecular Weight
Cut Off (MWCO). To reject impurities and let desired molecules, such as water, pass
through, it is essential to choose the proper MWCO. The rate at how quickly water may
pass through the membrane is referred to as its permeability. High permeability is preferred
because it boosts the effectiveness and productivity of the RO system. The percentage of
solute still present within the feed stream is known as solute rejection. Removing dissolved
salts along with other impurities from water is the main goal of RO. Therefore, while

choosing a membrane, the salt rejection rate becomes crucial. A higher salt rejection
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suggests improved performance. Over time, system performance may suffer from
membrane fouling, which is a collection of particles or pollutants on the membrane surface.
Longer membrane lifespan and improved system efficiency can also be achieved by

choosing membranes with superior fouling resistance.

1.15. Design and operational criteria for the RO process:

Since water flow is a function of the pressure differential that exists between the applied
hydrostatic pressure and the osmotic pressure across the membrane, pressure plays a
significant role in both the design and operating circumstances. While osmotic pressure is
considered to remain constant, the flow of water increases as the pressure being applied
rises. Due to an increase of solvent flux or no change in solute diffusion, the rejection of

the solute rises with pressure.

In addition to a decrease in viscosity, the solvent flux rises with temperature. The rejection
of solutes also increases with temperature because of the rise in osmotic pressure and the
fact that solute transit requires a larger activation energy than solvent passage. The flux
decreases when the solute concentration rises as a result of a rise in the osmotic pressure
difference. The solute is polarized at the membrane when the feed velocity is lower, but as
the feed velocity increases, the mass transfer re-disperses more of the polarized solute,

decreasing the actual concentration of the solute at the membrane.

The recovery factor, which measures plant capacity, typically ranges from 75 to 95 percent
with a practical maximum of roughly 80%. If the recovery factor is high, the salt
concentration in the process water will be higher, and vice versa. If the concentrations are
significantly higher than they typically are, the separation efficiency will decline. The
effectiveness of separation processes is impacted by this issue. The term Concentration
polarization refers to the depositing of the undesirable solute at the membrane's surface,
which raises the amount of solute at the membrane's wall over that the of a bulk feed
solution. Understanding surface fouling and predicting its performance are crucial for
designing the reverse osmosis process. When a solvent exits the solution and enters a
membrane during the desalination process, a localized concentration of the solutes builds

up. This results in the formation of a rather stable boundary layer near to the



37

membrane[69]. Overall driving force will decrease because boundary layer concentration
has a negative impact on osmotic pressure. Due to this, the water flux will significantly

decrease. In simple terms, the concentration polarization can result in the following:

1. A significant reduction in flow

2. Fouling has increased

3. Arrise in Solute transport

4. At the membrane surface, film resistance against mass transport into the liquid

may be greatly increased.

1.16. Membrane filtration and water Desalination:

Membrane filtration technology emerged in the 1970s as a means to produce effective
and high-performing membranes. This method offers superior separation efficiency,
lower energy requirements, and greater environmental friendliness compared to
traditional treatment methods. Reverse osmosis (RO), ultrafiltration (UF), and
nanofiltration (NF) membranes are commonly utilized for separation and purification
processes. Desalination is a method used to produce freshwater by removing salts as
well as metal ions, and various minerals from naturally saline water. There are two
ways to desalinate water: thermal and membrane-based methods. Thermal desalination
processes can be further divided into multi-stage flash and multi-effect distillation
processes. These processes involve heating the salty water to its boiling point and
gradually condensing it to separate unwanted salts (in their ionic form) from the water.
On the other hand, membrane-based desalination processes like reverse osmosis (RO)
and electrodialysis utilize semipermeable films or membranes to separate dissolved
solids (DS) from the water. Figure1.20 illustrates the global distribution of desalination
capacities based on the technology employed. Regardless of the specific method used
for desalination, energy in the form of heat or electricity is essential and plays a crucial
role. Separation through membrane is widely recognized as a highly adaptable method
for desalination of water. Researchers are actively seeking advancements within the
membrane field, focusing on chemical modifications, nano-scale fabrication
techniques, and the utilization of biodegradable materials to enhance sustainability.

Four distinct separation modes are illustrated in Figure 1.21. The first two, ultra-
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filtration and micro-filtration, operate based on the size of their pores, while nano-
filtration and reverse osmosis employ dense or non-porous membranes, enabling
molecular diffusion through concentration gradients. Reverse osmosis membrane-
separation is a technology that relies on the energy provided by difference of osmotic
pressure. These membranes have extremely small pores at the nanometer scale and
work based on the principle of hydraulic pressure, allowing them to separate both
multivalent as well as monovalent ions[70]. In a study conducted by Malamis et al,
they developed RO systems with metal components that achieved an impressive 98.4%
removal of heavy metal ions from wastewater. This advancement significantly

enhances the effectiveness of the RO membranes for the purification of wastewater.

Figure 1.17:-Global distribution of desalination capacities based on the technology
employed [70]

The majority of early water desalination techniques relied on the evaporation and
distillation of seawater to supply fresh water. For many centuries, these techniques have
been in use, and they have been created to match the requirements of modern living. The
multi-effect distillation (MED) process, which involves heating the seawater in stages with
hot steam, is still a common desalination technique. Despite the efficiency and simplicity
of distillation, other desalination techniques have been developed in parallel with recent
technological advancements[71]. Reverse osmosis (RO) emerged in the late 1950s through

financial support from the U.S. Government, with the aim of desalinating seawater.
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Presently, reverse osmosis has gained recognition as the most efficient and effective
technique for water filtration, offering convenience and a comprehensive purification
process. Among the most widely used methods are electro-dialysis (ED), which involves
converting seawater in hot steam via a process called multi-stage flashing (MSF),
desalination by freezing, and extracting particles that dissolve from ice crystals. The most
promising approach for desalinating water today is reverse osmosis (RO), that depends on
a specific permeability characteristic of membranes. Membrane-based desalination
techniques have become increasingly important in the desalination industry over the past
few decades. Reverse osmosis is a highly effective process for eliminating various
substances from water[72]. It has the ability to remove a significant amount, typically
ranging from 95% to 99%, of dissolved salts, particles, colloids, organics, bacteria, and
pyrogens present in the feed water. This is achieved through the use of an RO membrane,
which selectively blocks contaminants based on their size and charge. In general, any
substance with a molecular weight above 200 is supposed to be rejected through a properly
functioning reverse osmosis  system. Additionally, contaminants with higher ionic

charges are unable to flow through these RO membranes.

1.17. Membrane modules:

Various kinds of membrane modules are designed to meet industrial requirements
depending on the type of membrane and its shape. The commercial availability of hollow-
fiber (HF), spiral-wound (SW), plate-and-frame, and tubular modules has recently
increased. Due to their high membranes area to volume ratio, the SW as well as HF modules
are the ones most often used. Although the SW module has the two primary issues of high
concentration polarization (CP) and fouling , it is nevertheless employed for commercial
RO to UF systems since, according to research, the water flow has increased[74]. The
primary uses of the SW module are the desalination of seawater, treatment of water and
wastewater, water reclamation, product treatment for the dairy industry, and the recovery

of valuable commodities for the pharmaceutical business.
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Figure 1.18 : Schematic representation of a spiral wound membrane module

A sequence of thin sheet membranes and a fine mesh spacer material are used to create
spiral coiled modules. Figure 1.23 illustrates how these sheets are encircled around a tube
with a central perforation. A feed tube, membranes, and a permeate tube, or perforated
product tube are the basic components of a spiral wound module[75]. Water flows across
the membrane surfaces because of the feed spacer. Here, the technique of cross-flow
filtration 1s employed, and the feed runs perpendicular to the surface. On the industrial
level, many spiral-wrapped structures can be connected in a certain order depending on the

need[76].

1.18. Synthesis techniques for RO membranes:

Various methods, including phase inversion, electro-spinning, track-etching, and
interfacial polymerization, are used to create membranes in literature. However, porous
layer preparation and selective layer formation are mainly accomplished using PI and 1P,

respectively.

1.18.1. Phase inversion (PI)-based support layer synthesis:

PI is one of the regularly used techniques for creating membranes from a range of
polymeric building elements. The procedure comprises the carefully regulated transition

of a material such as polymer from its solution state to its solid state. Several techniques
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are categorized as "PI" methods, including immersion precipitating, thermal precipitation
based on the vapour phase, as well as controlled evaporation precipitation[77]. The
fabrication of membranes frequently uses the immersion precipitation technique. The
polymer must be dissolved in an appropriate solvent, cast on an appropriate support, and
submerged in a coagulation bath free of solvents. The coagulation bath and casted polymer
solution's interchange of solvent with non-solvent causes the polymer to precipitate.
Various types of polymers such as PSf , PVA, PES, PVDF, PAN, serve as substrate

materials. DMSO, DMF, and NMP are the commonly used solvents in phase inversion.

1.18.2 Interfacial polymerization (IP) for selective layer synthesis:

The quality of TFC membrane is affected by the ultra-thin selective layer's chemical and
preparation parameters. A new technique creates a PA layer over a substrate using two
monomers. One monomer is organic and the other is aqueous. The technique forms a
crosslinked layer. Figurel.23. displays the most commonly utilized amine and acyl
chloride monomers in literature. When MPD and TMC are combined, a ridge as well as
valley structure results, however when PIP and TMC are combined, a globular surface
shape results. The monomer plays a key role in the thin selective layer of PA composition
.The ridge-and-valley structure of PA layer over globular PA structure is good at rejecting
NaCl[78]. Primarily, the composition of piperazine (PIP) is subject to fluctuations ranging
from 1 to 2wt.% in the production of NF membranes, whereas the content of m-
phenyldiamine (MPD) is conventionally acknowledged to be 2 wt.% in the creation of RO

membranes.
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Piperazine (PIP) P-phenylenediamine m-phenylenediamine (MPD)
(PPD)
coCi CoqQ NCO
C1OC coCi f \(()(I Cloc coqCl
Trimesoyl Isophthaloyl S-isocyanato-Isophthsloyl
chloride (TMC) chloride (IPC) chloride (ICIC)

Figure 1.19: List of some of the monomers commonly employed to create the PA active
layer [78]

For the fabrication of RO and NF membranes alike, it is customary to maintain a modest
amount of TMC concentration within the secondary monomer solution, typically ranging
within the lower bounds of 0.1 to 0.2 wt.%. to ensure a thorough polymerization of
monomer and prevent the hindrance of amide bond formation, it is recommended to
maintain a higher ratio of amine-to-acyl chloride. Furthermore, this approach will also
hinder the hydrolysis of acyl chloride, thereby maintaining a higher degree of crosslinking

within the polymer network.

1.19. Calculations for RO membranes:

The following operational characteristics are required in order to accurately measure a
RO system's performance:

e Salt Rejection(R) %:
The following equation can be used to calculate the NaCl rejection:
R = (1- Cp/Cy) *¥100% (1)

where C,, is the permeate solution's NaCl concentration and Cr is the feed solution's NaCl
concentration. The performance of the system improves with increasing salt rejection. Low

salt rejection may indicate that the membranes need to be cleaned or replaced.
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e Water Flux:

Water flux was calculated by using equation (i1)

Jw= AV/At. A (i1)

Eq. (ii1) was used to determine pressure-normalized water permeation:
Jw= Av/ At.A. AP (iii)

where At is the measurement's time (h), Ap represents pressure at which the device operates
(bar), and AV is the volume of permeate (L). A is the actual membrane area (m?). The
electrical conductivity of both the feed or permeate solutions were compared using a

conductivity meter to calculate the amount of NaCl rejected.

1.20. Objective of study:

The objective of this project is to synthesize the different nanomaterials such as ZIF-8 and
its composite with 3DG and H-BN using solvothermal technique, synthesis of 3DG using
direct carbonization method and also create Thin-film nanocomposite (TFN) membranes
using ultrathin polyamide layers embedded with nanomaterials. These membranes are
known for their energy-efficient properties and have been widely investigated for their
potential in (RO) desalination. Thin-film nanocomposite membranes incorporating zeolitic
imidazole frameworks, such as ZIF-8 and its composite with graphene, have demonstrated
enhanced performance in reverse osmosis (RO). This improvement can be attributed to the
membranes' inherent microporosity and significant surface area. The performance of thin-
film nanocomposite (TFN) membranes in reverse osmosis is influenced by the interaction
between the polyamide matrix and ZIFs nanoparticles. The selective layer and polymeric
sub-layer  will be created using the interfacial polymerization and phase-inversion
process respectively. The effectiveness of the developed membrane will be evaluated
using a standard reverse osmosis (RO) setup. Additionally, the RO membranes and
synthesized materials will be analyzed using techniques such as X-ray diffraction (XRD),
Fourier transforms infrared spectroscopy (FTIR), and scanning electron microscopy

(SEM), RAMAN spectroscopy and TGA, BET.
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1.21. Thesis layout:

Chapter 1 covers the background and overview of water purification technologies and
their limitations and advantages, an overview of nanotechnology as well as membrane
technology, and an overview of porous materials, different types of materials for membrane
preparation, various separation modes and methods for separating the mixtures, Reverse
osmosis's fundamental principle, membrane modules, classification of membranes and

various applications of mixed matrix membranes.

Chapter 2 describes the experimental work and provides information about the methods

and materials used.
Chapter 3 compiles all the results as well as discussion.

Chapter 4 summarizes the project conclusions and future suggestions.

1.22. Plan of work:

1. Synthesis of ZIF-8 and its composite with 3Dgraphene using solvothermal
approach.

2. Synthesis of 3DG by direct carbonization method.

3. Synthesis of PSf@PA-ZIF-8 and PSf@PA-ZIF-8-3DG based MMMs membranes
with different wt% for water desalination applications.

4. Surface morphology, phase purity, thermal stability, and structural
characterizations

5. Performance testing of membranes by using RO membrane permeation tester.
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Chapter 2

Experimental techniques and materials:

This chapter explains the details of numerous experiments performed for the production
of ZIFs materials as well as their composites with 3D graphene and ZIF-8 incorporated
polyamide based MMMs for water desalination. An  overview  of

various characterization techniques utilized to analyze the samples is also provided.

2.1. Synthetic procedures:

Nanomaterials are used in a variety of applications, and their performance is greatly
influenced by their size and shape. In this way, an effort to manage the production of
nanomaterials has been made. The controlled production of ZIF-67 as well as ZIF-8
nanomaterials has become very important due to the wide variety of applications for these
materials. ZIF-67 and ZIF-8 have been combined in a variety of nanostructures, including
hollow spheres, nanowires, and nanotubes, although each of these courses has some
drawbacks. The potential for these nanoparticles to grow into large, irregular particles is
one of these challenges and pure phase of the final product presents the scientists with their
next problem. In order to overcome these challenges, it is necessary to promote a more
consistent and easy preparation technique to obtain pure nanomaterials. Simple mixing
techniques (stirring and sonication) were used in the current work. This method is quick,
uncomplicated, and doesn't need a lot of expensive toxic materials or a catalyst. As a result,

it is the most effective method for producing nanomaterials at a low cost.

2.2. Instruments and materials used:

Instruments which are used for the synthesis of materials are weighing balance, heating
oven and magnetic stirrer, ultrasonic bath sonicator and tube furnace, casting blade, rubber
wiper, centrifuge machine and conductivity meter. Using superior synthetic chemicals
and solvents for the synthesis of materials. Cobalt nitrate hexahydrate ,2 —methyl imidazole
and zinc nitrate hexahydrate, m-phenylenediamine (MPD), trimesoyl-chloride (TMC),
polysulfone (PSF) pellets were obtained from Sigma —Aldrich. Methanol was used as the

solvent for the fabrication of the nanoparticles and was obtained from Sigma Aldrich.
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Hydro chloric (HCL) acid was obtained from BDH and was 99% pure. The laboratory's
deionizer was used to obtain deionized water. Triethanolamine (TEA), Camphorsulfonic
acid (CSA), Dimethyl sulfoxide (DMSO), Dimethylformamide (DMF), maleic acid and

sodium carbonate were purchased from (Sigma —Aldrich).

Figure 2.1:Experimental instruments utilized (NCP)

2.3. Solvent drying:

Ethanol, methanol, and deionized water were the solvents employed in the synthesis
process. Before usage, they were dried to remove any moisture or contaminant from the

solvents in the following ways:

2.4. Drying of ethanol and methanol:

Ethanol and methanol were first distilled, refined, and then further purified by reflux drying
and Mg turnings were used as a drying agent while. Crystals of iodine were used as an

indication.
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2.5. MOFs synthesis methods:

In general, both conventional hydrothermal/solvothermal procedures and unconventional
approaches can be used to synthesis MOF as shown in Fig.2.1. For the manufacture of

MOF, the most conventional and fundamental method is the solvothermal approach.

2.5.1. Conventional hydrothermal/solvothermal methods:

The processes of hydrothermal and solvothermal synthesis are comparable. The precursors
or reactants are dissolved in water in the hydrothermal production method while non-
aqueous solvents are used in the solvothermal synthesis method. Similar to the
solvothermal method, the hydrothermal method's fundamental concept is to heat the
reactants inside a closed vessel utilizing water as a medium and allowing both the pressure
as well as temperature to rise rapidly. Hydrothermal/solvothermal synthesis is the process
of crystal growth or synthesis under extreme conditions of temperature and pressure.
Depending on the temperature range, a Teflon-coated autoclave, or a bottle of glass is used
to heat the solvent in which the organic linker and metal ions are mixed. To create a certain
structure, a number of variables must be controlled, including temperature, pressure,
solvents composition, reagent quantity, etc. The temperature of the reaction mixture is the
key factor for the manufacturing of MOFs. The advantages of using
hydrothermal/solvothermal synthesis techniques include (1) producing powder directly
from solutions, (2) controlling particle size and form by using  hydrothermal

circumstances, and (3) the highly reactive nature of the powder that is created.

2.5.2. Non-conventional methods:

2.5.2.1. Mechanochemical method:

Using a ball mill or a pestle and mortar, this method involves grinding a combination of
metal salts as well as organic linker which require no additional solvent The mixture is
progressively heated after being milled to evaporate any remaining water or additional
volatile byproducts. The method is referred to as a mechanical-chemical process. The
bonds between molecules are mechanically disrupted during this process, and a chemical

reaction occurs. When a smaller quantity of solvent is added at first, liquid aided grinding
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happens. This procedure is very environmentally beneficial because it uses no solvents and
yields more product. MOF crystals with small pore diameters are able to create in about 10
to 60 minutes. However, utilizing this method leads to large, amorphous particles with

irregular morphologies.

2.5.2.2. Microwave-assisted synthesis:

In this approach, the energy required for the reaction is created using microwave radiation
(MW). The use of this technique has a lot of benefits include a rapid crystallization process,
strong morphological control, and a small and homogeneous particle size distribution. Cr-
MIL-10 is the first MOF made using this method. Using this microwave technology
method, MOF, that includes Fe**, AI** and Cr*", was also created[79]. In the process of
synthesis utilizing the microwave approach, the sample, that takes the shape of a mixture
consisting of the substrates and the solvent that is used, will be placed inside a Teflon
vessel, closed snugly, and then heated for the required period of temperature and time.
When using a microwave approach, a permanent dipole molecular moment and an electric

field that oscillates create molecular rotation, which quickly heats up the liquid phase.

2.5.2.3. Electrochemical synthesis:

The electrochemical production of MOFs takes place with metal ions which are
continuously supplied via an anodic solvent rather than employing metal salts as a metal
source[80]. This solvent will interact with the conduction salt and the dispersed link
molecule in the reaction media. The aprotic solvent used in this approach prevents the
deposit of metal on the cathode, although H is generated in the process. Continuously
electrochemical synthesis can produce more products with a higher solid content than batch

processes.

2.5.2.4. Sonochemical synthesis:

The sonochemical method functions by exposing a solution to ultrasonic waves at
extremely high frequencies. When a solution is exposed to ultrasonic vibrations, the

solution's component particles collide under intense pressure. Homogeneous and fast
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nucleation techniques can result in far smaller decreases in crystallization time as well as
particle size than conventional solvothermal synthesis. This method uses ultrasonic
radiation having frequency between 20 KHz -10MHzto produce MOF, which can
accelerate the process of crystallization and is also more friendly to the environment. When
ultrasonic vibrations are applied to a homogeneous liquid, chemical reactions can occur.
The sonochemical approach has many advantages, including the capacity to split large
crystal formations into smaller crystal formations that could be nanoscale, quicker reaction
times, and more outcomes, in addition to a simpler process and a quicker reaction path.
Intermediate reactions are possible due to low temperatures of reaction and increased
energy demands, which promote the following reaction stage. For instance, a catalyst is

not required for the calcination or reaction processes.

2.5.2.5. Solvent minimization method:

There are still some problems, such as an excess of imidazole source and a lot of solvent
waste during washing, even though the manufacture of ZIFs using an aqueous-based
method is more friendly to the environment and doesn't produce any hazardous compounds
when compared to organic solvents. As a result, solvent minimization is employed. In this
technique, water vapor (or organic solvent-based steam) is applied to Teflon cups holding

metal salts as well as organic ligands for 24 hours at 120°C.).
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Figure 2.2: An overview of the various ZIF-based materials fabrication methods

2.6. ZIFs synthesis:

The synthesis of ZIFs uses both hydrothermal and solvothermal processes.
2.6.1. Solvothermal method:

This approach involves mixing the reactants with a suitable solvent present before
transferring them to a Teflon-lined reactor that is heated to a temperature between 100 and
200°C. When the temperature rises, the reactants slowly dissolve and react at autogenous
pressure above the solvent's boiling point[81]. The final result is obtained as crystals that
may be examined using single crystal XRD. This technique gives the user control over the
material's size, shape distribution, and crystallinity. By adjusting the experimental
parameters, such as reaction temperature, reaction time, solvent type, and precursor type,

these properties can be altered.

2.6.2. Hydrothermal method:

Single crystals are created using the hydrothermal process. An autoclave with a steel

exterior and a Teflon interior is used to perform the reaction. In a Teflon-lined reactor,
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reactants and the solvent are introduced. The growth chamber's opposite ends are separated
by a temperature gradient[82]. The capacity to produce crystalline phases gives
hydrothermal methods an edge over other sorts of methods. Moreover, hydrothermal
methods can be used to create materials that have high vapour pressure close to their boiling
temperatures. With this technique, enormous numbers of crystals with adjustable

composition can be produced.

Hydrothermal technology can be used in a variety of ways:
1. Temperature-difference technique

2. Temperature-reduction technique

3. Metastable phase approach

Figure 2.3.illustrate the hydrothermal process utilizing an autoclave

2.7. Synthesis procedure of ZIF-8:

ZIF-8 is synthesized by dissolving 2.38 g of zinc nitrate hexahydrate in 40 mL of methanol.
A similar procedure was used to dissolve 2.463g of 2-methyl imidazole in 40 mL of
methanol. The two solutions mentioned above were sonicated for the next 30 minutes. The
above solutions were mixed together and sonicated for 45 minutes. Without any
interruption, the solution was left alone for 24 hours. The result was separated by
centrifugation, numerous times rinsed with methanol, and then dried for three hours at

80°C.[83]
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Figure 2.4: A pictorial representation of steps involved in the synthesis of ZIF-8

2.8. Synthesis of Graphene:

Graphene was produced by mixing the 2.78g of maleic acid (MA) and 10.16g of sodium
carbonate (NaxCOs3) together. The above mixture was ground well and placed in a
combustion boat, then heated for three hours in a tube furnace to 700°C at a heating rate of
50°C/min in the presence of Argon gas as an inert atmosphere. The next step is to purify
the graphene powder by mixing a 1 molar solution of hydrochloric acid with 230 ml of
distillate water in a 250 ml beaker. Thereafter, the mixture was left to settle for a day after
being stirred for three hours. For the next item, impurities were removed by vacuum
filtration three to four times with distillate water. A three-hour drying process at 80°C

produced the end product[84].

Figure 2.5: represents the synthesis procedure of 3D Graphene
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2.9. Synthesis of ZIF-8/3DG composites:

ZIF-8/ 3DG nanocomposites were prepared by dissolving 2.38 g of zinc nitrate hexahydrate
in 40 mL of methanol. 2.463 g of 2-methyl imidazole and 0.5wt%, 1wt%, and 2wt% of
graphene were dissolved in 40 mL of methanol employing a similar method. The
aforementioned two solutions were separately sonicated for the next 30 minutes,
subsequently mixed and rapidly stirred for an additional 45 minutes and then left
undisturbed for 24 hours. Following centrifugation, the black suspended precipitates were

separated, repeatedly washed with methanol, and then lastly dried at 80°C for three hours.

Figure 2.6: Flow chart for the synthesis of ZIF-8/3D Graphene
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Table 2.1: as-synthesized nanomaterials

ZIF-8 Z1F-8/3DG

2.10. Membrane synthesis methods:

For the synthesis of membranes, a variety of processes are used in the literature, including
phase inversion (PI) and or the electro-spinning, track-etching, or interfacial
polymerization (IP), among others. However, the PI is most frequently used for,
respectively, preparing the membrane's porous layer and creating the selective layer on the

substrate surface.

2.10.1 Support layer synthesis by PI:

PI is one of the regularly used techniques for creating membranes from a range of
polymeric building elements or blocks. A polymer is controlled in its transition from a
liquid solution to a solid state during this process. Examples of "PI" techniques include
immersion precipitation. Immersion precipitation is the process that is most frequently
employed for creating membranes. The polymer is dissolved in a suitable solvent, cast on
an suitable substrate, and then submerged into a non-solvent containing coagulation
solution in this process. The casted polymer mixture as well as the coagulation bath
exchange solvent as well as non-solvent, causing in the precipitation of polymer. A variety

of polymers are used as substrate materials, including polysulfone (PSf), poly (vinyl
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alcohol) (PVA), polyacrylonitrile (PAN), and polytetrafluoroethylene (PTFE). The most
popular solvents for phase inversion include DMSO and DMF.

2.11. PSF support preparation:

The TFC and TFN membranes, which had an asymmetric structure, were fabricated on a
PSF layer using a wet phase inversion method. To prepare the PSF layer, PSF pellets were
subjected to drying in an oven at 110 °C for overnight to remove any moisture present. A
solution of PSF (polysulfone) with a concentration of 15 wt% was created by dissolving
1.5 g of PSF pellets in DMF (dimethylformamide) and stirring the mixture on a magnetic
stirrer for 6 hours at a temperature of 60 °C. To eliminate any air bubbles, it was taken out
and left out overnight. Using a micrometer-adjustable casting-blade or casting knife and
maintaining a thickness of 150um, the polymer solution was casted on a PET support that
was firmly supported on a glass plate. For complete phase inversion, the support was

submerged in water for 24 hours after casting.

Figure 2.7: Schematic of the PSF support membrane by phase inversion approach
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2.12. Solution preparation:

The synthesis of a polyamide active layer by an IP was then carried out using two aqueous
as well as non-aqueous (organic) solutions. In order to prevent oxidation of an amine
solution, first a 2 wt% MPD solution in DI water was made (without the addition of any
additives. DMSO (0.5-2wt%), SLS (0.1-0.5wt%), CSA (0.5-2wt%), and TEA (0.5-2 wt%)
were added as additives to the MPD aqueous solution to assess their influence on permeate
flux and NaCl rejection. On a magnetic stirrer, the resultant solution was thoroughly
stirred until the particles had completely dissolved. To remove any remaining dust or
fibrous material, the produced solution was finally filtered using a filtering paper. A 0.1
wt% TMC solution was produced in n-hexane then stirred for 1 hour in an airtight reagent

flask to prevent evaporation of the solvent and hydrolysis of TMC from ambient moisture.

2.13. Preparation of polyamide membrane:

The following reaction (Figure 2.8) is how polyamide membrane was created via interfacial

polymerization:

Figure 2.8: Polyamide membrane fabrication

The previously constructed PSF support was placed on a frame in a rectangle shape, and
the top surface was exposed to a mixture of above prepared MPD aqueous solution for 10
minutes, allowing the mixture to permeate the PSF's porous structure. A wiper was used to
remove the remaining solution from the support's top surface. The above prepared TMC
solution was then poured on top of the surface and was allowed to stand for 30 seconds

in order to end the reaction and create the TFC polyamide membrane. The above-
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mentioned preparation procedures were carried out at room temperature. The Polyamide

membrane was then stored in DI water until it was needed.

Figure 2.9 : Thin film composite-PA membrane

2.14. Preparation of ZIF-8 incorporated polyamide membrane:

The TFN membrane was made in the same manner as discussed above with the exception
of dispersing ZIF-8 nanoparticles in the TMC solution. Different ZIF-8 concentrations
(0.002, 0.008 wt%) were employed, and they were sonicated for 1 hour right before usage.
The control polyamide thin -film composite (TFC) PSf@PA-ZIF-8(0wt%) membrane
was referred to as M1, while the TFN PSf@PA-ZIF-8 (0.002wt%), PSf@PA-ZIF-8
(0.008wt%) membranes were given the names M2 and M3 respectively. To increase the
cross-linking, the membranes were subjected to heating for 10 minutes at 70 °C in the oven.

The membrane was then stored in DI water until it was needed.

(@) (b)

Figure 2.10: TFN-PA membranes with different ZIF-8 concentration (a) PSf@PA-ZIF-8
(0.002wt%) (b) PSf@PA-ZIF-8(0.008wt%)
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2.15. Preparation of ZIF-8@3DG /polyamide membrane:

The TFN membrane was made in the same manner as discussed above with the exception
of dispersing ZIF-8 and its composite with graphene nanoparticles in the TMC solution.
ZIF-8@3DG concentrations (0.002) were employed, and they were sonicated for 1 hour
right before usage. The control polyamide thin-film composite (TFC) membranes were
referred to as PA, while the TFN membrane PSf@PA-ZIF-8-3DG (0.002wt%), were given
the name as M4 respectively. To increase the cross-linking, the membranes were subjected
to heating for 10 minutes at 70 °C in the oven. The membrane was then stored in DI water

until it was needed.

Figure 2.11: Schematic of the PSF@PA-ZIF-8-3DG membrane by Interfacial
polymerization reaction.

2.16. Characterization techniques:

Details on characterization techniques will be provided in this chapter. The final section
includes the research's findings and conclusions. The produced ZIF-67 and ZIF-8
nanoparticles, as well as their composite with 3D graphene and H-BN, were characterized

using a variety of techniques, including XRD, FTIR, TGA, and SEM, RAMAN, BET.
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2.16.1.X-ray diffraction (XRD):

Over time, several methodologies and approaches have been employed to investigate the
electrical, chemical, and physical structure of various materials in a range of environmental
settings. One of the important experimental methods used to characterize materials is X-
ray diffraction. This method is applicable for obtaining information on various aspects of
materials, including crystalline phase, composition, lattice characteristics, quality,
orientation, defects, stress, and strain. A common technique for determining the purity and
phase of crystalline materials is XRD, which also provides details on atomic spacing and
unit cell dimensions. The crystalline substance and monochromatic x-beam interaction in
this method results in constructive interference. The internal orbital of an atom's electrons
causes electromagnetic radiation with a relatively short wavelength (0.1-10) known as X-
rays. Because it passes through the edges of an object, electromagnetic radiation is mildly
bent, causing diffraction. How much bending is involved depends on how large an
electromagnetic wave's wavelength is compared to the outlet's size. The bending may be
almost imperceptible if the hole is substantially larger than the light wavelength. A crystal
can be utilized for the diffraction of x-rays since the space between atoms in one is similar
to the wavelength of the radiation. X-rays are diffracted and coherently scattered by the
atoms in a crystal's unit cell. Since each crystal is composed of up of parallel planes, it is
important that the total distance spanned by the two parallel x-ray beams be an integral
multiple that of the wavelength being used for diffraction of X-rays. The term "Bragg's
law" is used to describe this phenomenon. Figure 2.12 depicts the schematic diffraction of
two parallel sets of planes. All crystals are made of X-rays in the crystal lattice scatter when
they come into contact with an atom's electrons. These electrons have been scattered, and
this type of scattering is known as elastic scattering. This process results in waves, which

are subject to Bragg's law:
2dsinf = nA

Where d denotes the lattice spacing, 6 indicates the incidence angle, denotes the X-ray

wavelength, and n is an integer.
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Figure 2.12:X-ray diffraction from crystal surfaces[85]

The following three techniques are usually employed for the diffraction of x-rays from

crystal.

e Powder approach
e Laue method

e Rotating-crystal approach

One of the most important methods for examining the structure of materials is XRD
analysis. Following the synthesis of the samples, we analyzed them using XRD. With an
XRD system based on the powder diffraction technique, we employed the D8 Focus,
Bruker model. Cu is utilized as an x-ray source, and the wavelength of the k lines is 1.5406.
The utilized range for "2" is 5 to 800. The scan speed is set at 0.8 steps per second. On a

computer system, the diffraction data is collected.

2.16.2. Scanning electron microscopy (SEM):

The surface morphology of materials is frequently studied with the scanning electron
microscope. When a sample is exposed to radiation, electrons are released from it that
reveal details about its topography, composition, and crystalline structure. The foundation
of SEM is based on the idea that an image created when electrons interact with the sample's
atoms. A variety of signals are generated as a result of this interaction. Such signals are

gathered, and an image is created. SEM analysis is carried out. SEM is an outstanding
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technique for studying morphology at the nanoscale. This technique frequently allows for
the differentiation of features down to 10 nm or less. To prevent the interaction of electrons

and free gas molecules, SEM is carried out under vacuum.
The primary elements of a SEM instrument are as follows:

e Electron gun
e Column (objective lens, detector, condenser lens)

e Vacuum

Figure 2.13: Schematic representation of SEM

2.16.3. Fourier transform infrared spectroscopy (FTIR):

One of the most crucial analytical methods used to describe natural, polymeric, and
inorganic materials is FTIR spectroscopy. In this method, the sample is subjected to
infrared light intervention. The sample must be analyzed using a broad range of near
infrared (NIR) to far infrared (FIR) wavelengths. By using FTIR, all possible wavelengths
are gathered. As FTIR has a far wider measuring range than traditional spectrophotometers,

which have relatively narrow wavelength ranges, it has an advantage.
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Radiation source, Michelson interferometer, and detector are the three necessary additives
of FTIR. Beam splitter, moving mirror, and constant mirror are the three active components
that make up the Michelson interferometer. Two mirrors are placed perpendicular to one
another. The typical method for creating a beam splitter, a semi-reflecting device, is to
place a thin layer of germanium on a KBr substrate. Radiation originates from the source
and is directed at the interferometer. The beam splitter reflects half of the radiation towards
the fixed mirror and transmits the other half to the movable mirror. The radiations that are
then recombined at the beam splitter were reflected by these two mirrors. An interferogram
is the result of the interference between the two reflected radiation beams. The sample,
depending on its nature, either absorbs or transmits such radiations, exceeding the
interferogram. On a detector, a final interferogram is produced. All of the radiation source's
frequencies are present in each interferogram point. Therefore, we need a single intensity
value for each frequency for the analysis. As a result, we cannot immediately examine the
measured interferogram. To obtain a single frequency value for each absorption
measurement, the Fourier transform mathematical technique is applied. Because of this,
the method is known as Fourier transform infrared spectroscopy. The following activities

can utilize FTIR:

e Identification of unidentified compounds
e Evaluation of a material's quality;

e Determination of additives in a material

In our experimental setup, we used a Nicolet 5700 version spectrometer. We utilized a tiny
pellet of KBr for the background spectrum. A little amount of material is combined with
KBr powder and pelletized at a pressure lower than 3.8 tons/cm2 after gathering a
background spectrum. The spectrometer's sample holder is subsequently filled with the
pellet. As 200 scans were performed on each sample, the wave number range of 400 to 700
cm-1 is now available. The raw data is examined using the computer programme Omnic.
Ultimately, we look at the vibrational modes of all samples because different vibrational

modes are seen for each sample.
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Figure 2.14 : Schematic representation of FTIR instrument[73]

2.16.4. Thermogravimetric analysis (TGA):

The TGA method uses a sample's decomposition pattern to identify the chemicals in the
sample. Thermogravimetric analysis can be used to assess the purity of organic substances,
inorganic chemicals, and minerals. This method is employed to examine the sample's
thermal stability. By adjusting the temperature at a constant rate of heating, TGA entails
the study of changes in the physiochemical properties of the materials. The specimen is
placed in an inert environment with a regulated temperature that has been programmed.
The sample is heated over a period of time until the desired temperature range is reached.
The apparatus monitors the weight loss of the sample with regard to time and heat. The
curve displayed between the weight loss and temperature can be used to determine the

thermal stability for a given sample.

2.16.5. Raman spectroscopy:

Raman spectroscopy, a non-destructive technique for chemical analysis, provides
comprehensive information on chemical structure, and phase or molecular vibrations,
crystallinity. For the purpose of analyzing the rotational or vibrational modes of molecules,
C.V. Raman created the Raman spectroscopy in 1928[86]. Whenever light interacts with

molecules in a solid, liquid, or gas, photons are scattered out with an energy equal to that
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of the incident photons and this phenomenon is called Rayleigh or Elastic scattering. One
of these photons out of every ten million will scatter at a frequency different from the
incoming photon. Raman effect, also referred to as inelastic scattering, is the name of this
phenomenon. Unlike FTIR spectroscopy, which analyzes variations in dipole moments,
Raman spectroscopy analyzes changes in polarizability. As a result of the interaction of

light with the molecule, the electron cloud of the molecule may shift or distort.
There are three possible ways for light to be released once an electron absorbed energy:

* The light is emitted again at the same wavelength once an electron comes back to its
original ground state as there is no energy difference which is known as Rayleigh

scattering.

* When excited, an electron doesn't fall to the ground level; it lowers to a vibrating level,
some amount of the energy was absorbed by a molecule, resulting in the emission of light

with a wavelength that is longer as the incident light. This is called” Stokes scattering."

*If an electron gets excited from a vibrational level, it will go to a virtual level having more
energy. Its wavelength is shorter because it has more energy as the incident photon, which

is produced when the electron strikes the ground. This is known as "Anti-Stokes."

Figure 2.15 : An illustration of Raman spectroscopy equipment

The light source utilized in Raman spectroscopy is a laser. The spectrum of the light is
determined by the laser source's bandwidth. Typically, a shorter wavelength causes
more Raman scattering. Before going through the filter, the sample is subjected to both
elastic or inelastic scattering in the laser-accepting sampling chamber. To discriminate

between Raman & Rayleigh scattered light in Raman spectroscopy, a filtering device
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is used. This is carried out to acquire high-quality Raman spectra. Long pass, notch,
and volume halogen filters are a few types of filters. Dispersed light signal detection is
possible by detectors. LCD array detectors are frequently used in modern Raman
spectrometers. They are made to detect signals at different wavelengths, even very

weak signals. Raman spectra are displayed on computers using appropriate software-

2.16.6. Brunauer —-Emmett-Teller (BET):

BET analysis is a method for analyzing solid materials that is used to identify the surface
areas as well as pore size distributions. The method relies on the actual adsorption of an
inert gas, like nitrogen, upon the solid layer of the sample[87]. The measured particular
surface area is expressed in m%/g. The calculation of surface area should be done at an
isothermal temperature. Depending on the inert gas being used (77 K for liquid nitrogen,
for instance), a specific temperature must be employed. The appropriate inert gases for the
analysis are determined by the characteristics of the sample. Small molecules of gas are
drawn to the outermost layer of the solid sample, opening a porous structure to generate an
adsorbed gas monolayer[88]. The sample is heated in a non-nitrogen environment once a
gaseous layer of molecules has formed. This enables the outermost layer of the sample to
release the molecules of adsorbed nitrogen gas. The porosity and surface area of the sample
can then be determined, together with the number of released gas molecules. An important
step before starting a particular surface area measurement is sample preconditioning. A
degassing procedure is required to eliminate any moisture that may be physically bound to
the surface. The degassing procedure is carried out for a minimum of 16 hours in a vacuum
and at high temperatures. The setup must be calibrated before starting the real BET
measurement by carrying out a helium blank run. Normally, the helium cannot be adsorbed

onto the solid surface of sample.
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Figure 2.16 : Schematic representation of BET analyzer

2.17.RO membrane tester:

The RO membrane permeation system contained membrane cells, feed tank having
deionized water or NaCl solution, flow meter and a bypass valve offers an alternative path
for liquid flow, control valve regulates liquid flow and pressure and using thermocouples
to control feed temperature, main power supply. The solution was transferred from the feed
tank to the membrane module using the feed pump. The stream of rejected concentrate,
which is sometimes referred to as retentate, passed through the concentrate's valve: and

subsequently recovered back into the feeding solution.
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Figure 2.17 : Schematic diagram of RO membrane permeation tester

2.18. Performance test for membrane RO:

The RO performance of prepared TFC and TFN membranes was assessed using a RO
experimental setup in order to measure the NaCl rejection and water flux as shown in
Figure. 2.19[89]. At first, the 0.0019 m? area of TFC-PA membrane that is typically used
in a RO setup. The membrane for deionized water performed water permeability testing at
room temperature. The concentration of feed remained same in every test experiment. The
tests were conducted at a steady operating pressure with a 30-minute interval. The features
of the synthesized membrane's water flux and salt rejection were also tested for a 2000 ppm
aqueous NaCl mixture at ambient temperature. and the RO performance test was carried
out at a cross-flow rate of 2L/min, 20bar feed pressure and 25°C temperature. A
standardized digital conductivity metre was used to monitor the electrolyte (NaCl)
concentration in both the feed and the permeate. The same procedure was used for thin-

film nanocomposite membranes.



Figure 2.18 : sSchematic representation of RO experimental setup

Salt such as NaCl rejection can be calculated by:

R = (1- Cp/Cy) *¥100%
where C, is the permeate solution's NaCl concentration
Crt s the feed solution's NaCl concentration.
Pressure-normalized water permeation can be evaluated by:

Jw=Av/ At.A. AP

where At is the measurement's time (h)
Ap represents pressure at which the device operates (bar)

AV is the volume of permeate (L), A is the actual membrane area (m?).

68
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CHAPTER 3

3.Results and discussion:

Details on results of characterization techniques will be provided in this chapter. The
synthesized ZIF-8 nanoparticles, as well as its composite with 3D graphene and ZIF-8
incorporated polyamide (PA) membranes were characterized using a variety of techniques,

including XRD, FTIR, TGA, and SEM, EDX, BET, RAMAN.

3.1. Structural analysis:

The crystalline structure of ZIF-8 and ZIF-67 nanoparticles was examined using XRD. In
Figure 3.1a, the distinctive diffraction peaks for the ZIF-8 sample were clearly visible at
2theta = 7.35°, 10.4°, 12.83°, 14.65°, 16.4°, 18.0°, 22.1°, 24.5°, 26.7°, and 29.6°. These
peaks can be attributed to the (011), (002), (112), (022), (013), (222), (114), (233), (134),
and (044) planes, respectively These peaks show that ZIF-8 has a high degree of
crystallinity, and it was successfully synthesized[90]. The crystals show a body-centered

cubic crystal structure and the average crystallite size of ZIF-8 is 19.74nm.

Figure3.1: XRD pattern of ZIF-8



Table 3.1 :Structural parameters of ZIF-8 using XRD
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Sample Peak (hkl) FWHM  Crystallite D d(nm)

Name position size(nm) nm(Average)

ZIF-8 7.35 011 0.29347 26.37 19.74 8.019
10.4 002 0.37552 20.56 5.671
12.71 112 0.28376 27.16 4.643
14.69 022 0.71962 10.68 4.020
16.41 013 0.46921 16.35 3.601
17.98 222 0.30737 24.92 3.289
22.49 114 0.52132 14.53 2.423

Figure 3.2. displays the patterns of X-ray diffraction of the three-dimensional graphene in

arange of 20 from 10’ to 50°. The (002) as well as (100) crystalline planes of the graphene

sheets were assigned to two distinctive diffraction peaks at 26.5°(20) and 43.9°(20),

respectively, with the former indicating the distance among the layers of graphene and the

latter indicating the short-range structure of the stacking graphene nanosheets. The 3D

graphene's slightly increased width of the (002) peak refers to a large surface area and

better graphitization of the as-prepared three-dimensional graphene frameworks produced

by the a single-step carbonization technique, which is comparable with the earlier results.
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Figure 3.2: XRD pattern of 3D graphene

Figure 3.3. displays the combined ZIF-8 and Graphene's X-ray diffractogram. The XRD
patterns exhibit just one broad peak at 26.5°, which is characteristic of graphitic carbon and
correlates with the carbon (002) diffraction. The structural properties of the graphite
particles were studied using X-ray diffraction analysis. This analysis shows a distinct peak
at position 2 theta = 26.5°; this peak is extremely sharp and intense to support the extremely
high crystallinity of graphite powders. These broad peaks are an indication of particular
types of amorphous, porous carbon, However the distinctive diffraction peaks for the ZIF-
8 sample were clearly visible at 2theta = 7.35°, 10.4°, 12.83°, 14.65°, 16.4°, 18.0°, 22.1°,
24.5°, 26.7°, and 29.6°. These peaks can be attributed to the (011), (002), (112), (022),
(013), (222), (114), (233), (134), and (044) planes, respectively. Consequently, this pattern

shows graphene peak.
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Figure 3.3: XRD pattern of ZIF-8/3DG

XRD analysis was used to describe the crystal structure of the ZIF-8 particles and
membranes, as shown in Figure 3.4. The highly crystalline structure or purity of the ZIF-8
particles synthesized in this study are indicated by the ZIF-8 XRD pattern, which is well
matched to both simulated and experimental patterns available in literature. The TFC
membranes display three diffraction peaks at 26 =17.34°,22.54°,25.75 ° corresponding
to reflections from the (010), (110), and (100) planes, highlighting the semi-crystalline
structure of the thin film membrane[91]. The peak strength of the PSf@PA-ZIF-8
membrane are sharper at 5-15° where correlates to the distinctive peaks of ZIF-8 at 7-14°.
The XRD spectrum for the PSf@PA-ZIF-8 membranes are identical to the pure PA
membrane. The characteristic diffraction peak at 26.5°(20) was ascribed to the (002)
crystallographic plane of the graphene sheets. The ZIF-8 nanoparticles were incorporated
in PA by interfacial polymerization since the XRD pattern for the PSf@PA-ZIF-
8 membrane shows characteristics of both the ZIF-8 nanoparticles as well as pure PA

membrane[92].
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Figure 3.4:XRD pattern of (a) ZIF-8 ,(b) PSf@PA-ZIF-8(0.00wt%) , PS{@PA-ZIF-
8(0.002w1%), (d) PST@PA-ZIF-8(0.008wt%),(¢) PSF@PA-ZIF-8-3DG(0.002wt%)

3.2. Vibrational modes analysis:

Figure 3.5. shows the results of an FTIR analysis to identify the functional groups of the
materials produced. The prepared sample ZIF-8 exhibit the main band at
,3141,2929,1635,1585,1446,1381,1178,1146,995,762,687 cm™'. These bands agree with
the previously published data. The band at 3455 cm™ may be due to the the oxygen-
hydrogen (O-H) stretching vibrations of water following KBr deliquescence and the
corresponding N-H stretching vibrations of the remaining Hmim. The aromatic & aliphatic
C-H asymmetrical stretching vibrations were linked to the peak at 3135 and 2929 cm™,
respectively. The band at 1585 cm™ corresponded to the C=N stretching vibration, while
the band at 1635 cm™ was caused by the C=C stretch mode. While the band at 1146 cm™!
was from the aromatic C-N stretching mode, the signals between 1300 and 1460 cm™! were
for the whole ring stretching. Similarly, the peak values at 995 and 760 cm™ might be
attributed to the vibration of the C-N bending mode and the C-H bending mode,
respectively[93]. The band at 694 cm™ was caused by the Hmim's ring out-of-plane
bending vibration. Fig 3.7b (b) blue peak representation demonstrates that the C-OH bond

which causes the graphene peaks, which are designated at 3430 cm™ and 1572 cm™.
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Table 3.2: FTIR bands observed for ZIF-8

Wave number (cm™') Bonds

3141 Stretching vibrations of the aromatic C-H

2922 Asymmetric stretching vibrations in the aliphatic C-H ring
1585 C=N stretching vibration

1635 C=C stretching

1146 Aromatic C-N stretch mode

1300-1460 Whole ring stretching

995 C-N bending vibration

762 Bending mode of C-H

687 Hmim's bending vibration

460 Zn-N stretching
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Figure 3.5: FTIR spectra of (a) ZIF-8, (b) ZIF-8/3DG

Figure 3.6 depicts the FTIR spectrum for both neat PA and nanocomposite membranes,
and Table 3.9. lists the distinctive functional groups of the membrane. The interconnected
PA structures were successfully generated for both the PA and PSf@PA-ZIF-8

membranes, as evidenced by the distinctive PA aromatic rings (C=O bending) around 1639
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cm’! and the distinctive amide band (N-H bending related to the C=0 bending) at 1540 cm"
I, Stronger bands were observed in the TFN membrane's spectra at 685,1000 and 1300,
3290 cm’! ,which is consistent with the bands that define ZIF-8. Additionally, more bands
within the ZIF-8/polyamide membranes were observed, such as the 1-acyl imidazole
derivative-corresponding band at 1360 cm™. When ZIF-8 was added into the membrane, a
band shifting as well as change in intensity in the 600-1600 cm™' range were noticed,
indicating a reaction between the activated polyamide layer with the ZIF-8

nanoparticles[95].

Figure 3..6: FTIR spectrum of (a) ZIF-8 ,(b) PSf@PA-ZIF-8(0.00wt%) , (c) PSf@PA-
ZIF-8(0.002wt%) , (d) PSf@PA-ZIF-8(0.008wt%),(e)PSf@PA-ZIF-8-3DG(0.002wt%)

Table 3.3; An overview of the membranes' distinctive functional groups

Wavenumber(cm™) Bonds

1660 (C=0 bending) Aromatic polyamide
1540 N-H bending paired with C-O bending in the amide II band

1150 C-N stretching
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3.3. Surface morphology:

The morphology of the prepared sample was examined using SEM analysis. By adjusting
synthesis factors including the solvent choice, the ratio of Zn*? ions to 2-methylimidazole,
and the reactivity of the metal salts, ZIF particle sizes can be controlled. The shape of the
produced ZIF-8 nanoparticles is shown in (Figure3.7a and b). A common rhombic
dodecahedral shape was observed having an apparent uniform size of about 133 nm as
shown in Fig.3.8.Smaller nanoparticles have a larger tendency to aggregate or agglomerate
because their surface energy is higher, and this tendency persists even after the
nanoparticles are subjected to sonication or other processing methods, as seen in SEM[96].
ZIF-8 nanoparticles' small size and evenly distributed size are very advantageous for
producing effective mixed matrix membranes without defects. The morphology of
synthesized ZIF-8/3DG is shown in (Figure 3.7c and d). The SEM images showed crimps
along the outer edges of the walls of the connected three-dimensional porous structure,
which were caused by the few thin layers of crumpled graphene nanosheets and also

demonstrating that ZIF-8 is distributed almost uniformly across graphene nanosheets.
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Figure 3.7: -(a, b) SEM images of ZIF-8 and (c, d) shows SEM image of ZIF-8 with
graphene at (a) 400nm, (22.43KX) (b) 300nm, (35.44KX) (¢) 1pm (15.00KX), (d)
200nm(50.00KX)

Figure 3.8: Distribution of SEM particle sizes of ZIF-8

3.4. Chemical composition of elements:

According to Figure 3.9(a, b), the synthesized sample ZIF-8 and its composite with 3D
graphene is composed of up of zinc, nitrogen, and carbon, oxygen components. According
to Table 3.4.the chemical composition of the components was determined by EDX

analysis.
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Table 3.4; displays the concentration (wt.%, at %) of various elements in ZIF-8 and its
composite with 3D graphene

Material Element Weight (%) ]

ZIF-8 C 52.5 0.9
N 25.5 1.1
Zn 18.7 0.4
(0] 3.3 0.3

Total 100
ZIF-8/3DG C 58.2 1.6
N 19.7 1.9
Zn 17.4 0.7
(0] 4.6 0.6

Total 100

(a) (b)

Figure 3..9. (a ,b) creatively demonstrated the analysis of EDS for ZIF-8 and its
composite

Scanning electron microscopy (SEM) was used to examine the surface morphology and
roughness of the membrane. Figure 3.10. sections a—f, displays the SEM images of the top
surfaces of the thin-film composite (TFC/PA) and thin-film nanocomposite (TFN/PA/ZIF-
8) membranes. Figure 3.10 (a,c,f) depicts the characteristic ridge and valley type of shape
for the polyamide (PA) RO membranes. This kind of morphology is compatible with the
literature. On the other hand, the incorporation of ZIF-8 nanocrystals into the polyamide
layer did not result in any interfacial defects at the surface for any of the samples. In
contrast to the TFC membranes with its nodular surface, the TFN membranes (Figure 3.10

4b and d) exhibits a denser structure throughout the plane. This is due to the fact that the
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interfacial polymerization reaction rate affects how quickly the polyamide layer forms over
the support layer. The polyamide structure's top layer, which still had ridge and valley
structures, did not exhibit any distinctive characteristics. The ZIF-8 particles are hidden
beneath the thin polyamide layer, as shown by the polyamide's retained properties.
Additionally, it suggests that the ZIF-8 nanoparticles and polymeric matrix indicates good

compatibility.
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Figure 3.10: SEM micrographs of Polyamide TFC (a, c, f) and TFN (b, d, €) membranes
3.5. Thermal stability:

Finally, TGA of the ZIFs and membranes ware carried out in a N2 environment as shown
in Figure 3.11(a,d) to verify the thermal stability of the materials synthesized in this work.
The sample was heated to a maximum of 1200 °C, starting from ambient temperature. ZIF-
8 is stable to a maximum of 490°C, which is consistent with previous research .The

observed weight loss at 490°C is due to the breakdown of the ZIF-8 framework[97].

Figure 3.11: TGA evaluation (a) ZIF-8, (b)M1, (c) M2 ,(d) M3.
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When compared to neat polyamide, which has a temperature of 362°C, the TGA weight
loss curve of PSf@PA-ZIF-8 (0.002wt% ,0.008wt%) are shifted towards higher
temperatures with a longer plateau, and PSf@PA-ZIF-8(0.08wt%) demonstrated superior
thermal stability having a temperature of approximately 450°C[95]. Additionally, the
thermogram displays two weight loss stages of breakdown for the neat
polyamides, PSf@PA-ZIF-8. The first step results from the elimination of residual
solvents , reactant molecules or the dissociation of the functional groups, while the second
stage results from the sublimation of the carbon backbone, which denotes the complete

disintegration phase of membrane[98].

3.6. Surface area analysis:

The N; adsorption-desorption isotherms were used to determine the particular surface area
and pore size, and pore volume. The characterized samples showed that all nanocomposites
have nano porous structures. The surface characteristics of the prepared fillers are shown
in Table3.5. Pure ZIF-8 possesses a surface area that is comparable to that of reported
work.. The parameters of the pore structure, such as its surface area (m?/g), pore volume

(mm?/g) are shown in Table 3.7.

(@) (b)

Figure 3.12:(a) BET plot, (b) Langmuir plot
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Table 3.5: Characteristics of the pore structure

Material Surface Micropore Micropore Non- Langmuir

area(m?/g) volume(mm?3/g) area(m?/g) microporous surface

Surface area(m?/g)
area(m?/g)
Z1F-8 1242.548 534.004 1515.566 107.234 1622.800

3.7. Raman analysis:

Figure3.13 displays the Raman spectrum of ZIF-8, characterized by strong bands
associated with vibrations of the methyl group as well as imidazole ring. The band at 175
cm’! was attributed to Zn-N stretching. As predicted, the Raman spectrum of ZIF-8
contained bands at 647, 680, 837, 948, 1020, 1177, 1379, 1499 cm’!, which were attributed
to the methyl group and vibrational modes of the imidazole ring and those at 1450, 1143,
and 680 cm™!, which were attributed to methyl bending, C-N stretching, and imidazolium
ring puckering, respectively. As shown in Figure 3.14, the 3D Graphene's Raman spectrum
has two peaks, the D band (1338 cm™) as well as the G band (1574 cm™). The first order
scattering of the Eog mode is confirmed by the presence of the graphitic G band, while the
disorder D band is explained by the appearance of defects or disorders inside the graphene
nanosheets. While the calculated Ip/Ig ratio for D-band to G-band is 0.98, it is comparable
to the Raman spectrum of the thermally and chemically reduced three-dimensional

graphene oxide.

Table 3.6: Raman bands observed for ZIF-8

Frequency(cm™) Band assignment

175 stretching of Zn-N

680 Imidazole ring puckering
1143 C-N stretching

1450 methyl bending




Figure 313: Raman spectrum of ZIF-8

Table 3.7: Raman bands observed for 3D Graphene
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Raman shift Peak designation Intensity Vibrational modes
(em™)
1338 D band 3710 K photon breathing
modes
1574 G band 3760 E>g photons' first order

scattering
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Figure 3.14: Raman spectrum of 3D Graphene

3.8. Performance evaluation of membranes:

Finally, a cross-flow filtering system was used to assess the RO performance of TFC as
well as TFN membranes[99]. The ZIF-loaded membranes significantly improved in terms
of permeate flux, whereas the pure polyamide membrane having zero loading demonstrated
the lowest performance across all studies. NaCl rejection was equivalent for every
membrane. Figure 3.15a—c shows that irrespective of the size of the ZIF-8 nanoparticles,
the water permeance of TFN membranes gradually increased with ZIF-8 concentration.
The pure TFC polyamide membrane (M1) showed a permeate flux of 25.46 Lm™2h™"
Unexpectedly, the permeate flux was enhanced to 80% with pure water feed by a small
loading as low as 0.002 wt% ZIF-8. In our case, a steady rise in flux occurred with
increasing loading up to a maximum loading of 0.008 wt%, at which point the permeate
flux increased by 95%. Notably, M3 membrane demonstrated a 95% increase in water
permeance compared to M1 and M2 and M4 membranes at the various ZIF-8
concentrations (0wt%, 0.002wt% ,0.008wt%), and ZIF-8@3DG(0.002wt%) highlighting
the significance of ZIF-8 particles size (Figure3.15d-e).



(@)

(c)

(b)

(d)
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(e) (f) ¥

Figure 3.15 (a-d) shows the RO performance of TFN membranes at various ZIF-8 and its
composite with 3DG concentrations. (d-e) Comparison of RO results at varied ZIF-8
concentrations and ZIF-8@3DG

The following factors have been shown to influence the reverse osmosis (RO) performance
of TFN membranes[100]: (1) physical changes (thickness as well as roughness) in the
polyamide layer; (2) chemical modifications (free volume and crosslinking degree) in the
polyamide layer; and (3) the addition of a further water transport channels through the
intrinsic pores of nanomaterials[101]. The physical morphologies of the TFN membranes,
including their thickness or degree of roughness, did not show any discernible
modifications. Therefore, it can be claimed that the addition of ZIF-8 has a greater impact
on the chemical alterations and the role of extra water transport channels, which improves
water permeance[102]. The fact that M3 membrane revealed the  highest water
flux may be due to the highest interface area between polyamide matrix and ZIF-8
nanoparticles. The rise in water flux can be caused by the membrane surface's increased
hydrophilicity and the hydrophobic properties of ZIF-8 incorporated into the polyamide
layer. The hydrophobic ZIF-8 will speed up transportation through the membrane while
the hydrophilic surface will attract more water molecules, thus increasing the permeate
flux[103]. Table 3.8. displays the permeate flux and salt rejection for feed conditions with

pure water (Jw) as well as brackish water (Js).
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Table 3.8: Rejection and permeation flux of membranes under brackish water
circumstances

Membrane Jw (L/m%.h) Js(L/m%h) R (%) Permeance(L/m? h.bar)
M1 29.84 25.46 95.28 1.49

M2 47.79 45.95 97.26 2.39

M3 56.89 49.80 95.56 2.84

M4 44.40 42.61 97.36 2.22

In contrast to employing water that is pure as a feed, the flux of permeate is significantly
lower when brackish water is utilized as a feed. Salt molecules have a tendency to gather
on the feed side of the membrane surface, which can be explained through the
concentration polarization phenomenon. By raising the osmotic pressure, this salt

concentration will reduce the total driving force towards mass transfer.
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4.Conclusion:

The solvothermal approach was successfully employed to synthesize pure ZIF-8 and its
combined nanostructures containing 3D graphene. By using XRD, SEM, IR, TGA, and
BET, the synthesized materials were identified and examined. The purity and crystalline
structure of the material are confirmed by XRD. Functional groups are identified by IR.
TGA and BET both provide information on the material's surface area and thermal stability.
All of these characteristics ensure the synthesis of our substance. The rhombic
dodecahedral architecture of ZIF-8 nanoparticles in SEM images showed an apparent
uniform size of roughly 133nm .Using the interfacial polymerization (IP) method, ZIF-8
nanoparticles incorporated polyamide membranes are utilized as the top layer, which is
subsequently coated on polysulfone (as the middle layer) and then overlaid on PET support
(the bottom layer). To successfully construct TFN-RO membranes enabling water
desalination, three distinct weight percentages of ZIF-8 nanomaterials (0.00wt%,
0.002wt%, and 0.008wt%) were added to organic solutions. The TFN membranes are
synthesized and characterised using a variety of experimental techniques throughout the
research process. Three diffraction peaks are visible in the TFC membranes, revealing the
semi-crystalline nature of the thin film membrane at 20 = 17.34°, 22.54°, and 25.75°In
comparison to other TFN membranes, PSf@PA-ZIF-8(0.08wt%) showed higher thermal
stability at a temperature of about 450°C and membrane images showed the typical ridge
and valley structure of aromatic polyamide (PA). The distinctive PA aromatic rings (C=0O
bending) about 1639 cm! and the distinctive amide band (N-H bending related to the C=0
bending) at 1540cm™ demonstrate the successful generation of the interconnected PA
structures for both the PA and PSf@PA-ZIF-8 membranes. Stronger bands were seen in
the spectra of the TFN membrane at 460,1000 and 1300cm™!, which is compatible with the
bands that characterize ZIF-8. On the membrane surface, no structural changes appeared,
but an interaction among the two phases may have occurred based on band shifting and
intensity variations in the FTIR spectra. As a result, when compared to the pristine TFC
and others wt.% of PSf@PA-ZIF-8 TFN membranes, PSf@PA-ZIF-8(0.008wt%) TFN
membranes had the greatest water permeance of 2.84 L/m”.h.bar and the highest NaCl
rejection of 95.56%. The improved distinctive aperture as well as extremely porous

structure of ZIF-8 were responsible for the better performance of TFN membranes. To our
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knowledge, this is the unique study to demonstrate the significance of particle deposition
based on varying weight percentages prior to the interfacial polymerization, eventually
influencing the RO performances. Future TFN membrane research should take this
unexpected factor into consideration. In addition to illuminating the complex interactions
among materials at the nanoscale, the outcomes of this study also provide a feasible
strategy for enhancing water desalination systems. The ZIF-8-polyamide composite's
enhanced permeability, salt rejection, as well as stability have opened up new design and

development options for subsequent-generation desalination membranes.
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