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ABSTRACT

Nanomaterial based polymer membranes are widely applicable for separation and
purification industries. The present study is devoted to the fabrication of highly hydrophilic
and antifouling polymer membranes based on graphene oxide (GO) and modified graphene
oxide. Graphene oxide was prepared from graphite powder by Hummer’s method. Silver
functionalized GO (GO-Ag), polyethylene glycol (PEG) functionalized GO-Ag (PEG-GO-
Ag), magnetic iron oxide functionalized GO (GO/Fe30O4) and silver functionalized
magnetic graphene oxide (Ag-GO/Fe304) were synthesized and used to fabricate six
different series of polymer membranes by using vacuum filtration assembly. Fabricated
membranes include PVC/GO and PVC-GO-Ag based membranes (0, 0.25, 0.5, 1.0 wt.%),
PVDF-co-HFP/GO-Ag, and PVDF-co-HFP/PEG-GO-Ag membranes, (0, 0.2, 0.6, 1.0 ,1.4
wt.%) and PVDF-co-HFP/GO/Fe;04 and PVDF-co-HFP Ag-GO/Fe;04 (1.0 wt.%) based
nanocomposite membranes. Fourier transform infrared spectroscopy (FTIR), X-ray
diffraction (XRD), Raman spectroscopy, scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) were used to explore the structural and chemical
features of nanocomposites and their perspective membranes. The dead-end filtration
assembly was used to investigate the membranes performance. Water flux and BSA
rejection was found to increase for all the nanocomposite based membranes as compared
to pure polymer membranes. Besides this, GO-Ag nanocomposite showed appreciable
antibacterial properties against Escherichia coli. PEG-GO-Ag (1.0 wt.%) nanocomposite
was proved to be highly effective for enhancing the hydrophilicity of PVDF-co-HFP
membrane by lowering the water contact angle from 115°.02 to 38°.77. The water flux of
PVDF-co-HFP/PEG-GO-Ag (1.0 wt.%) membrane increased upto 906 Lm?h! as
compared to pristine PVDF-co-HFP which showed a water flux of 216 Lm™h™. GO/Fe;04
and Ag-GO/Fe;04 also enhances the water flux and BSA rejection of PVDF-co-HFP
membrane. Flux recovery ratio for PVC/GO-Ag (0.5 wt.%) membrane was 85% while that
of PVDF-co-HFP/PEG-GO-Ag (1.0 wt.%) membrane was 91% and PVDF-co-HFP/Ag-
GO/Fe304 was 92%. Furthermore, the antifouling properties and reversible fouling ratios
of all the fabricated membranes increased drastically. Thermo-gravimetric analysis (TGA)
of the fabricated membranes confirms their high thermal stability as well. Reusability of

fabricated membranes was also explored by cyclic filtration tests. The present study is a



gateway to fabricate highly hydrophilic, antifouling and cost effective polymer membrane

filters for high performance applications.



Table of Contents

ABSTRACT ... i
LSt OF fIGUIES ©.eetieeee ettt vii
| o) B I 1) (< T OO PP P PPPPRT xi
LSt OF SCREIMES ettt e e et e e e st a e xii
LiSt Of ADDIEVIALIONS ...eeiiiiiiiieiiiiie ettt et e et e e e ssbb e e e e nnbbeae e xiii
CHAPTER 1 INTRODUCTION. .......cooiiiteeee e 1
1.1 Membrane FIRTation...........ooiiiiiiiiiiiieiiiiii e 1
1.2 Polymer MEMDIANES ........coooiiiiiiiiiiiiiiiic et 1
1.3 Membrane FOULNE ........c.vvviiiiiiii e 3
1.4 NaNO-MALETIALS ......vvveiiiiie ettt e e e e e e e e e e e neneees 4
1.5 Metal based Nano-materials ............cccvveiiiimiiiiiiiiiiie e 5
1.5.1 Synthesis of Metal Nanomaterials .............ccooveiiiiiiiiiniiicce e 6

1.6 Carbon Nano-materialS..........cuuuuriiiiiiiiiiiiiiiii e 7
1.6.1 Graphene OXIAC ........uuuriiiiieiiiiiiiiiiiiiie e et e s s e e e s st eraaeeeaa e 8
1.6.2 Structure of Graphene OXide...........uviiiiiiiiiiiiiiiiiiie e 9
1.6.3 Synthesis background of GO .........cccceviiiiiiiiiiiiii e 11

1.7 Potential of GO in Water Treatment ...........ccccovviiiiiiiiiiiii 13
1.7.1 Removal of Heavy Metals .........coouiiiuiiiiiiiiiiiiiiiiiiiiieeee it 13
1.7.2 Disinfection and Antifouling Properties...........cccvvvvviriiiiiiiiiiiiiiiiiieeeee i 16
1.7.3 D@SALNAION ...t 19
1.8 Stability Concerns of Graphene Oxide and Metal Nanoparticles..............ccvvveneenn. 21
1.9 Polymer Nanocomposite MembIanes .............cccveveeriirieeeniiiiieesiiiiee e e e 21
1.10 Methods for Fabrication of Polymer/Nanocomposite Membranes....................... 23
111 LItErature REVIEW .......viiiiiiiiieie ettt e e 24
1.11.1 Graphene Oxide/ Silver Nanoparticles COMpPOSItES .........covvvvvveriieeeriiiiiiiiiiennens 24
1.11.2 Graphene oxide/Polyethylene glycol Composites..........cccovvvviviiviiiiiiiiciiinennn. 26
1.11.3 Graphene oxide/Magnetic Fe3O4 COMPOSILES. ......cuvvvveeriiiiiieiiiiiiieeiiiieee e 28
L.12 Plan Of WOTK .....eeeiiiece e 30
1.13 Aims and Objectives of Present Study ........cooovviiiiiiiiiiiiiiiiiieiceece e 30
CHAPTER 2 EXPERIMENTAL WORK ..., 32



2.1 Materials and MEtROAS. ....counieee e 32

2.2 Synthesis 0f NanOCOMPOSILES........vvieiriieiiiieiiiieiiii e 32
2.2.1. Synthesis 0f GO and GO-AQ.......ccoviiiiiiiiiiiieiie e 32
2.2.2 Synthesis Of PEG-GO=Ag......c.coiiiiiiiiiieiiiie e 34
2.2.3 Synthesis of Magnetic GO (GO/FE304) .....vveiiiiiiiiiiiiiie e 34
2.2.4 Silver functionalization of Magnetic GO ...........cccveiiiiiiiiii i 35
2.3 Fabrication of Polymer/Nanocomposite Membranes ...........ccccccovvvvvveiniinineeiniiennens 35
2.3.1 Fabrication of PVC/GO and PVC/GO-Ag Membranes...........ccccccovevvveeninnnnn. 35
2.3.2 Preparation of GOAg/PVDF-co-HFP and PEG-GO-Ag/ PVDF-co-HFP
A (<300 Lo) s L TP PP PP PP PPUPPTTPI 36
2.3.3 Fabrication of GO/Fe304 and Ag-GO/Fe3;04 based Membranes ......................... 37
2.4 Characterization 0f NanOCOMPOSIEES ........vvvvreiriiiiieiiiiiiieesirreeeeesrree e e 38
2.5 Characterization Of MEMmMDIanes ..........cc.uvviiiiiiiiiiiiiiiiiiece e 39
2.6 Membrane Performance Study ..........ooooiiiiiiiiiiiiiiee e 39
2.6.1 Porosity and Water Contact ANGIE.........cevvveiiiiiieeiiiiiiie e 39
2.6.2 Water Flux and BSA ReJECtiON ......cuuviviiiiiiiiiiiiiiiiiceeeesiiiiecce e 40
2.6.3 Antifouling Ratio and FIux RECOVEIY.........ooviiiiiiiiiiiiiiiiiiiiieee i 40
2.6.4 Antibacterial Performance............cocccoviiiiiiiiii 41
2.6.5 Leaching Effect of GO and GO-Ag........ccooviiiiiiiiiiiiiiiiiiiiiiieee e 41
CHAPTER 3 RESULTS AND DISCUSSION ..., 42
3.1. Influence of GO-Ag Nano-filler on the Antibacterial, Antifouling and
Hydrophilic Characteristics of Polyvinyl Chloride Membrane.............ccccccceeeniiiinnnee, 42
3.1.1.  Characterization of GO and GO-Ag.........cccvvriiiiiiiiiiiiiiiiiie i 42
3.1.1.1.  XRD of GO and GO-Ag........ccceiiiiiiiiiiiiiii i 42
3.1.1.2.  SEM and TEM Analysis of GO and GO-Ag ..........cccceeviiiiiiiiiininnenns 43
3.1.1.3.  FTIR Analysis 0of GO and GO-Ag .......cceveiiiiiiiiiiiiiie i 44
3.1.1.4. UV and Raman Analysis of GO and GO-Ag..........ccccceevviiiiiiiiininnenns 45
3.1.2.  Characterization Of MemDbIanes ...........cceeeeiiiiiiieiiiiiiieeniiiie e e 46
3.1.2.1. XRD Of MEMDBIANES ....ceeiiiiiiieeiiiiiee ettt 46
3.1.2.2.  SEM Analysis of MembIranes .............cccceveeiiiiireiniiiiiiee e 47
3.1.2.3.  TEM Analysis of Membranes.............ccceveeriiiireiniiiiiiee i 49
3.1.2.4.  FTIR Analysis 0of Membranes...........cccovveeiiiiireiniiiiiee e 50

iv



3.1.2.5.  Thermal and Mechanical Stability of Membranes ................cc.covennen. 51
3.1.2.6.  Water Contact Angle and Porosity of Membranes ................c.cceenuen. 54
3.1.3.  Membrane Performance............ccccoivveiiiiiiiiiieiiiciie e 56
3.1.3.1.  Water flux and BSA Rejection of Membranes ............cccccoovvverivvrennnnn. 56
3.1.3.2.  Antifouling Efficiency of Membranes ............ccccoovveriivieninneninncnnnn. 58
3.1.3.3.  Flux Recovery Ratio of Membranes .............ccceveeriuiiiieiiiieieeniiiineens 60
3.1.3.4.  Cyclic FITAtion .....ccccvvveiiiieiiiiccec e 61
3.1.3.5.  Leaching Effect of GO and GO-Ag .........ccovviiiviiiiiiiieceeee 61
3.1.3.6.  Antibacterial Features..........ccccooviviiiiiiiii e 62
3.1.4.  Proposed Interactions Between PVC/GO-Ag and H>O Molecules............. 64

3.2.  PEG Functionalized Graphene Oxide-silver Nano-additive for Enhanced
Hydrophilicity, Permeability and Fouling Resistance Properties of PVDF-co-HFP

A (30 Lo) s L OO PP PP P PP PPUTPRTP 66
3.2.1.  Characterization of PEG-GO-Ag Nano-additive .............ccccvevvinineinnnnnnn. 66
3.2.1.1.  SEM and EDX Analysis of PEG-GO-Ag Nano-additive.................... 66
3.2.1.2.  FTIR Analysis of PEG-GO-Ag Nano-additive...........ccccevvveeerinninnnne. 68
3.2.1.3. UV Analysis of PEG-GO-Ag Nano-additive............ccccuvvvriieeeiiiiinnnen. 69
3.2.1.4.  XRD Analysis of PEG-GO-Ag Nano-additive ...........cccccvvvveeeriinnnnnnne. 70
3.2.1.5.  Raman Analysis of PEG-GO-Ag Nano-additive ..........cccccceeerininnnne. 70
3.2.2.  Characterization of Membranes ............ccccovcvviiiiiiiiiiini 71
3.2.2.1.  SEM Analysis 0f MeMbBIanes ...........ccoouvvurrririieeeiiiiiiiiinieieneesssninnns 71
3.2.2.2.  FTIR Analysis 0f MemMbIanes...........ccouvviuurrririieeeniiiiiiiiiieieeeesssnnninnnns 74
3.2.2.3.  Porosity and Water Contact Angles of Membranes....................c..uu... 75
3.2.2.4.  Thermal Stability of Membranes .............ccccvvvvieeeiiiiiiiiiiiniineee e 76
3.2.3. Membrane Performance Study............ccooviiiiiiiiiiiiiii e 78
3.2.3.1.  Water Flux and BSA Rejection of Membranes ...............ccccveeriinnneenne 78
3.2.3.2.  Cyclic Filtration of Membranes ............cccccevvvvieeiniiiiiie e 79
3.2.3.3.  Antifouling Properties and FRR% of Membranes................cc.ccveeeenne 82

3.3.  GO/Fe304 and Ag-GO/Fe304 based Active Layer PVDF-co-HFP Membranes
fOr Water TTEAtMENE ........coiuiiiiiiiiiiiie et 84
3.3.1.  Characterization of Magnetic Nanoparticles ...........cccccevivirreiniiiineeniinnnne. 84
3.3.1.1.  XRD Analysis of GO, GO/Fe304 and Ag-GO/Fe304...........coeennen. 84
3.3.1.2.  FTIR Analysis of GO, GO/Fe304 and Ag-GO/Fe304............ccocou... 85

\"



3.3.1.3.  SEM Analysis of GO, GO/Fe304 and Ag-GO/Fe304 ..........c..ccvennee. 86
3.3.2.  Characterization of Magnetic Membranes..............cccueveerivieieenniieneeninnnns 87
3.3.2.1.  FTIR analysis of GO/Fe304 and Ag-GO/Fe304 based membranes...87
3.3.2.2.  SEM Analysis of GO/Fe304 and Ag-GO/Fe304 based Membranes..88

3.3.2.3.  Thermo-gravimetric Analysis of Ag-GO/Fe304 based Membrane.....89
3.3.3.  Membranes’s Performance Study ..........ccccocvveriiiiiiiiieiiiiiceec e 90

3.3.3.1.  Contact Angle and Porosity of GO/Fe304 and Ag-GO/Fe304 based

1010 1) 1010 238 1 90

3.3.3.2.  Water and BSA Flux of GO/Fe304 and Ag-GO/Fe304 based

A 1S5 58] 02 23 L 91

3.3.3.3.  BSA Rejection of GO/Fe304 and Ag-GO/Fe304 based Membranes .92
3.3.3.4.  Antifouling Properties of GO/Fe304 and Ag-GO/Fe304 based

A (<30 Lo s L OO TP PP UP PR PPPPPPPPPPRPT 93
3.3.3.5.  Flux Recovery Ratio of GO/Fe304 and Ag-GO/Fe304 based

A (<30 Lo s L OO TSP PUPP RS PPPPPPPPPPRPT 94

3.4.  Comparison With LIETatUIe .........ooviiiiiiiiiiiiiicc e 95

3.5. Membrane Cost Analysis and CompariSOn ..........cccuvveviieeeiiiiiiiiineeeeneee e 98

CONCLUSION ...ttt e e e e e e e s e e e e 99

FUTURE PROSPECTS ...t 102

REFERENCES ....... o ittt e e 103

LIST OF PUBLICATIONS . ...ttt eresa s s s e e 127

Vi



Figure 1.1.
Figure 1.2.
Figure 1.3.
Figure 1.4.
Figure 1.5.
Figure 1.6.

Figure 1.7.

Figure 1.8.

Figure 1.9.

Figure 1.10.

Figure 2.1.
Figure 2.2.
Figure 2.3.
Figure 2.4.
Figure 3.1.

Figure 3.2.
Figure 3.3.
Figure 3.4.
(A), (B)
Figure 3.5.
Figure 3.6.

Figure 3.7.

List of Figures
Different types of filtration membranes
Different methods used for synthesis of nanoparticles
The overview of carbon nanofillers
Structural models of graphene oxide
Hummer’s method for synthesis of GO
(A) kinetics of mercury (Hg(II)) adsorption by different adsorbents,
(B) comparison of different composites for removing mercury
(Hg(II)) from water samples
SEM micrographs of GO and GO-Fe-5, and EDS (energy dispersive
X-ray spectroscopy) of GO—Fe-5. (A) SEM of GO-Fe-5, (B) SEM
of GO, (C) carbon mapping of GO-Fe-5, and (D) iron mapping of
GO-Fe-5
Kirby—Bauer antibiotic activity test for the GO paper disk and the
Ag NP/GO paper disk against (A) E. coli and (B) S. aureus
Applications of polymer nanocomposites
Fabrication methods of polymer/nanocomposite membranes
Synthesis of graphene oxide
Silver functionalization of GO by chemical reduction method
Fabrication of GO-Ag based PVC membranes by resin infiltration
Synthesis of GO/Fe304 and Ag-GO/Fe304
The XRD spectra of GO and GO-Ag (a), XRD of graphite (b)

SEM and TEM images of (a & b) GO and (c & d) GO-Ag

FTIR spectra of GO and GO-Ag.

(A) UV spectra (a) and Raman spectra (b) GO and GO-Ag

(B) Zeta potential of GO and GO-Ag

(A) XRD patterns of the GO and GOAg based membranes

SEM images of (a) PVC and (b) P/GO 0.5 wt.%, (c) P/GO-Ag 0.25
wt.%, (d, ) P/GO-Ag 0.5 wt.% and (f) P/GO-Ag 1wt%

SEM images of (a,b) PVC and (c.d) P/GO-Ag 0.5 wt.% membrane

Vii

10
13
14

15

17

22
24
33
33
34
36
42

43
44
45
46
47
48

49



Figure 3.8.
Figure 3.9.

Figure 3.10.
Figure 3.11.
Figure 3.12.

()
Figure 3.12
(b)

Figure 3.13.

Figure 3.14.
Figure 3.15.
Figure 3.16.

Figure 3.17.
Figure 3.18.

Figure 3.19.

Figure 3.20.

Figure 3.21.

Figure 3.22.

TEM images of (a,b) P/GO 0.5 wt.% and (c,d) P/GO-Ag 0.5 wt.%
FTIR spectra of P/GO 0.5 wt.% and P/GO-Ag 0.5 wt.% membranes
TGA (a) and DSC (b) curves of all membranes

Tensile strength of fabricated membranes

Porosity and Contact angle of all fabricated membranes

Contact angle images of (a) PVC and (b) P/GO 0.5 wt.%, (c) P/GO-
Ag 0.5 wt%

(a) Water flux (Jw), BSA protein flux (Jp), (b) BSA rejection and
(c) total fouling (Rt), reversible fouling (Rr) and irreversible fouling
(Rir) ratio of membranes

FRR and stability of all fabricated membranes

UV spectra of silver nanoparticles leaching (a) after 24h (b) 168h.
SEM images of antibacterial tests of GO (a,b,c) and GO-Ag (d,e,f)
nanocomposites at 0.5h (a,d), 3h (b,e) and 6h (c,f) incubation

SEM images of (a-b) GOAg, and (c-d) PEG functionalized GOAg
EDX mapping of PEG-GOAg (a-d). (a) SEM image of PEG-GOAg,
(b) distribution of Ag NPs, (¢) the overlay of the SEM image and (d)
The EDX spectrum of the PEG-GOAg indicated the presence of Ag
NPs

Characterization of as-synthesized GO, GOAg and PEG
functionalized GOAg by; (a) FTIR spectra, (b) UV-vis spectra, (c)
XRD patterns and (d) Raman spectra

SEM images of membranes (a) Pristine-P, (b) 1 GOAg-P, (c) 0.2
PEG-GOAg-P, (d) 0.6 PEG-GOAg-P, (e) 1 PEG-GOAg-P and (f)
1.4 PEG-GOAg-P
Cross-sectional  scanning
membranes (a) Pristine-P, (b) 1 GOAg-P, (c¢) 0.2 PEG-GOAg-P, (d)
0.6 PEG-GOAg-P, (e) 1 PEG-GOAg-P and (f) 1.4 PEG-GOAg-P
FTIR spectra of Pristine-P, 1 GOAg-P and 1 PEG-GOAg-P

electron microscopic images of

membranes

viii

51

53

54

55

55

57

60

62

63

66
67

68

72

74



Figure 3.23.

Figure 3.24.

Figure 3.25.

Figure 3.26.

Figure 3.27.
Figure 3.28.

Figure 3.29.
Figure 3.30.
Figure 3.31.
Figure 3.32.
Figure 3.33.

Figure 3.34.

Figure 3.35.
Figure 3.36.

Figure 3.37.

Figure 3.38.

Figure 3.39.

(a) The plot of porosity and contact angle of all membranes. (b)
Images of contact angles of as-synthesized membranes Pristine-P
(1), 1 GOAg-P (ii), 0.2 PEG-GOAg-P (iii), 0.6 PEG-GOAg-P (iv), 1
PEG-GOAg-P (v) and 1.4 PEG-GOAg-P (vi)

TGA curves of (a) nano-additives GOAg and PEG-GOAg and (b)
Pristine-P, 1 GOAg-P, and 1 PEG-GOAg-P membranes.

Pure water flux and BSA rejection of Pristine-P and PEG-GOAg
based membranes

Flux recovery cycle of Pristine-P and all functionalized
membranes

Cyclic filtration of Pristine-P and functionalized membranes
Antifouling performance and Flux recovery ratio of Pristine-P and
functionalized membranes

XRD of GO, GO/Fe304 and Ag-GO/Fe304

FTIR of GO, Fe304, GO/Fe304 and Ag-GO/Fe3z04

SEM analysis of GO, GO/Fe304 and Ag-GO/Fe3z04

FTIR spectra of pristine PVDF-co-HFP membrane and membranes
incorporated with GO/Fe3O4 and Ag-GO/Fe304

Magnetic behaviour of (a,b) GO/Fe3O4 and (¢) Ag-GO/Fe304 based
PVDF-co-HFP membranes

Cross-sectional SEM images of (a,b) PVDF-co-HFP (c¢,d) GO/Fe3z04
/PVDF-co-HFP and (e,f) Ag-GO/Fe3O4/PVDF-co-HFP membranes
Thermogravimetric analysis of Ag-GO/Fe3O4 based membrane
Contact angle and porosity of GO/Fe;04 and Ag-GO/Fe;04 based
membranes

Water flux and BSA flux of GO/Fe;04 and Ag-GO/Fe;O4 based
membranes

BSA Rejection of of GO/Fe3;Os and Ag-GO/Fe;Os4 based
membranes

Antifouling properties of GO/Fe3Os and Ag-GO/Fe;Os4 based

membranes

75

71

78

80

80
83

84

85

86

87

88

89

90
91

92

93

94



Figure 3.40.  Flux recovery ratio (FRR%) of GO/Fe304 and Ag-GO/Fe;04 based 95

membranes



Table 1.1

Table 1.2.

Table 1.3

Table 2.1.

Table 2.2.

Table 2.3.

Table 3.1

Table 3.2.

List of Tables

Synthesis of GO by different oxidizing agents

The effect of loaded iron on removal of arsenate (*-calculated from
TGA tested in air, "-percentage of arsenate removed, ®-arsenate
absorbed by absorbents %-Iron conc. of the filtrate)

Number of bacterial cells surviving after contact with GO and Ag-
GO composites

Composition and sample codes of PVC/nanocomposite
membranes

Composition and sample codes of PVDF-co-HFP/nanocomposite
membranes

Composition and sample codes of PVDF-co-HFP/magnetic
membranes

Comparison of our work with already reported literature

Cost comparison of different polymer membranes 50 pieces/pack

Xi

12

18

36

37

38

97
99



Scheme 3.1.

Scheme 3.2.

List of Schemes

Schematic representation of water and BSA filtration from
PVC membrane and P/GO-Ag 0.5 wt.% membrane
Proposed mechanism of interaction between PVC chains,

GO-Ag nanosheets and water molecules

Xii

59

65



BSA
CA
DSC
EDX
FTIR
FRR
GO
Rir
NP
PVC
PVDF
PEG
PVDF-co-HFP
PS
PA
PES
Jw
RO
Rr
SEM
TEM
TGA
Rt
UV
Jw

XRD

List of Abbreviations

Bovine serum albumin

Cellulose acetate

Differential scanning calorimetry
Energy dispersive X-ray

Fourier transform infrared spectroscopy
Flux recovery ratio

Graphene oxide

Irreversible fouling

Nanoparticles

Poly (vinyl chloride)
Polyvinylidene fluoride
Polyethylene glycol
Polyvinylidene fluoride-co-hexafluoro propylene
Polystyrene

Polyamide

Polyether sulfone

Protein flux

Reverse osmosis

Reversible fouling

Scanning electron microscopy
Transmission electron microscopy
Thermogravimetric analysis

Total fouling

Ultraviolet

Water flux

X-ray diffraction

xiii



Xiv



CHAPTER 1

INTRODUCTION

1.1 Membrane Filtration

Increased population and upswept industrialization have posed serious threats about clean
water availability. World Water Council presumed that about 3.9 billion people will suffer
from drinking water scarcity by 2030 [1]. Persistence of organic pollutants in water bodies
is affecting the aquatic and human life. Conventional water treatment approaches like
adsorption and chemical oxidation have inadequate selectivity towards many pollutants [2,
3]. Pressure driven membrane filtration has surpassed the old filtration strategies.
Generally, the membrane is described as a thin layer which allows the selective transport
of ions and molecules. In order to use a membrane for separation and purification purpose
it must have high permeability, selectivity, mechanical durability, high thermal stability,
low fabrication cost and ease of processability [4]. Membrane properties like
hydrophilicity, surface charge and pore size can be tailored easily to target the specific

pollutant [5].
1.2 Polymer Membranes

Polymer is a large molecule made by the repetition of small units called monomers. High
thermo-mechanical stability, high chemical resistance, low cost and tunable surface
properties makes polymers a suitable candidate for membrane fabrication. Polysulfone
(PS) [6], Polyvinylidene fluoride (PVDF) [7], polyether sulfone (PES) [8], cellulose acetate
(CA) [9], polyamide (PA) [10] and polyvinyl chloride (PVC) [11] are widely used for
membranes fabrication. In order to use the polymer membranes for industrial applications,
the surface properties of the polymer membranes are of fundamental importance.
Membrane properties like hydro-philicity/phobicity, zeta potential, porosity and surface
roughness plays a vital role in controlling the flux rate and rejection of solutes [12].
Hydrophilicity is linked with estimation of water contact angle formed between the

membrane surface and sessile water droplet. Generally, the membranes are made up of
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hydrophobic polymers because of their integral mechanical and thermal stability.
Hydrophobic membrane surface repels the water feed away from the surface in a
spontaneous manner which results in increased entropy. The foulant molecules tends to
adsorb on the hydrophobic membrane surface and fouling dominates. In case of hydrophilic
membranes there exists strong H-bonding interactions between membranes surface and
water molecules. Hydrophilic surfaces have increased surface tension which helps in
formation of strong water layer on the membrane surface. These water layers at membranes
surface repel the hydrophobic pollutants and reduces the chances of their adsorption on to

the membrane surface [13].

The surface charge of membranes plays an important role in controlling the rejection of
solutes through the membrane. The electrostatic interactions between the foulants/solutes
and the membrane surface layer are usually explored by measuring the surface zeta
potential of membranes [14]. An increased negative charge on the membrane surface
results in strong repulsion of salts and other negatively charged foulants. The ultrafiltration,
nanofiltration and reverse osmosis membranes have negative surface charges which makes
them favorable for high solutes rejections and low foulants adsorption. The negative
membrane surfaces help in rejection of proteins because most of the proteins are negatively
charged under neutral conditions [15]. Membranes surface charge can be tuned by
increasing the pH of feed solution which results in dissociation of carboxylic and sulfonic
groups. Apart from the surface charge, membranes surface roughness/smoothness
influences the transport properties as well. A rougher surface layer provides more sites for
adhesion of colloids and microorganisms which results in clogging of porous surface and
reduced permeate flux. Besides the physicochemical texture of membranes surface,
presence of active antifouling agents and biocides on the top layer of membrane can control
the fouling in an efficient manner. Formation of hydrophilic polymer sites on the surface
of membrane material minimize the attachment of foulants by steric repulsion mechanism
[16]. Depending upon the size of pores different types of filtration membranes are being
used which include microfiltration, nano-filtration and reverse osmosis membranes as

shown in Figure 1.1.



Filtration type .% %- (:E Pore size (micron) Pollutants
Microfiltration '*50;39 L 3 10-0.1 @ Suspended particles
@ <y+< 2 Oil emulsions
9%' S — Bacteria
L oW, - = Colloids
Ultrafiltration W 0.1-0.01 @ Viruses
Lo~ «a» Macromolecules

<y Protein

Monovalent ions

® -
=T < Divalent lons
Reverse osmosis _E 0.001 - 0.0001

4 vt

Nanofiltration 0.01-0.001

J

Pu révv;fater
Figure 1.1. Different types of filtration membranes

1.3 Membrane Fouling

Since the emergence of membrane separation techniques during 1960, s the membrane
fouling is a subject of high concern. Fouling of polymer membranes is a multidimensional
phenomenon which occurs because of deposition of colloids, micro-organisms, salts and
macromolecules either on the membrane surface or within the porous structures [17].
Depending upon the nature of foulants the membrane fouling can be categorized as organic
fouling, inorganic fouling, biofouling and colloidal fouling. Organic fouling occurs due to
the accumulation of proteins, polysaccharides and natural organic matter (NOM) from the
feed water. Inorganic fouling is related to super saturation and precipitation of inorganic
salts on the membrane surface. Colloidal fouling occurs due to the presence of undispersed
particles and colloids (size) which includes oxides and hydroxides of heavy metals [18].
Biofouling involves the biological pollutants and microorganisms like bacteria, viruses,
fungi and biopolymers. Biofouling is the most complicated type of fouling because of rapid
growth and multiplication of adhered sessile cells by consuming the feed water nutrients.
Bacteria once adhered to the membrane surface will continue to grow and spread in the
form of biofilms on the membranes surface. Fouling instigated flux decline, reduced

separation efficiency, low solute rejection and biodegradation of membrane. High
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operating pressure needed to compensate the biofilm resistance as well as frequent cleaning
of membrane surface increases the cost of separation process. Biofouling reduces the
membranes life span and deteriorates the water quality [19]. Currently many strategies are
being developed to treat the membrane fouling which include the surface modification of
polymer membranes by direct printing, template synthesis, incorporation of hydrophilic
nano additives etc. Membrane fouling can be reversible or irreversible based on the type
of physical and chemical interactions between the foulants and the membrane surface.
Foulants can interact with polymer membrane surface by hydrophobic interactions,
electrostatic interactions, hydrogen bonding and van der Walls attractions. Therefore, by
tuning the membranes surface charges and increasing the hydrophilicity of membranes
surface one can minimize the undesirable interactions between polymer membrane and
foulants. This can be accomplished by the incorporation of hydrophilic nano additives
either within the polymer matrix or on the membrane surface [12, 13]. Surface modification
of Polymer membranes can be done by interfacial polymerization [20, 21] irradiation of
high energy particles [22] plasma treatment [23] and coating/incorporation of nanoparticles

[24].

1.4 Nano-materials

Nanomaterials are materials with 1 to 100nm dimensions of a single unit structure.
Nanomaterials are proved to have outstanding performance in dealing with polluted water.
Their exceptional features like high surface area, eco-friendliness, high selectivity,
reusability and extent of adsorption elucidate their competence in water treatment.
Nanomaterials can deal with several pollutants including biological/microbial
contaminants, heavy metal ions like Hg and Pb, natural organic matter and industrial
wastes. Nanomaterials can tackle the pollutants by undergoing various processes like
adsorption, absorption, oxidation, repulsion and filtration as well [25, 26]. Nanomaterials
can be classified into four major categories depending on their source of origin i.e. organic-
nanoparticles, inorganic-nanoparticles, carbonaceous-nanoparticles and composite-

nanoparticles



1.5 Metal based Nano-materials

The high hydrophilicity of metal nanoparticles (Ag, Au, Pt etc.) along with their
antimicrobial nature significantly improves the properties of polymer nanocomposites [27].
Subair et al. [28] fabricated a dopamine modified poly (ethylene imine) (PEI) membrane
with in situ synthesized gold nanoparticles. These AuNPs decorated membranes were
applicable for degradation of methylene blue, Congo red and reduction of p-nitro phenol.
Liu et al. [29] used PtNPs/ bacterial cellulose and CNTs to synthesize the conductive
hydrogels where the PtNPs increases the electrocatalytic activity of bacterial cellulose. Due
to their low toxicity and cost effectiveness AgNPs are broadly used in membrane processes.
Ag-GO functionalized poly (lactide-co-glycolide)-chitosan polymeric mat has been
reported to be effective in inactivating gram negative (Escherichia coli) and gram positive
bacteria (Staphylococcus aureus) [30]. Mahmoudi et al. [31] reported the synthesis of
highly hydrophilic and antibacterial polysulfone membranes embedded with GO-Ag.
Improved fouling resistance was attributed to the uniform dispersion of AgNPs in
polysulfone membrane by combining the AgNPs with GO nanoplatelets. Besides these
bare metal nanoparticles many metal oxide particles of nano-size are being used for
nanocomposite fabrication. Among these metal oxide-based nanoparticles most widely
used nanomaterials are iron oxide nanoparticles [32], manganese dioxide nanoparticles
(MnO3) [33], alumina nanoparticles [34], titantum dioxide nanoparticles [35]. Park Jung et
al. [36] used chitosan coated Fe304 nanoparticles to fabricate highly hydrophilic PVDF
membranes and used them for removal of a toxic heavy metal chromium. Jahankhan et al.
[37] prepared an adsorptive membrane by coating a tea filter bag with PVC blends and
Fe;04/polydopamine/Ag nanocomposite. The synthetic membrane exhibits elevated water
flux and high adsorption of Rhodoamine B and Auramine O. Naseem et al. [38] developed
a novel janus membrane by using solar active nanocomposite RbxWO3@ Fe;O4/ and PET
substrate. This membrane was aimed to purify waste water by the simultaneous evaporation
and photocatalytic transfiguration of pollutants. Among these metal and metal oxide
nanostructures silver nanoparticles and magnetic iron oxide nanoparticles are employed in

our present study to get antibacterial and antifouling filtration membranes.



1.5.1 Synthesis of Metal Nanomaterials

Metal nanoparticles are generally fabricated by physical methods, chemical methods or

biological methods as listed in Figure 1.2.

Synthesis of Nanoparticles

Top-Down Bottom-Up

Physical methods Chemical methods Biological methods
+ High energy ball milling » Chemical/Electrochemical * Plants extracts based
+ Melt mixing precipitation reduction
« Laser ablation + Sol-gel process * Bacteria
» Physical vapor deposition + Atomic/molecular * Fungi
- Sputter deposition condensation « Yeast
« lon implantation * Micro-Emulsion - Algae
» Nano imprinting » Tollens method « DNA/RNA
- Electrospinning * Irradiation method « Proteins
« Thin film deposition * UV initiated photo reduction » Enzymes

+ Phase separation + Microwave reduction

Figure 1.2. Different methods used for synthesis of nanoparticles [39].

Physical methods involve a variety of fabrication techniques which include laser ablation,
laser Pyrolysis, ball milling, evaporation and electrospinning etc. Chemical methods used
for fabrication of metal nanoparticles usually require hazardous chemicals for reduction of
metal ions. Hydrazine and sodium borohydride are the widely used reducing agents [39].
Silver and gold metal nanoparticles are usually synthesized by chemical reduction method
in which the metal precursor solution is treated with a reducing agent like sodium
borohydride to reduce the metal ions. Magnetic iron oxide nanoparticles are obtained by a
fast and facile co-precipitation method. Biological or green methods involves the use of
microbes/plant extracts as reducing agent. Biological methods are environmental friendly
methods because these methods don’t involve the toxic chemicals and byproducts as in

case of chemical methods [40].



1.6 Carbon Nano-materials

By the advent of graphene in 2004, carbon nanofillers have gained enormous interest in
scientific research. The family of carbon nanofillers include graphite, graphene oxide and
graphene, nano diamonds, fullerene, and cylindrical carbon nanotubes [41]. Figure 1.3

represents the overview of carbon nanofillers.

Gy @ R

0-Dimension 1-D 2-D
Fullerene Carbon nanotubes Graphite

HOOC COOH COOlOH

2-D
Graphene oxide Nano-diamond

Figure 1.3. The overview of carbon nanofillers [41].

Carbon nanofillers specially graphene, graphene oxide and CNTs have excellent
adsorption capacity and widely used for fabrication of aerogel and hydrogels [42]. Bhakta
et al. [43] explored that maghemite/multi walled carbon nanotubes (MWCNTS) can
remove methylene blue dye from aqueous media. Zheng et al. [44] synthesized a TPG-ZnO
nanocomposite by using tea polyphenols, reduced graphene oxide (rGO) and zinc oxide.
The synthesized TPG-ZnO nano-adsorbent showed the remarkable adsorption efficiency
of Pb*? (98.9%). Along with high adsorption power carbonaceous nanocomposites have
great antibacterial features against both gram negative and gram positive strains. Fengjuan
et al. [45] fabricated a GO/copper based antibacterial coating for titanium sheets. Hamed

et al. [46] reported that GO/ZnO nanocomposite showed excellent antibacterial activities
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against various bacterial strains and used this material for antimicrobial/anticancer weapon.
based. The inhomogeneous dispersion of carbon nanofillers like GO and CNTs causes
aggregation effect at high filler content. Therefore, many different modification strategies
are being researched to get the desired results. Hussain et al. [47] reported that the carbon
nano-adsorbents have excellent removal efficiency for most of the persistent organic
pollutants. The mechanisms presumed for adsorption of pollutants by nanomaterials
involve electrostatic interactions, hydrogen bonding, van der Waals forces, pi-pi

interactions and hydrophobic interactions as well.

1.6.1 Graphene Oxide

Graphene oxide is a single atomic layered structure made by oxidation of graphite flakes.
Certain features of GO like high surface area, chemical/mechanical stability, high young’s
modulus/tensile strength and hydrophilicity gains the interest of researchers from past two
decades. Graphene oxide consists of hexagonal carbonated rings in a honey comb like
pattern decorated with oxygenated moieties. In graphene oxide structure definite amount
of hydroxyl and epoxide groups are present on the layers while carbonyl and carboxyl
groups are located on the edges. These functionalities escalate the applicability of GO by
launching different tailoring sites on the surface of graphene oxide. Graphene oxide can be
functionalized very easily to achieve the desired features. Because of inadequate analytical
techniques the accurate number of oxygenated functional groups on the structure of GO is
still a matter of concern [48]. The functional groups on the GO layers knock out the
bonding electrons and facilitates its surface modification as well as better dispersion in
water. Besides water the GO can be dispersed in organic solvents like THF and DMF easily
to assemble homogeneous GO layer within the nanocomposite membranes. Because of
high hydrophilicity and small particle size, it is difficult to recycle GO nanofiller by simple
centrifugation method. Therefore, many modifications like magnetic functionalization of
GO nanofillers are being done to promote the reusability of GO by using an external
magnetic field to recollect the processed nanofillers [49]. Zhong at al. [50] fabricated a
highly stabilized magnetite-graphene oxide based antimicrobial membrane for water
treatment. The magnetite nanoparticles reduce the swelling prospects of GO sheets and the

synthesized membrane retains its permeability and rejection performance even at high
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ultrasonic destabilization. Rastgar et al. [51] synthesized thin film nanocomposite
membrane based on magnetic graphene oxide GO/Fe304. This membrane was used for
forward osmosis with an improvement of water flux and total fouling as compared to

pristine membrane.
1.6.2 Structure of Graphene Oxide

Graphene oxide is a non-stoichiometric compound possessing variety of compositions
depending on particular synthesis route. Because of its extraordinary physical, thermal,
mechanical and optical properties graphene oxide have become the point of interest for
scientists. Inspite of its demanding nature, precise structure of GO is still a matter of
concern. However different structural models have been presented to understand the
structural framework of GO [52]. According to Lerfet al. [53] GO consists of an aliphatic
as well as aromatic part (unoxidized benzene rings) and size of these two parts vary with
extent of oxidation. Presence of alternating single and double bonds in GO was confirmed
by Kudin et al. [54] and Ammar et al. [55]. Hofmann and Holst proposed the sp? hybridized
model of GO in which epoxy groups are spreaded along the basal planes of graphite sheets
[56]. Ruess modify the Hofman model by assuming that the hydroxyl groups are present
along the sp® hybridized basal plane. According to Ruess model in the lattice structure of
GO 1,3 position of cyclohexane contain epoxides and 4th position is occupied by hydroxyl
moiety [57]. However, substitution of quinoidal species in puckered backbone and
complete removal of epoxides and ether groups was suggested in Scholz and Boehm model
[58]. Besides this Nakijima and Matsuo [59] models are based on the lattice framework of
GO. But recently lattice based models are invalidated, focusing on the nonstiochiometric
and amorphous nature of GO. Different models about structure of GO are shown in Figure
1.4. At present the most widely accepted structural model of GO is proposed by Lerf and
klinowski [60] they used solid state nuclear magnetic resonance (NMR) spectroscopy to
analyze the material and this model is based on materials reactivity. In 13C NMR spectrum
of GO three resonance peaks were noted by cross polarization/magic angle spinning
experiments. Hypothesizing that all carbon atom in GO are quaternary (Mermoux model)
the peak at 130 ppm was assigned to mixture of alkenes, the peak at 70 ppm was assigned

to epoxy (1,2 ether-groups) while the peak at 60 ppm was attributed to tertiary alcohols. 3
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Significant inter- platelet hydrogen bonding between alcohols and epoxides was noted
which contribute to the stacked structure of graphene oxide. In order to judge the
distribution of alkenes (isolated or clustered in aromatic rings) Lerf and co-workers

performed number of experiments in which GO is treated with maleic anhydride and D20.

Scholz-Boehm Nakajimi-Matsuo

Figure 1.4. Structural models of graphene oxide

In the reaction of GO and maleic anhydride (conjugated) non aromatic alkenes must react
but the results of 1H and 13C NMR spectra was observed to be similar to that of starting
material which suggest that no reaction has occurred. However, disappearance of water
peak in IH NMR spectra, while treating the GO with D20 was helpful in studying the
resolution of proton signals which were badly suppressed by the strong resolution of water
molecules associated with surface of GO. For tertiary alcohols the signals 6 = 1.3 ppm
remains unchanged, which depicts that exchange is slow as compared to water molecules.
Presence of two magnetically inequivalent alcohol species was confirmed by the
appearance of a peak at 6=1.0ppm. Based on these experimental observations, tertiary
alcohols and ethers (1,2 ethers i.e. epoxides) were considered as most dominating

functionalities in structure of graphene oxide. Hydrogen bonding between water and
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epoxides (oxygen moiety) of GO is strongly responsible for the stacked behavior of GO.
Updating the earlier models of Ruess and Scholz-Boehm in Dekany model it was suggested
that GO has quinoidal structure having trans-linked cyclohexyl system functionalized with
1,3 ethers and tertiary alcohols. Dekny model proposed that the 1713 cm™ peak in IR

spectrum of GO indicate the presence of ketones/quinones instead of carboxylic acids [61].
1.6.3 Synthesis background of GO

Graphene oxide was first prepared by an Oxford chemist Benjamin C. Brodie in 1859 while
the term graphite was introduced by a scientist A.G. Werner in 1789. He used potassium
chlorate (KCIO3) and fuming nitric acid (HNO3) as an oxidant in addition to graphite to
synthesize graphene oxide [62]. This method has many drawbacks as it was a time taking
process which continuous four days at least. At least four cycles of oxidation were required.
Besides this the nitric acid and chlorate result in the production of acid fog, N>O and ClO»
which are very harmful. In 1898 Staudenmaier introduced the use of a blend of two thirds
of sulphuric acid and one third of nitric acid in addition to KCIO3. In contrast to Brodie's
method, complete oxidation of graphite to graphene oxide takes place just in one step. But
this method is also very time consuming and produce ClO; gas. In fact, a risk of explosion
is always there while performing Brodie’s and Staudenmaier experiments. In 1958 a new
method is proposed for large scale production of graphene oxide by Hummer [63].
Hummer synthesized GO by using Sodium nitrate (NaNO3), Potassium permanganate
(KMnOg), sulfuric acid (H2SO4), hydrogen peroxide (H20>), and graphite powder. In this
method first of all graphite flakes, NaNOs and H>SOs are mixed and stirred to form
homogeneous solution. Then by placing the solution in ice bath for 2h KMnO4 (6g) was
added slowly into it. Solution will become dark green. Again stirred the solution for 30
min at 35°C and added distilled water. Now the flask was placed in a 90°C water bath, for
15 min and again distilled water is added to the solution. The color of the solution turned
dark yellow. Then hydrogen peroxide was added under continuous stirring for another two
hours. The solution was filtered and subjected to washing with one molar hydrogen
chloride solution and repeated washing with distilled water. Centrifugation can be done in
order to remove impurities. Then the obtained graphene oxide is dried at 60°C and finally

grinded to get fine powder of graphene oxide. Hummer, s method can be modified in
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variety of ways. In modified hummers method one can use excess of sulphuric acid (90 mL
and potassium permanganate (12g) for better oxidation of graphite powder [64]. Table 1.1
summarizes the oxidizing agents used for synthesis of GO by different scientists.
Hummer's method is a fast method because of strong oxidant KMnO4 which reduces the
oxidation time of graphite flakes. Besides this, no explosive ClO: or acid fog is observed
during the reaction. Although it has some drawbacks like formation of NO2/N2O4 due to
the use of NaNOj and presence of Na* and NOs™ in waste water formed during this process.
Incomplete oxidation is also a big problem and affects the yield of the product. Repeated
centrifugation to completely remove the residuals is time and energy consuming. Figure

1.5 shows the scheme for hummer’s method [65].

Table 1.1. Synthesis of GO by using different oxidizing agents [62-64].

Year Scientist Oxidizing agents for GO synthesis

1859 Brodie KCIO3 and HNOs

1898 Staudenmaier HNOj3 and H,SOq4

1858 Hummer KMnOj4, H2O2, NaNO3; and H2SOq4
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Figure 1.5. Hummer’s method for synthesis of GO [64].

Tour's method is one of the adaptations of Hummer's method. In contrast to Hummer's
method NaNOjs is not used here. In this method graphite powder and potassium
permanganate (1:6 by weight) are mixed together. By stirring the graphite and
permanganate mixture with one hand, mixture of sulphuric acid and phosphoric acid will
be added to it and stirred. Then placed it on heating stirrer while stirring at 50°C for 12
hours. Then the reaction flask was allowed to cool at room temperature. Added the ice
made form de-ionized water to a large glass container. Poured the graphite acid mixture
over the ice. Then hydrogen peroxide will be added to the mixture and stirred. Now the
product formed is graphene oxide. The GO could be synthesized by the Tang - Lau method
also known as “bottom-up” synthesis. In this method graphene oxide is synthesized from
glucose. This method is simple and safe as compare to other methods (top-down) in which
strong oxidizing agents are used. Thickness of the GO layers can also be controlled very

easily by this method [66].
1.7 Potential of GO in Water Treatment
1.7.1 Removal of Heavy Metals

Among various pollutants found in water, heavy metals need special attention as they are

toxic even in minute quantity and can be fatal for living organisms. Sreeprasad et. al. [67]

13



reported the use of GO and RGO-metal/metal oxide composites for removal of mercury
from polluted water. In case of these composites the values of distribution co-efficient (Kd
values) are found to be an order of magnitude higher than that of pristine GO and RGO.
For RGO and composites distribution coefficient was found to be higher than 10 Lg™! for
Hg (IT). Time dependent removal of mercury was studied by using GO, RGO, RGO-MnO,
RGO-Ag and Ch-RGO-Ag as shown in Figure 1.6. Due to the presence of large
functionalities on GO, one would expect greater uptake in case of GO. But mercury uptake
by GO and RGO was similar which depicts that the carboxylic functional group of GO and
RGO i.e. COO- would be responsible for uptake of mercury as this functional group is
common in GO and RGO. TEM and EDAX supports that MnO> and Ag were significantly
helpful in adsorption of mercury.

A B

1 wieRGO-MN02

= Groundwater = Distilled water

08 e

" «=RGO 100
S 06 g £
*E: «#=Ch-RGO-Ag@RS s 80
§ 04 g 70

=
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Ch—RGO ChRGO- RGO-Mn02 RGO-Ag
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0 20 40 60 80 100 120
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Figure 1.6. (A) kinetics of Hg (II) adsorption by different adsorbents, (B) comparison of

different composites for removing mercury Hg (II) from water samples [67].

One of the most carcinogenic and toxic chemical when consumed >10 ppb is arsenic.
According to an estimation about 60 million people are drinking arsenic containing water
(>10 ppb) and it leads to skin cancer in Wisconsin even at <10 ppb concentration [68].
Zhang et al. [69] studied the removal of arsenate from drinking water by using GO-ferric
hydroxide composite. GO was first treated with ferrous sulphate and then oxidized with
hydrogen peroxide and ammonium hydroxide. Successful impregnation of ferric hydroxide
was confirmed by using XRD, SEM and TEM. Figure 1.7 represent the SEM micrographs
of GO and GO-Fe-5, and energy dispersive X-ray spectroscopy (EDS) of GO—Fe-5.
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Figure 1.7. SEM micrographs of GO and GO—Fe-5, and EDS (energy dispersive X-ray
spectroscopy) of GO—Fe-5. (A) SEM of GO-Fe-5, (B) SEM of GO, (C) carbon mapping
of GO-Fe-5, and (D) iron mapping of GO-Fe-5 [69]

Five composites of GO-ferric hydroxide were prepared by varying ratio of
GO/FeSO4-7H,0 i.e. GO/Fe-1 (345mg GO/100mg FeSO4-7H20), GO/Fe-2 (345 mg/300
mg), GO/Fe-3 (345 mg/500 mg), GO/Fe-4 (345 mg/750 mg) and GO/Fe-5 (345 mg/1000
mg). The composite GO/Fe-5 was able to absorb 95% of arsenate from the contaminated
water containing 51.14 ppm arsenate concentration. Absorption capacity of GO/Fe-5
composite was found to be 23.78 mg arsenate/g of composite. Arsenate was effectively
removed in a wide range of pH (from 4 to 9) but at higher pH i.e. greater than 8§ the
efficiency of arsenate removal was found to decrease. Table 1.2 shows the effects of iron
on arsenic removal. Chandra et al. [70] synthesized water dispersible magnetite-reduced
graphene oxide composites for removal of arsenic from water. Composites were fabricated
by a chemical reaction between graphene oxide and magnetite particles (~10 nm). External

magnetic field was used to separate the superparamagnetic composites.
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Table 1.2. The effect of loaded iron on removal of arsenate (*-calculated from TGA
tested in air, ®-percentage of arsenate removed, °-arsenate absorbed by absorbents %-Iron

conc. of the filtrate) [69].

Fe(OH); content (%)*  Ras(%)”  qas (mg/g)*  Lre (ppm)*

GO-Fe-1 8.17 80.4 491 2.97
GO-Fe-2 19.62 98.1 5.98 7.74
GO-Fe-3 28.22 99.2 6.04 3.22
GO-Fe-4 42.26 100 6.10 0.64
GO-Fe-5 54.12 100 6.10 0.25
GO-Fe-5 54.12 95.7 18.55 15.82
GO-Fe-5 54.12 95.3 23.78 14.93

Magnetite-RGO composites have high affinity for adsorption of As (IIl) and As (V) as
compared to bare magnetite particles. The reason for this high affinity is the increased
adsorption sites in magnetite-RGO as a result of reduction of bare magnetite aggregates.
These composites have great advantage in practical applications for removal of arsenic
from drinking water because magnetite-RGO composites were able to effectively remove
99.9 % arsenic within 1ppb. Yang et al. [71] reported the application of graphene oxide in
removal of Cu®* from water. Graphene oxide has excellent capacity to absorb Cu®* ions
and by this absorption GO sheets tends to aggregate. Atomic force microscopy and
confocal microscopy confirms the folding of GO sheets and hence aggregation in aqueous
solutions of Cu®*. As compared to bare active carbon the absorption capacity of GO for
Cu?* was about 10 times greater. The interaction between oxygen of GO sheet and Cu?*

ions render GO an effective absorbent for removal of cupper ions.
1.7.2 Disinfection and Antifouling Properties

One of the biggest challenges in waste water treatment is to control membrane fouling
which shortens the life span of membrane filters by disturbing pore size and flux rate.
Nanotechnology have introduced some antibacterial agents including Ag, Cu, ZnO, and
TiO2. Among these Ag nanoparticles have low cytotoxicity towards human beings.

However, uniform dispersion of nanoparticles in aqueous media is a critical issue for
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industrial applications. To avoid aggregation and achieve homogeneous dispersion one can
use macroscopic support for loading nanoparticles. Graphene oxide provides and effective
support for nanomaterial loading due to its low cost, hydrophilicity, ease of processing and
functionalization [72, 73]. Bao et al. [74] synthesized the silver-graphene oxide
nanocomposite as an antibacterial agent for water disinfection. GO-Ag composites were
fabricated by in situ reduction of adsorbed Ag ions by hydroquinone and characterized by
UV-visible, TEM, FTIR etc. Antibacterial properties were tested for both gram negative
and gram positive strains of bacteria i.e. Escherichia coli and Staphylococcus aureus.
Figure 1.8 shows the antibacterial strength of GO and GO-Ag composites by paper disc
method.

Ag NP/GO

21mm ~ Smm

Figure.1.8. Kirby—Bauer antibiotic activity test for the GO paper disk and the Ag NP/GO
paper disk against (A) E. coli and (B) S. aureus [74].

After 48h incubation a small inhibition zone was seen around GO which depicts the low
toxicity of GO. However, a significantly larger and clear inhibition zone appears in case of
GOAg composite. Diameter of inhibition zone for GO-Ag composite was almost a hundred
times larger than that of bare GO. Ag ions or silver nanoparticles would be released to the
surrounding media which either kill bacteria by disrupting cell membranes, or damaging

protein to minimize the chances of microbial growth. To check the effectiveness of
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prepared antibacterial composites in aqueous media, GO and GO-Ag were immersed in
water infected by bacteria. After proper incubation plate counting method was used to
check the level of disinfection. Table 1.3 enlists the number of bacterial cells surviving in

the presence of GO and GO-Ag composites.

Table 1.3. Number of bacterial cells surviving after contact with GO and Ag-GO
composite [74].

Bacteria Sample (cfu/mL)  Survival (cfu/mL) Reduction (%)
E. coli Blank 1.33*10° _
GO 6.40*10° 51.9
Ag-GO 0 100
S. aureus Blank 6.67%10° B
GO 2.52*10° 61.3
Ag-GO 8.27*%10* 87.6

E. coli cells in contact with GO and GO-Ag composites were reduced to 51.9 % and 100
% respectively. While S. aureus was reduced by 61.3% and 87.6% respectively in the
incubated GO and GO-Ag. Difference in membrane structure of both bacterial strains
(thickness and integrity) was the main factor for lower efficacy of GO and composites
towards S. aureus. Chung et al. [75] used ZnO-GO composite to improve the antifouling
properties of polysulfone nanohybrid membranes. ZnO and ZnO-GO nanoparticles were
synthesized by employing sol-gel method while the nanohybrid membranes of polysulfone
impregnated with ZnO (1, 2, 3 wt.%) and ZnO-GO (0.1, 0.3, 0.6 wt. %) were fabricated by
wet phase inversion technique. Although all membranes exhibited better properties but the
best performance was noted in case of 2 wt.% ZnO and 0.6 wt.% Zn-GO. All the membrane

properties like porosity, high hydrophilicity and high permeability contribute to overcome
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the biofouling of polysulfone membranes. Liang et al. [76] used graphene oxide modified
by hyper branched polyethylenimine (HPEI) to synthesize antibacterial polyethersulfone
ultrafiltration membranes. For pure PES membrane the protein adsorption amount was
noted to be 65.11 pg/cm? which was decreased to 25.89 pg/cm? for hybrid membranes
containing 5 wt. % HPEI-GO. As adsorption of protein on membrane surface results in
fouling, hybrid membranes containing HPEI-GO displayed excellent antifouling properties
as compared to pure membranes. Besides improved antibacterial properties, these hybrid
membranes have high tensile strength and high Young’s modulus. Lei et al. [77]
synthesized the high performance Ti0,-GO-Ag composites for water decontamination and
disinfection under solar irradiation. As compared to GO and TiO» the composites show
remarkable photocatalytic degradation of phenol and acid orange under solar irradiation.
Due to the presence of silver nanoparticles, composites bear excellent antibacterial
activities towards E. coli. The advanced photocatalytic activities make such composites

highly useful for water purification.

1.7.3 Desalination

Desalination is one of the most powerful technique to secure the availability of neat water.
Mostafa et al. [78] studied the applications of nano porous graphene oxide membrane for
water desalination. Molecular dynamics proved that the nano porous membranes having
pore size in the range of 0.29 to 0.45A showed > 89% salt rejection at pressure less than
50 MPa. Water flux was also noted to be high (2-5 orders of magnitude) as compared to
other reverse osmosis membranes. As compared to graphene membranes graphene oxide
based membranes possess ~77% better water permeability due to the presence of large
number of functional groups and such water desalination plants are cost effective. Keng et
al. [79] reported the successful synthesis of wood-GO composite for solar steam
generation. For desalination and water purification processes solar steam generation is
highly efficient technology. Deposition of GO layer on wood (microporous) results in
increased optical absorption and great photo thermal conversion which rapidly increases
the temperature at the surface of liquid. Wood act as insulator to prevent the heat loss by
confining it to the evaporative surface and helps in water transport from bulk to the surface.

At a power density of 12 KW/m? the solar thermal efficiency of wood-GO composite was
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noted to be ~83%. Euntae Yang et al. [80] introduced the forward osmosis membrane for
desalination based on reduced graphene oxide and polydopamine. Due to the facile
fabrication, controllable pore size and ultra-thin thickness GO based membranes can be
used as an alternative to polymeric membranes. Hydrophilic polydopamine layer was
coated on reduced graphene oxide laminates which increases the chances of water
absorption. As a result, the reduced graphene oxide-polydopamine membranes shows
water flux of 36.6 L/m*h, with a reverse solute flux of 0.042 mol/m*h and a high salt
rejection rate of 92.0% in FO. Finnerty et al. [81] synthesized a novel graphene oxide leaf
for solar desalination with zero liquid discharge. GO leaf displayed a broadband absorption
and high stability in saline medium. When GO leaf was lifted in a tree like structure above
the water, steam was generated at the rate of 2.0 LMH (Liter m* per hour) with an energy
conversion efficiency of 78% under 0.82 solar flux. While the GO leaf floating on the
surface of water generated steam at 1.1 LMH with energy efficiency of 54%. The rate of
evaporation was directly related to the light intensity and inversely to the salinity. Despite
of severe accumulation of salt on the leaf surface GO leaf maintain stability in a 15 wt.%
NaCl solution. However, restoration of GO leaf just need scraping of deposited salt and
rinsing the leaf with water. Due to ease of processing and low cost GO-leaf opened up new
ways to desalination technology. Hegab et al. [82] reported that GO can be used in different
ways for desalination purpose including GO membrane, GO surface modified membrane
and GO incorporated in polymeric membranes. By the incorporation of GO mechanical
strength, selectivity, water flux, antifouling properties of membranes increases
significantly. Bin et al. [83] studied the use of GO/polyacrylonitrile membrane for water
desalination. Vacuum filtration assembly was used to fabricate the thin film of GO on
polyacrylonitrile membrane. At 90°C the GO/PAN membrane possess a high water flux
(65.1 Lm™ h') with high rejection (99.8%) by pervaporation for desalination. Such
membranes exhibit high performance for desalination even in high salinity i.e. salt
concentration upto 100,000 ppm. So GO-assisted membranes can be used for brackish and
sea water desalination and reverse osmosis treatment as well. Abraham Jijo et al. [84]
reported the tunable sieving of ions using graphene oxide membrane. According to Jijo GO
based membranes exhibit 97% rejection for NaCl. Zahirifar Jafar et al. [85] synthesized a

noval dual layer desalination membrane by incorporating GO-ODA (octadecylamine) in
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PVDF (polyvinylidene fluoride) matrix. Different techniques (XRD, TGA, FE-SEM) were
used for characterization and investigation of properties of GO-ODA and their membranes.
PVDF membranes containing GO-ODA possess superior properties in terms of increased
hydrophobicity, surface roughness, water flux and salt rejection as well. Betterment of
membrane properties was attributed to the formation of high surface area nano-channels

by GO-ODA which results in high salt (NaCl) rejection and increased water flow.
1.8 Stability Concerns of Graphene Oxide and Metal Nanoparticles

One of the main challenges of GO to form nanocomposite membranes is swelling of GO
sheets in aqueous media which results in leaching of GO nanofiller. These swelling effects
limits the long term usability of GO. Another challenge to hinder the applicability of GO
is associated with its m-m stacking. The =m-m stacking of GO sheets results in its
agglomeration within polymer matrix and affects its applications. One of the quick method
to overcome agglomeration is functionalization of GO with different metal and metal oxide
nanoparticles [50, 86]. GO-Ag [87], GO-ZnO [88], GO-TiO [89], and GO-nanodiamond

are widely studied to improve the stability of polymer membranes in water treatment [90].

The antimicrobial property of AgNPs is directly linked with their size and shape. Low
colloidal stability of AgNPs results in their aggregation which decreases their surface area
and antimicrobial activity. So the main problem associated with the use of graphene oxide
and silver nanoparticles is their agglomeration property. Functionalization of GO with
AgNPs results in high exfoliation of GO nano-sheets, by increasing the interlayer distance
of GO nanolayers. On the other hand, using highly oxygenated substrate like GO provides
high binding sites for nucleation and growth of AgNPs [91]. So functionalization of GO
with AgNPs helps in uniform dispersion of AgNPs and exfoliation of GO nanosheets as
well. Cobos et al. [92] reported the use of PVA/GO-Ag nanocomposite against two

pathogenic bacteria Staphylococcus aureus and Escherichia coli.

1.9 Polymer Nanocomposite Membranes

In contrast to the classical polymer membranes, nano filler based membranes are springing

up for separation and purification. Nanotechnology plays a remarkable role in controlling
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water pollution. The two dimensional nanomaterials have integral atomic thickness
properties which controls the membranes transport resistance. Besides this the adjustable
pore size and selectivity to certain particular pollutants makes nanomaterials a wonder in
the field of separation and purification industry. Polymer nanocomposites can be fabricated
by using highly antifouling nano fillers by using melt intercalation, exfoliation/adsorption
and in situ polymerization. Carbon nanofillers are one of the most fascinating material used
for fabrication of nanocomposite membranes [93]. Figure 1.9 enlists some common
applications of polymer nanocomposites. Physical and chemical stability of nanocomposite
membranes is still a matter of concern. According to a study proposed by Zodrow at al.
[94] (Ag") silver ions leach from the silver impregnated polysulfone membrane surface
resulting in water flux decline and reduced antimicrobial activities. CNTs are proved to
have better stability than metal nanoparticles. MWCNT are proved to increase the stability
of polyamide membranes [95]. In order to maintain the high performance and reusability
of membranes, different strategies are being used for immobilization of nano fillers on
polymer surface. Xin Li et al. [96] studied that pluronic F127 restrict the leaching of TiO»
from a polyether sulfone mixed matrix membrane. The synthesized membrane shows

highly antifouling effects for BSA and humic acid foulants.

Biological Applications
Li ion battery Electrode Separationmembranes

Polymer Nanocomposite’s 7
Sensor Applications Catalysis

Reinforced Plastics Coating materials

Optoelectronics

Figure 1.9. Applications of polymer nanocomposites
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1.10 Methods for Fabrication of Polymer/Nanocomposite Membranes

The most prevalent techniques used for manufacturing nano porous membranes are phase
inversion, electrospinning, solution casting, interfacial polymerization, track in polymer
membranes. Solution casting involves the mixing of nanocomposites and polymer
beads/powder into a solvent under continuous stirring to form a homogeneous solution.
This homogeneous solution was than casted on the glass plates or a supporting substrate
and allowed to dry. While the phase inversion process involves the change of homogeneous
liquid phase to solid state. During phase inversion the homogeneous polymer or
polymer/nanocomposite solution was casted by using a casting blade (to control the
thickness of membranes) onto the glass substrate. Than the substrate was immersed in a
non-solvent, usually water to allow the inversion of phase which leads to thin film
formation [97]. To obtain the desired properties of polymer membranes different
approaches are being used which include, thermally induced phase inversion, immersion
precipitation and vapour/evaporation induced phase inversion. [98, 99]. Nanofibrous
membranes are usually synthesized by electrospinning method. Viscosity of the casting
solution and electric potential controls the porosity and pore size distribution of membranes
generated by electrospinning [100]. Interfacial polymerization involves a poly
condensation reaction between polyamines and polyacyl chlorides monomers (dissolved in
immiscible solvents). A thin film (10nm to several m thick) generate at the polymer
substrate interface and attached to the substrate. The reverse osmosis and nanofiltration
membranes were generally synthesized by interfacial polymerization [101]. The structure
and morphology of the as-synthesized membranes depends on the solvent type, monomer
concentration and reaction speed. Polymer membranes fabricated by phase inversion or
solution casting methods involves mixing of nanofillers within the polymer matrix and
membrane surface remain deficient of hydrophilic moieties. Resin infiltration technique
can help in surface availability of nanocomposites to tackle the hydrophobic and fouling
concerns of polymers. Resin infiltration assembly is reciprocal to layer by layer assembly
in which the layered components interact with each other by electrostatic attraction or H-
bonding [102-104]. Figure 1.10 represents the fabrication methods of

polymer/nanocomposite membranes.
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Figure 1.10. Fabrication methods of polymer/nanocomposite membranes

1.11 Literature Review

1.11.1 Graphene Oxide/ Silver Nanoparticles Composites

Silver nanoparticles acts as a natural defense system against various microorganisms. Nano

silver when come in contact with bacterial cell wall. They rupture the cell structure and

penetrate into the cell interior where they generate free radicals causing bacterial cells

death. Antibacterial features of silver nanoparticles are well explored in the field of

medicine as well [105]. Suhalim et al. [106] analyze the silver/GO additive to increase the

water flux and rejection properties of PSF membrane. The PSF membranes with 0.5 wt.%

GO-Ag loading exhibit the highest ionic rejection and lowest water contact angle. Faria et

al. [107] synthesized forward osmosis membranes functionalized with graphene oxide

silver. GO-silver and thin film composite membrane were covalently cross linked by their

carboxyl groups. The GO-silver based composite membrane exhibits 80% inactivation of
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Pseudomonas aeruginosa. These membranes exhibit high anti biofouling property during
cross flow filtration tests. Soroush at al. [108] also used GO-silver for surface
functionalization of forward osmosis membrane. The GO/Ag nanocomposite was
covalently bonded to the thin film composite membrane through amide forming
condensation reaction by using ceastamine. These membranes showed excellent
hydrophilic properties with water contact angle below 25°. Besides this the fabricated
membranes showed 95% inactivation of Escherichia coli without compromising the
membrane transport properties. Another study done by Vatanpour et al. [109] showed that
boron nitrite-GO/Ag nanocomposite improves the water permeability, antifouling,
antibacterial and high rejection properties of PES membranes. Furthermore, the boron
nitrite-GO/Ag nanocomposite increases the negative surface charge of PES membrane
which exhibited 88.9% rejection of reactive black 5 and 77.7 % rejection of reactive red
120. Kwanyong et al. [110] used Ag-GO nanocomposite as an antifouling and antibacterial
coating on PVDF membranes by a facile pressurized filtration method. Water flux
performance of the coated membrane increased 50% as compared to the pristine PVDF
membrane. The modified membranes maintained high flux recovery and antibacterial
features after membrane back wash. Jose et al. [111] fabricated a Ag-GO coated nylon
membrane for water purification by vacuum filtration technique. The designed membrane
exhibited 46.7 Lm?h"! water flux and appreciable rejection of Congo red (95%),
Rhodamine B (88%) and Methylene blue (85%). Antibacterial performance test showed
that the Ag-GO nanocomposite inhibits the bacterial growth of Staphylococcus aureus and
Escherichia coli. Another study done by Heba Isawi [112] showed that Ag-GO
nanocomposite enhances the desalination performance of polyamide thin film composite
membrane. The water flux performance increases from 27 to 43.4 Lm>h while the salt
retention increases from 93% to 99%. Antibacterial properties were also tested by using
Escherichia coli. X.F Sun et al. [113] used Ag-GO composite for modification of cellulose
acetate membrane. SEM analysis showed that the silver nanoparticles preserve their
nanostructure properties on the modified membrane surface which results in inactivation
of 86% of Escherichia coli. The Ag-GO modified membrane showed significant low flux
drop as compared to unmodified membrane and membranes based on bare GO and Ag

nanoparticles. Mahmoudi et al. [114] reviewed the multifunctional applications of silver
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doped graphene oxide composites. He concluded that aggregation effect of the plasmonic
silver nanoparticles can be diminished by grafting the AgNPs on GO sheets, which results
in extraordinary antibacterial results. GO-Ag nanocomposites have extraordinary
environmental and biomedical applications as well as high optical sensitivity to detect
heavy metals. Alkhouzaam et al. [115] presented an overview of GO based membranes
regarding the water treatment and desalination approaches. This overview showed that both
the pristine GO and functionalized GO nanofiller based membranes increases the
hydrophilicity, antifouling, antibacterial and rejection properties of reverse osmosis
membranes. Zhou et al. [116] fabricated the highly antibacterial thin film composite
reverse osmosis membranes based on GO quantum dot-mediated AgNPs. GOQD-AgNPs
was incorporated into PA thin films by employing interfacial polymerization. The obtained
TFN membrane exhibits 98.9% rejection of NaCl salt and a water flux of 39.1 Lm2h.
GOQD-AgNPs based membrane possessed remarkable antibacterial features against

Staphylococcus aureus (96.5%) and Escherichia coli (98.6%).
1.11.2 Graphene oxide/Polyethylene glycol Composites

Polyethylene glycol (PEG) is an important thermoplastic polymer which possess
extraordinary properties like high hydrophilicity, crystallinity and solubility in organic
solvents. Recently PEG has been used as an additive and surface modifier to improve water
permeability and antifouling properties of polymer membranes. Hydrophilicity of GO can
be improved by surface functionalization of GO sheets with PEG [117]. Strong hydrogen
bonding between GO and PEG is proved to be very successful in fabrication of organic-
inorganic hybrids to achieve high performance membranes. Mansourpanah et al. [118]
reported that incorporation of PEG/GO nanosheets increases the hydrophilicity, salt
rejection and antifouling properties of polyamide thin film composites. Li-guang and
coworkers [119] reported the in-situ polymerization of polyimide/PEG-GO hybrid
membranes. PEG grafting results in formation of defective structures on GO surface which
enhances the gas separation property of membranes. Chen et al. [120] synthesized the
PVDF/PEG-graphene composite by employing solution blending method in which PEG-
graphene was obtained by amidation reaction between GO and methoxy polyethylene

glycol followed by reduction using sodium borohydride. The water flux and selectivity
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performances of GO functionalized membrane primarily determined by its functionalized
active layer as well as its concentration and aggregation of GO sheets, which obstruct the
effective driving force for water flux due to slow diffusion of solute on the functionalized
active layer of porous surface of membrane. Therefore, in order to fabricate GO membranes
with high selectivity and water flux properties, it is extremely critical to structurally
engineer the functionalized GO membrane layer so that it rejects or minimize unwanted
solute transport. Jatoi at al. [121] fabricated PEGylated GO based lamellar nanofiltration
membrane for separation of rhodamine B, evans blue and methylene blue. PEGylated GO
based membrane showed ~ 155 £+ 10 Lm?h™! methol permeability. PEGylation enhanced
the interlayer spacing of GO sheets upto 1.12nm and additionally increases the stability of
GO membranes in organic solvent. M.A. jihad et al. [122] synthesized the PEG
functionalized GO nanoparticles incorporated with Nigella sativa extracts and used them
for drug delivery system. The synthesized nanocomposite was observed to inactivate the
Staphylococcus aureus and Escherichia coli bacteria by interacting the the bacterial cell
structure and destroying the nucleic acid. Yuan Peng et al. [123] Graphene
functionalization was found to decrease the thermal resistance at PEG-graphene interface
and uplift the heat capacity and phase change temperature as well. M.veerapandian [124]
used GO functionalized with Ag@silica-PEG nanohybrid for electrochemical detection of
quercetin. A. kumar et al. [125] used PEG and GO functionalized cotton to fabricate the
thermos-regulating textile fabric material. The and highly efficient UV rays’ protection.
GO/PEG-CuS nanocomposite are applicable for cervical cancer treatment [126]. The
anticancer drug doxorubicin was effectively loaded on the GO/PEG-CuS nanocomposite
and used to decrement the tumor by combining the photothermal and chemothermal
therapies. DR Rout et al. [127] synthesized PEG functionalized reduced GO/ZnO
composite for removal of phenolic pollutants from waste water. The analysis showed that
the synthesized PEG-GO/ZnO nanocomposite remove 86.54% of industrial effluents in 45
min. P.A jeshvaghani et al. [128] reported a novel green nanoemulsification method to
obtain a GO/PEG-fibroin protein based nanocarrier for cancer treatment. Mohammadi and
Babaei [129] proposed a novel nanocomposite based on PVA/chitosin/PEG-GO for
biomedical use and food packaging industry. Their study revealed that the surface

fuctionalization of GO with PEG reduces the toxicity of GO at high loading.
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PVA/chitosi/PEG-GO sample showed the highest mechanical strength, low

biodegrability and better antibacterial properties against S. aureus and E. coli.
1.11.3 Graphene oxide/Magnetic Fe;O4 Composites

The presence of hydrophilic groups like carboxyl and hydroxyl groups on GO sheets makes
the GO adsorbent highly dispersible in aqueous media. The conventional centrifugation or
filtration techniques are not useful in successful retrieval of GO from the sample. On the
other hand, magnetic nanoparticles are very easy to separate from the reaction mixtures.
So the fabrication of magnetic graphene oxide is widely explored for the simple and fast
recovery of graphene oxide just by applying an external magnetic field [130]. Wang et al.
[131] used a magnetic B-cyclodextrin graphene oxide nanocomposite for the removal of
malachite green from aqueous solution. The maximum adsorption capacity of the magnetic
nanocomposites was 990.10mg/g and these nanocomposites were used for 5 cycles with
80% recovery ratio. Hossienzadeh et al. [132] synthesized high performance ultrafiltration
membranes by using the functionalized magnetic graphene oxide. The magnetic nanofiller
was proved to enhance the permeability and water flux of polysulfone membranes along
with high antimicrobial/antifouling properties. Abdi et al. [133] studied that the
hydrophilicity and antifouling property of PES membranes drastically increased by
incorporation of magnetic GO/metformin hybrids. These modified membranes were used
for removal of heavy metal ions (cupper ions) and direct red/16 dye. Xu et al. [134]
fabricated the Fe304/GO based PVDF membranes by using magnetic field induced casting
and phase inversion process. A magnetic field of0.1- 0.2T was used to induce the migration
of magnetic GO to the membranes top surface. This migration behavior raises the
hydrophilic character of PVDF membranes. Hydrophilicity of PVDF membranes
significantly increases with a water flux of 595.39 Lm™h!. BSA rejection and flux recovery
ratio was also appreciable. Another study proposed by Mirzaei et al. [135] uses GO/ Fe304
for fabrication of PES mixed matrix ultrafiltration membranes. A magnetic field of 0.1T
was used during casting process to obtain the magnetic properties in PES-GO/ Fe;O4
membrane. Comparing the membranes fabricated with and without magnetic field
induction, it was concluded that in the case of magnetic field induced membrane the water

contact angle reduces by 35 % which increases the pure water flux upto 76.2 %.
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Furthermore, the BSA rejection was 92 % while the flux recovery ratio (FRR) was 87.9 %.
P.V. Chai et al. [136] synthesized the highly antifouling PSf membranes by incorporating
the GO/ Fe304. Co-precipitation method was used to obtain the magnetic GO and phase
inversion technique was used for membrane fabrication. The 0.6 wt.% GO/ Fe3O4
membrane exhibits the 87.01 Lm>h"! water flux and 98 % rejection of congo red with a
FRR of 95%. Zhang et al. [137] used magnetic graphene oxide to fabricate immobilized
metal affinity adsorbant for selective enrichment of cytokinins in plants. Rastgar et al. [51]
[fabricate GO/Fe30O4 nanohybrid based forward osmosis membrane by in-situ interfacial
polymerization of polyamide monomer solution. Thin film composite membranes
synthesized both in the presence of magnetic field and in the absence of magnetic field
were tested to compare their water permeability, salt rejection and antifouling properties.
Magnetic field assisted membrane depicts 117.4% and 63.2% enhancements of water flux
as compared to pristine TFC membrane and non-magnetic GO/Fe;O4 based TFC
membrane. Nusrat Tara et al. [138] synthesized magnetic Nigella sativa —GO based
composite for highly active antibacterial water treatment tests. Magnetic iron oxide
nanoparticles were incorporated in cellulosic black cumin seed powder functionalized with
GO. The synthesized BC-GO@ Fe3O4 composite was characterized and used against
Gram-positive and Gram-negative bacterial strains. Besides this, the BC-GO@ Fe3O4

composite showed excellent adsorption of methylene blue and arsenic from water.
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1.12 Plan of Work

To the best of our knowledge, PVC membranes were mostly fabricated by phase inversion
or solution casting methods. These methods involve mixing of nanofiller within polymer
matrix and membrane surface remain deficient of hydrophilic moieties. Resin infiltration
technique can help in surface availability of nanocomposites to compensate the
hydrophobic issues of polymers. In the present strategy the GO was synthesized and
modified with silver nanoparticles (AgNPs), poly ethylene glycol (PEG), magnetic iron
oxide (Fe3O4) and silver functionalized magnetic GO (Ag-GO/Fe304). These
nanocomposites (GO-Ag, PEG/GO-Ag, GO/Fe;04 and Ag-GO/Fe304) were incorporated
into the PVC and PVDF-co-HFP polymer resins by using a vacuum filtration assembly to
fabricate surface active ‘“hydrophilic polymer membranes. The synthesized
nanocomposites and their membranes were characterized by XRD, FTIR, Raman, UV,
SEM TEM, and water contact angle measurements. Magnetic membranes were mostly
fabricated by using an external magnetic field to move the magnetic nanoparticles to the
top of the membrane surface. Herein, we used resin infiltration method to fabricate
magnetically active membranes without using any external magnetic field. The fabricated
membranes were tested in terms of water and BSA filtration, antifouling ratios, cyclic

filtration tests, flux recovery ratios, and thermal stability as well.

1.13 Aims and Objectives of Present Study

The aim of the present study was to fabricate a highly hydrophilic, fouling resistant and
thermally stable PVC and PVDF-co-HFP membranes. This aim was achieved by working

on following objectives.

e To synthesize the graphene oxide (GO) and modified GO (GO-Ag, PEG/GO-Ag,
GO-Fe;04 and Ag/GO-Fe;04) nano-fillers

e To use the synthesized nano-fillers for fabrication of hydrophilic and antifouling

polymer membranes.

e To use the resin infiltration fabrication technique for the surface availability of

nanofillers.
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To explore the effect of GO, GO-Ag, PEG/GO-Ag, GO-Fe304 and Ag/GO-Fe304

nano fillers incorporation on water contact angle of membranes.

To investigate the pure water flux and BSA protein flux of fabricated

nanocomposite membranes.

To evaluate the effect of nano fillers addition on BSA rejection of nanocomposite

membranes.

To inspect the total fouling ratio, irreversible fouling ratio and reversible fouling

ratio of fabricated membranes
To examine the antibacterial features of GO and GO-Ag nanofillers

To analyze the cross-sectional morphology and thermal stability of synthesized

membranes.

To evaluate the durability and reusability of membranes.
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CHAPTER 2
EXPERIMENTAL WORK

2.1 Materials and Methods

All the chemicals were of analytical grade and used without further purification. Graphite
powder, silver nitrate (AgNQOs3), sodium nitrate (NaNOs3), potassium permanganate
(KMnOys) and sulfuric acid (H>SO4) were purchased from Sigma Aldrich. Tetra hydro furan
(THF), sodium borohydride (NaBH4), poly vinyl chloride (PVC), dimethyl acetamide
(DMACc), sodium borohydride (NaBH4) and sodium citrate (Na3CsHsO7) were supplied by
Daejung China. Polyethylene glycol (PEG) (Mw=1500 g), ferric chloride (FeCls.sH20),
ferrous chloride (FeCl,.4H>0), hydrogen peroxide (H20>), ammonium hydroxide (NH4OH)
and poly (vinyledene fluoride-co-hexaflouropropylene) (PVDF-co-HFP) were obtained
from Merck.

2.2 Synthesis of Nanocomposites

2.2.1. Synthesis of GO and GO-Ag

Graphene oxide was synthesized by using modified Hummer’s method as shown in Figure
2.1.[139][140]. Sulfuric acid and KMnO4 were used to oxidize the graphite flakes. Briefly,
sulfuric acid (25 mL) was slowly added in to the mixture of graphite flakes (1 g) and
sodium nitrate (1 g) under vigorous stirring. Subsequently, KMnO4 (3 g) was added and
mixed homogenously on the ice bath. Then, 50 mL water was added in a drop wise manner
(to avoid explosion because of highly exothermic reaction). The solution was refluxed at
100 °C for 15 min and then 100 mL distilled water was added followed by the addition of
30% H20: solution. The resulting final product was centrifuged and washed with excess

amount of water and dried overnight at 50 °C in vacuum oven.
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Figure 2.1. Synthesis of graphene oxide

Synthesized GO was then functionalized with AgNPs by following chemical reduction
method shown in Figure 2.2. GO (0.5g) was dispersed in 0.01M AgNOs3 solution by
ultrasonication. Than freshly prepared NaBH4 solution was added drop wise to the above
suspension of GO under continuous stirring. NaBH4 reduces the Ag ions decorated on the
surface of GO functionalized sheets. Silver functionalized GO nanosheets were than

washed with deionized water and dried in vacuum oven at 50°C [141].

(2)

(1)
AgNO,5

COOH

GO-Ag

Q GO sheet ® Ag nanoparticles

Figure 2.2. Silver functionalization of GO by chemical reduction method
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2.2.2 Synthesis of PEG-GO-Ag

PEG modified GO-Ag nanofiller was synthesized by following method. GO-Ag (0.05 g)
was dispersed in 30 mL deionized water by sonication. After uniform mixing of solution,
0.5 g PEG was added and again sonicated for 1 h. The above mixture was stirred for 2 h at
room temperature and finally centrifuged and washed with excess amount of water to

remove unreacted PEG [142].
2.2.3 Synthesis of Magnetic GO (GO/Fe;04)

Magnetic graphene oxide was synthesized by following chemical co-precipitation route as
shown in Figure 2.3 [143]. The powdered GO (0.5 g) was dispersed in (100 mL) distilled
water by bath sonication. Than the freshly prepared salt solution (1.2 g FeClz.sH,0O and 0.6
g FeCl,.4H>0) was added dropwise to the GO solution under continuous stirring and heated
up to 90°C for 30min. Afterwards, the ammonium hydroxide (30 mL) solution was added
at once to the above mixture. By the addition of ammonium hydroxide blackish precipitates
of magnetic GO (GO/Fe304) were noticed. The obtained GO/Fe3O4 nanoparticles were
separated with the help of a magnet and washed with plenty of deionized water to neutralize
the pH. Then the GO/Fe30O4 nanocomposite was dried at 50°C. For comparison, bare Fe3O4

nanoparticles were also synthesized following the same co-precipitation method.

-L_---

Sodium
Citrate

o 7

Ag-

Figure 2.3. Synthesis of GO/Fe;04and Ag-GO/Fe;04 [143].
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2.2.4 Silver functionalization of Magnetic GO

Finely grinded magnetic graphene oxide (0.05g) was added to the silver nitrate (0.01M)
solution and undergo sonication to ensure uniform nucleation of nanoparticles. Than the
sodium citrate solution (0.01M) was added dropwise to the above suspension and let the
solution to be sonicated for 1h. Silver functionalized GO/Fe3;O4 nanoparticles were than
washed many times by magnetic decantation and dried at 50°C in vacuum oven [144].

Figure 2.3. shows the method for silver functionalization of GO/Fe3Os.

2.3 Fabrication of Polymer/Nanocomposite Membranes

2.3.1 Fabrication of PVC/GO and PVC/GO-Ag Membranes

PVC/GO-Ag nanocomposite membranes were fabricated by employing resin infiltration
technique as shown in Figure 2.4. GO-Ag (0.25, 0.5 and 1 wt. %) nano additives were
dispersed in THF (10ml) by ultrasonication. Well dispersed GO-Ag suspensions were
filtered through a 0.2 um PES filter paper fitted in a vacuum filtration assembly. After
partial drying of GO-Ag layer, PVC resin (10g in 80 mLTHF) was dropped on to this GO-
Ag layer and allowed to filter through the nano additive layer. Resin infiltration of PVC
through GO-Ag nano channels helps in gripping of GO-Ag particles resulting in increased
stability of PVC/GO-Ag membrane. The obtained membrane was peeled off from the
surface of filter paper and dried at room temperature. PVC-GO membranes were
synthesized following the same above mentioned method. The pristine PVC membrane
was fabricated by using solution casting method. Table 2.1 explicate the compositions and

assigned codes of fabricated membranes.
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Figure 2.4. Fabrication of GO-Ag based PVC membranes by resin infiltration

Table 2.1. Composition and sample codes of PVC/nanocomposite membranes

Material PVC wt.% Nanofiller wt.% Membrane code

PVC 10 0 PVC

GO 10 0.5 GO P/GO 0.5 wt.%
GO-Ag 10 0.25G0-Ag  P/GO-Ag 0.25 wt.%
GO-Ag 10 0.5 GO-Ag P/GO-Ag 0.5 wt.%
GO-Ag 10 1 GO-Ag P/GO-Ag 1 wt.%

2.3.2 Preparation of GOAg/PVDF-co-HFP and PEG-GO-Ag/ PVDF-co-HFP

Membranes

All the membranes were fabricated by resin infiltration method using PEG-GO-Ag
nanofiller as active layer on PVDF-co-HFP support membranes. Different concentrations
of PEG-GO-Ag (0.2, 0.6, 1 and 1.4 wt.%) nanofiller were dispersed in THF (10 g) and
sonicated for 1 h. In the first step, PEG-GO-Ag (0.2, 0.6, 1 and 1.4 wt.%) as active layer
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was deposited on Whatman filter paper (0.45 um) using vacuum filtration assembly at room
temperature (25 °C) and under low vacuum condition. A homogenous solution of PVDF-
co-HFP (10 g) was prepared by dissolving in DMAc (80 g) in parallel. When the PEG-GO-
Ag layer is about to dry completely, the PVDF-co-HFP solution was poured onto this layer
to undergo vacuum filtration which results in PVDF-co-HFP resin intercalation into the
PEG-GO-Ag layer. PEG/GO-Ag active layer based PVDF-co-HFP membrane was then
peeled of and dried in an oven at 80 °C to remove residual solvent. For comparison, control
membranes of pristine (PVDF-co-HFP) and PVDF-co-HFP membrane containing 1wt.%
GO-Ag were also prepared using the same procedure (1 GOAg-P). The fabricated
nanohybrid membranes with PEG-GO-Ag additive with 0, 0.2, 0.6, 1 and 1.4 wt. % were
designated as Pristine-P, 0.2 PEG-GOAg-P, 0.6 PEG-GOAg-P, 1 PEG-GOAg-P and 1.4
PEG-GOAg-P, respectively. Scheme 2.2 represents the scheme for fabrication of PEG-
GOAg-P membranes.

Table 2.2. Composition and sample codes of PVDF-co-HFP/nanocomposite membranes

Material PVDF-co-HFP wt.%  Nanofiller wt.% Membrane code

PVDF-co-HFP 10 0 Pristine-P
GOAg 10 1 GO-Ag 1 GOAg-P
PEG-GO-Ag 10 0.2 PEG-GO-Ag 0.2 PEG-GOAg-P
PEG-GO-Ag 10 0.6 PEG-GO-Ag 0.6 PEG-GOAg-P
PEG-GO-Ag 10 1 PEG-GO-Ag 1 PEG-GOAg-P
PEG-GO-Ag 10 1.4 PEG-GO-Ag 1.4 PEG-GOAg-P

2.3.3 Fabrication of GO/Fe304 and Ag-GO/Fe3O4 based Membranes

In order to synthesize the magnetic membranes, resin infiltration approach was used.
Magnetic graphene oxide (GO/Fe;O4 1.0 wt.%) was dispersed in THF and sonicated
properly to obtain a consistent distribution of GO/Fe30s. Separately, PVDF-co-HFP resin
was synthesized by dissolving PVDF-co-HFP beads in DM Ac under continuous stirring at
70°C. Than the homogeneous solution of GO/Fe3O4 was filtered slowly through a 0.2 um
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polyether sulfone (PES) filter paper fitted in vacuum filtration assembly and dried at room
temperature until a smooth layer of magnetic graphene oxide was formed. After this, we
poured the PVDF-co-HFP resin gently on the GO/Fe304 layer and undergo resin infiltration
under low vacuum. The infiltration of PVDF-co-HFP resin through the stacked GO/Fe304
layer successively griped the magnetic graphene oxide resulting in a stable membrane
pattern. The fabricated membrane was peeled off carefully from the surface of filter paper
and dried at 70°C. Table 2.3 shows the composition and sample codes of PVDF-co-
HFP/magnetic nanocomposite membranes Ag-GO/Fe3O4 (1.0 wt.%) membrane was
fabricated following the same above mentioned method. The pure PVDF-co-HFP

membrane was obtained by using solution casting method.

Table 2.3. Composition and sample codes of PVDF-co-HFP/magnetic membranes

Material PVDF-co-HFP wt.% Nanofiller wt.% Membrane code

PVDF-co-HFP 10 0 Pristine-P
GO/Fe;04 10 1.0 GO/Fe;04-P
Ag-GO/Fes04 10 1.0 Ag-GO/Fe;04-P

2.4 Characterization of Nanocomposites

Purity and crystallinity of GO and GO-Ag, PEG-GO-Ag, GO/Fe304 and Ag-GO/Fe304
nanocomposites were studied XRD (Bruker D2 phaser XE-T edition) technique. The

structural functionalities of the synthesized nanofillers were characterized by FTIR

(Nicolet iS10 FTIR spectrometer, 600-4000 cm™ with 4 cm™ resolution). The UV-visible

spectroscopy (NanoDrop 2000 UV-Vis spectrophotometer) was used to investigate the
silver functionalization of GO, and GO/Fe304. Raman spectra of samples were recorded
using Renishaw in Via Reflex spectrometer (laser wavelength 532 nm with 5 cm™ spectral
resolution). To record Raman spectra of synthesized samples, 10 pL of nanofiller
suspension in water (1 mg/mL) was drop casted on a clean silicon substrate and dried at
room temperature. Thermal stability of the nanofiller samples were analyzed by TGA
analyzer (NETZSCH STA 449 C thermo-microbalance with TG resolution of 1 pg) at a
heating rate of 10 °C/min in air (flow rate 30 mL/min) from 25 °C to 550 °C. The surface
morphology of the samples was studied by SEM and TEM (scanning electron microscopy,

38


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/spectrophotometers

Leo Supra 35VP) analysis. The samples were pre-coated with gold at a 0.04 volt/ohm using
Cressington sputter coater (108/SE) before taking SEM images.

2.5 Characterization of Membranes

Surface morphology of pristine PVC, PVDF-co-HFP membranes and the nanocomposites
based membranes ie. PVC/GO, PVC/GO-Ag, GO-Ag/PVDF-co-HFP, PEG-GO-
Ag/PVDF-co-HFP, GO/Fe304/PVDF-co-HFP and Ag-GO/Fe304/PVDF-co-HFP was
studied by SEM and TEM. Cross-sectional morphology was also viewed by SEM analysis.
Chemical nature and functionalities of all the membranes were explored by FTIR spectra
over a range of 500 to 4000cm™'. XRD patterns of all the synthesized membranes were also
explored to check the crystalline or amorphous nature of membranes. TGA was used to
study the thermal stability of all the nanocomposite membranes. Membrane coupons were
heated from 25 to 700°C and weight loss of each sample was noted accordingly. DSC study
was done to check the glass transition temperature and melting temperature of the prepared

membranes.

2.6 Membrane Performance Study

All the fabricated membranes were tested in terms of permeability, hydrophilicity and

rejection by using different equations as discussed below.

2.6.1 Porosity and Water Contact Angle

Porosity () of all the nanocomposite membranes was explored by using gravimetric

analysis. Following equation was used to evaluate the porosity of membranes [145].

wl — w2

=—x100 .............(1
& A XX p-w D

where, w2 and w1 are the weight of dry and wet membrane, [ is the membrane thickness
(m), A is active area of membrane (m?) and pwis the density of water (0.998g/cm?). Water
contact angle is directly linked with hydrophobic or hydrophilic nature of composites. High

contact angle refers to more hydrophobic character and less permeability of water. Water

39



contact angle of all the membranes was measured by using tensiometer KSV apparatus to
check the effect of GO, GO-Ag, PEG-GO-Ag, GO/Fe3Os and Ag-GO/Fe304

nanocomposites on hydrophilicity of polymer membranes.

2.6.2 Water Flux and BSA Rejection

Water permeability of all the unmodified and nanocomposite modified membranes was
checked by undergoing water flux (Jw) measurement. Initially the membranes were
compressed for 0.5h by applying 0.1MPa nitrogen gas pressure. Than the water flux (Jw1)

was calculated by using following equation [146];

14
wi = X100 ... (2)

X AT

Where V is the permeated volume (L) of liquid, A is total area of membrane in m?, and AT
is time required for permeation. After 30min the feed was replaced by 0.5g/L. BSA solution
and BSA flux was noted using the above mentioned equation. BSA rejection was measured
by employing UV spectroscopy to check the concentration of feed and permeate solution.
Following formula was applied to calculate of BSA rejection [146].

. Cp
Rej=1-——-%x100 .........(3)

cf

C, and Crare the concentrations of permeate and feed solution in mole/dm™.

2.6.3 Antifouling Ratio and Flux Recovery

Fouling resistance of all the fabricated membranes was explored by measuring the water
flux and BSA flux of all the membranes. After measuring the BSA flux, the membranes
were washed with distilled water for 0.5h to remove the adsorbed foulants and then water
flux was noted again for another 0.5h to measure the flux recovery ratio. Total fouling ratio
(Rt), reversible fouling ratio (Rir), irreversible fouling ratio (Rir) and flux recovery ratio

(FRR) were calculated using following equations [147];

_1-Jp
T Jwl

Rt X 100% ... coo .. ... (4)
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Where Jw1 is pure water flux, Jp is BSA protein flux and Jw, is water flux after washing the

membrane.
2.6.4 Antibacterial Performance

Microbial resistance of GO and GO-Ag nanocomposites was studied against Escherichia
coli (10°cfu) strain. 1mg/ml of GO and GO-Ag nanocomposite solution was incubated with
E. coli and SEM images were taken at different incubation times to compare the

bactericidal properties of GO and GO-Ag.
2.6.5 Leaching Effect of GO and GO-Ag

The leaching effect of fabricated nanofillers from membranes was studied by using UV -
visible spectroscopy. The fabricated PVC/GO 0.5 wt.% and PVC/GO-Ag 0.5 wt.%
membranes were dipped in water and sonicated to check the stability of nanofillers.
Membrane samples remain dipped for one week and UV spectra were recorded to study

the leaching of nanofillers.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1. Influence of GO-Ag Nano-filler on the Antibacterial, Antifouling
and Hydrophilic Characteristics of Polyvinyl Chloride Membrane

3.1.1. Characterization of GO and GO-Ag
3.1.1.1.XRD of GO and GO-Ag

Purity and crystallinity of GO and GO-Ag nanosheets was studied by XRD spectroscopy.
XRD pattern of GO (Figure 3.1 (a)) shows a clear peak at 11.59 6° while that of graphite
at 26 0° (Figure 3.1 (b)). XRD peak of GO in GO-Ag nanocomposite slightly shifts
towards lower theta i.e. 10.39 0° which suggested the strong intercalation of AgNPs
between GO sheets [72]. This intercalation of AgNPs between stacked GO layers results
in increased d-spacing of GO nanosheets. Increased d-spacing in GO-Ag nanosheets (8.5A)
as compared to GO nanosheets (7.6A) depicts the excellent features of GO-Ag in terms of
stability and dispersion. Besides this, the appearance of AgNPs peaks at 38.12 6°, 64.40 0°

and 77.40 0° confirms the successful functionalization of GO nanosheets.
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Figure 3.1. The XRD spectra of GO and GO-Ag (a), XRD of graphite (b)

42



3.1.1.2. SEM and TEM Analysis of GO and GO-Ag

In order to explore the morphological features of GO and GO-Ag nanocomposites, SEM
and TEM analysis were performed. SEM and TEM images of GO (a,b) and GO-Ag (c,d)
are represented in Figure 3.2. SEM micrograph of GO shows multilayer patterns of GO
stacked upon each other. On the other hand, GO-Ag microstructure reveals unfolded sheets
of GO. TEM images further clarify the uniform dispersion of GO-Ag nanosheets. TEM
micrographs of GO-Ag manifest crumpled nanosheets of GO decorated with uniformly
distributed AgNPs. SEM and TEM images proves that silver functionalization helps in
better dispersion of GO nanosheets which results in increased d-spacing of GO patterns
and unfurling of stacked GO sheets. Uniform distribution of AgNPs results in increase in

specific surface area of AgNPs and hence increases their availability.

Figure 3.2. SEM and TEM images of (a & b) GO and (c & d) GO-Ag
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3.1.1.3. FTIR Analysis of GO and GO-Ag

To investigate the functionalities of GO and GO-Ag nanocomposite FTIR spectra were
recorded in the range of 4000 to 400 cm™ as shown in Figure 3.3. Appearance of a clear
hump at 3124 and 3147 cm! represents the presence of OH functional group in GO and
GO-Ag. The peak at 1710 cm™ and 1613 cm™ in GO nanocomposite confirms the stretching
vibration of C=0 and C=C respectively. The peak at 1026 cm™ deals with the epoxy
stretching vibration of C-O. In case of GO-Ag nanocomposite a small shift in stretching
vibrations of C=0 and C=C was observed. This shift in peaks from 1710 to 1719 cm™ and
1613 to 1570 cm™ indicates the interaction of AgNPs with carbonyl and carboxyl moieties

of GO nanosheets [148].
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Figure 3.3. FTIR spectra of GO and GO-Ag
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3.1.1.4. UV and Raman Analysis of GO and GO-Ag

Successful functionalization of GO by AgNPs was further explored by UV spectra. Figure
3.4. A (a) shows the UV spectra of GO and GO-Ag. In the UV spectra of GO two clear
absorption peaks were observed due to n-pi and pi-pi transitions. In UV spectra of GO the
absorption peaks at 214 nm and 236 nm represents the pi-pi and n-pi transitions of C=C
and C=0 functional groups. In GO-Ag nanocomposite the absorption peak at 390 nm
indicates strong resonance of AgNPs. Furthermore, the Raman spectra of GO and GO-Ag
(Figure 3.4. A (b)) clarify the presence of sp? and sp® hybridized carbon atoms. The
appearance of D and G bands in Raman spectral analysis of GO was due to the vibrations
of sp*and sp® carbon atoms. The drastic increase in intensities of D (1360 cm™) and G
(1598 cm™) bands of GO in GO-Ag was attributed to the fast charge transfer mechanism

due to silver functionalization of GO nanosheets [149, 150].
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Figure 3.4. (A) UV spectra (a) and Raman spectra (b) of GO and GO-Ag

Surface charges of nanofillers play a crucial role in controlling the permeability and
rejection of different molecules. Zeta potential gives a better estimation of surface charges
of nanofillers. Zeta potential of freshly prepared GO and GO-Ag solutions (1 mg/mL) was
measured three times for each sample (Figure 3.4. (B)). Increased surface charge of GO-
Ag nanocomposite will result in increased hydrophilicity and high electro-static repulsion
of BSA foulant.
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Figure 3.4. (B). Zeta potential of GO and GO-Ag nanoparticles

3.1.2. Characterization of Membranes

3.1.2.1. XRD of Membranes

XRD patterns of all the PVC membranes with and without addition of GO and GO-Ag are
represented in Figure 3.5. XRD spectra of pure PVC membrane consist of a minute hump
at 23.2 0° which suggests the amorphous nature of PVC. The amorphous nature of pure
PVC was supported by literature (Abdelghany, 2019) [151]. In GO and GO-Ag loaded
membranes the characteristic peaks of GO and AgNPs merged together within the polymer
matrix. XRD patterns of P/GO and P/GO-Ag membranes consist of a clear hump in the
range 36 to 40 06° as compared to PVC membrane. By increasing the GO-Ag content from
0.25 to 1 wt.% a small shift in position of hump towards higher theta value was observed.
At a very high filler content i.e P/GO-Ag 1 wt%, the appearance of minute peaks at 12.8
0° and 38.4 6° was noticed, which can be attributed to the characteristic XRD peaks of GO

and AgNPs.
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Figure 3.5. XRD patterns of the GO and GOAg based membranes

3.1.2.2. SEM Analysis of Membranes

Surface morphology of all the PVC membranes incorporated with GO and GO-Ag
nanofiller was explored by SEM analysis. Figure 3.6 Shows the SEM images of PVC,
P/GO (0.5 wt.%) and P/GO-Ag (0.25, 0.5, 1 wt.%). The SEM image of pure PVC shows a
very dense membrane surface. SEM micrographs of GO based PVC membrane shows the
clusters of undispersed GO sheets. While GO-Ag based membranes depicts regular
patterns of GO sheets dispersed throughout the PVC matrix. FESEM images of P/GO-Ag
membranes prove that AgNPs helps in better dispersion of GO which results in well
exfoliation of GO. However, at a very higher filler content (1 wt.%) the GO-Ag
nanoparticles tends to agglomerate but this aggregation was much less as compared to un-
functionalized GO. The particle size of agglomerated GO sheets clearly reduced in P/GO-
Ag membranes which manifest strong intercalation of silver nanoparticles between GO
sheets, resulting in increased interlayer spacing and better dispersion. Thickness of the
fabricated membranes lies between 100 pmto 190 pm respectively. Thickness of pure PVC
was 100 pm while that of P/GO-Ag (0.5 wt.%) membrane was 160 pm and P/GO-Ag (1

wt.%) membrane was 190 um respectively.
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Figure 3.6. SEM images of (a) PVC and (b) P/GO 0.5 wt.%, (c) P/GO-Ag 0.25 wt.%, (d,
e) P/GO-Ag 0.5 wt.% and (f) P/GO-Ag 1wt.%

Cross-sectional SEM images of PVC membrane with and without GO-Ag nanoadditive are
represented in Figure 3.7. Cross-sectional SEM images of pure PVC membrane comprises
of a dense skin layer while that of P/GO-Ag 0.5 wt.% membrane shows some finger like
projections and micro voids throughout the membrane cross-section. Presence of a porous
sub layer in addition to the surface skin layer in case of P/GO-Ag 0.5 wt.% membrane can
be attributed to the interactions of GO-Ag nanosheets with PVC chains by covalent
bonding, along with displacement of Cl atoms from PVC backbone, resulting in

disordering the PVC chains and increasing the porous structures.
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Figure 3.7. SEM images of (a,b) PVC and (c.d) P/GO-Ag 0.5 wt.% membrane

3.1.2.3. TEM Analysis of Membranes

Surface features of P/GO 0.5 wt.% and P/GO-Ag 0.5 wt.% were further investigated by
TEM analysis as shown in Figure 3.8. TEM image of P/GO membrane was comprised of
stacked GO sheets while that of P/GO-Ag TEM displays crumpled silk like patterns of
unfolded GO-Ag sheets. Figure 3.8 portrayed the uniformly decorated GO-Ag nanolayers
throughout the polymer matrix resulting in increased surface roughness and hydrophilicity
of P/GO-Ag membranes. The TEM images of P/GO-Ag at 200 nm resemble the TEM
micrographs of pure GO-Ag nanoadditive which ensures the availability of GO-Ag
nanofiller on the top of the membrane surface. The TEM micrographs of P/GO-Ag indicate
that silver functionalization helps in preventing the stacking of GO sheets which results in
decreased agglomeration of nanoadditives within the polymer matrix. These results suggest
that P-GO-Ag nanocomposite comprises excellent features as compared to pristine PVC
and P/GO membrane. SEM and TEM analysis validate that the surface properties of the
PVC membranes are robustly influenced by incorporation of GO and GO-Ag

nanocomposites. According to Hosseini et al, [152] the BET (Brunauer-Emmett-Teller)
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surface area of PVC membrane was about 14.61 m*/g. Another study of Zaheen Ullah et
al. [153] reported that the BET surface area of PVC/GO membrane was 474.03 m?/g. These
studies illustrate that GO plays and important role in increasing the specific surface area of

PVC membranes.

Figure 3.8. TEM images of (a,b) P/GO 0.5 wt.% and (c,d) P/GO-Ag 0.5 wt.%

3.1.2.4. FTIR Analysis of Membranes

Surface functionalities of the P/GO and P/GO-Ag membranes were explored through FTIR
spectra as shown in Figure 3.9. A clear shift in peak from 1642 to 1715 cm™ was observed
in GO-Ag containing membranes which clarify the interaction of C=0 moieties of GO with
PVC resin. A slight shift in peak positions of C=0, C-O and C=C was observed in P/GO-
Ag spectra as compare pure FTIR peaks of GO-Ag (Figure 3.9) which suggests the
favourable interaction of PVC resin filtered through GO-Ag nanolayers.

50



—— P/GO-Ag 0.5 wt%
——P/GO 0.5 wt%

S

@

3]

=

£

E

7

c

o

| o

3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 3.9. FTIR spectra of P/GO 0.5 wt.% and P/GO-Ag 0.5 wt.% membranes
3.1.2.5. Thermal and Mechanical Stability of Membranes

To investigate the thermal stability of fabricated membranes, all the membrane samples
were heated from 25 “C to 700 °C in an inert atmosphere. A two-step degradation behavior
was observed in TGA curves of all the membranes (Figure 3.10 (a)). TGA curve of pure
PVC membrane shows first degradation step at 209 “C and degradation continuous up to
370 °C. This degradation mainly corresponds to the elimination of small molecules like
HCL. At this stage the Cl-radical formed from cleavage of C-Cl bond withdraws H" from
the nearby C-H bond and results in HCI evolution. A major weight loss of the PVC
membrane occurs involving dislocation of all the CI atoms and leaving behind polyene
backbone [154]. No weight loss was observed from 370 °C to 446 °C, which suggests the
stability of polymer backbone in this region. Another minor weight loss was noted in the

temp range of 446 'C to 508 “C. In case of P/GO 0.5 wt.% membrane the first degradation
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temperature increases up to 249 ‘C while for P-GOAg 0.5 wt.% membrane initial
degradation starts at 263 "C. This increase in degradation temperature corresponds to the
strong interaction of GO-Ag nanosheets with C-CI bonds of PVC matrix. A total weight
loss of 98 % was obtained for pure PVC membrane and for P/GO and P/GO-Ag 0.5 wt.%
membrane the weight loss decreases to 86.72 % and 45.62 % respectively. TGA curves of
P/GO-Ag 1 wt.% membrane shows a weight loss of 80.02 % which indicates the
aggregation of nanofiller at high filler content. Such aggregations weaken the polymer-GO
interaction and results in poor stability of membranes. So the thermal stability of all the
modified membranes increases appreciably up to 0.5 wt.% filler content and decreases

again on further increase in filler content.

Thermal stability of PVC and P/GO and P/GO-Ag based membranes was further explored
by DSC analysis (Figure 3.10 b). Membrane coupons were heating from 25 to 300 C at
the rate of 10° per minute and then cooled back to room temperature. Glass transition
temperature (Tg) of all the modified PVC membranes was found to be increased as
compare to pure PVC. Tg of the pure membrane was 55.27 °C and increased to 64.5 'C by
the addition of 1 wt.% GO-Ag nanocomposite.
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Figure 3.10. TGA (a) and DSC (b) curves of all membranes

As the glass transition temperature depends on the mobility of polymer molecules, addition
of nanofillers like GO and GO-Ag increases the compactness of polymer chains and Tg
shifts to the higher temperature. Moreover, the crystallization temperature (Tcrys) and
melting temperature of the GO-Ag modified PVC membranes also increases. Tcrys of pure
PVC was noted by an exothermic curve at 222 “C while that of P/GO-Ag 0.5 wt.% was at
228 “C. Unmodified PVC membrane shows an endothermic melting curve at 276 °C while
P/GO-Ag 0.5 wt.% membrane undergoes melting at 286 ‘C. So the increase in Tg, Tcrys
and Tm represents the strong intercalation of GO and GO-Ag nanosheets within the
polymer chains resulting in increased thermal stability. As reported in literature [ 155, 156],
introduction of highly functional nanosheets in polymer resin limits the chain mobility of

host polymer and hence changes the Tg, Tcrys and Tm subsequently.
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Figure 3.11. Tensile strength of fabricated membranes

Mechanical stability of pristine PVC, P/GO 0.5 wt.% and P/GO-Ag 0.5 wt.% membranes
was monitored by tensile testing and reported in Figure 3.11. Tensile strength of PVC
membrane was noted as 44.9 MPa while that of P/GO 0.5 wt% and P/GO-Ag 0.5 wt%
membrane was 33.6 MPa and 20.5 MPa respectively. This decrease in tensile strength
insinuate the increased porosity of GO and GOAg based membranes. The presence of large
number of microporous cavities and high porosity as observed in Figure 3.7 (c,d) are the

main reasons behind decreased tensile strength of GO-Ag based membranes [145].
3.1.2.6. Water Contact Angle and Porosity of Membranes

Porosity and water contact angle are the two main features in controlling the membrane
performance. Although in general, a highly porous membrane corresponds to excellent
water permeation but in many cases all the pores are not equally available for reaction.
Aggregation of nanocomposites may result in pore blocking and hence decreases their
availability. Porosity of all the GO-Ag based membranes (Figure 3.12 (a)) was found to
be increased as compared to pure PVC and GO based PVC membrane. Porosity of PVC
membrane was 62.6 % while that of 0.5 wt.% P/GO-Ag was 82 % respectively. Further

increase in filler content decreases the membrane porosity. These results are in good
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agreement with SEM micrographs of membranes and shows that P/GO-Ag 0.5 wt.%
membrane was best in terms of increased porosity and excellent dispersion of nanofiller.
In case of 1 wt.% P/GO-Ag membrane, the GO sheets tends to agglomerate which results

in congestion of water channels and pore blockage.
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Figure 3.12. (a). Porosity and Contact angle of all fabricated membranes
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Figure 3.12 (b). Contact angle images of (a) PVC and (b) P/GO 0.5 wt.%, (c) P/GO-Ag
0.5 wt.%
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Hydrophilicity test of PVC membranes was carried out by measuring the static water
contact angle on all the membrane surfaces. Contact angle is a surface property and linked
primarily with the quantity and quality of nanoadditives dispersed in polymer matrix as
well as with surface roughness of membrane. Addition of hydrophilic nanocomposites
results in increased hydrophilic character of PVC membranes [157, 158]. Water contact
angle of pristine PVC and all the modified membranes are listed in Figure 3.12. (a), while
Figure 3.12 (b). represents the water contact angle images of PVC, P/GO 0.5 wt.% and
P/GO-Ag 0.5 wt.% membrane respectively. The unique infiltration approach of PVC resin
through the GO and GO-Ag nanosheets results in availability of GO nanosheets on the
membrane surface (as confirmed from TEM images of membrane Figure 3.8) and
decreases the water contact angle of P/GO-Ag based membranes by increasing the surface
roughness of membranes. Water contact angle of pristine PVC decreases from 92° to 73°
for P/GO 0.5 wt.% and 61° for P/GO-Ag 0.5 wt.% membrane. However, in case of P/GO-
Ag 1 wt.% nanocomposite the water contact angle was found to increase up to 64° which
corresponds to the aggregation of GO-Ag nanolayers at high filler content, resulting in poor
hydrophilicity. These results of decreased contact angle of P/GO-Ag based membranes
indicating an increased surface roughness of membrane are consistent with the literature
[159]. Ahmed Sari et al. [160] reported a consistent decrease in water contact angle with
increased surface roughness, entailing an increased hydrophilic character to the membrane

surface.

3.1.3. Membrane Performance

3.1.3.1. Water flux and BSA Rejection of Membranes

Pure water flux (Jw) and BSA flux (Jp) of all the membranes was evaluated and shown in
Figure 3.13 (a). Addition of water friendly nanocomposites to the PVC matrix leads to the
successful tuning of membranes properties. Water flux of all the modified membranes was
found to be increased as compare to pure PVC membrane. Water flux for PVC membrane
was 192 Lm~h™! while that of P/GOAg 0.5 wt.% was 613 Lmh™!, which gives an increase

of 219 %. Water flux was found to increase linearly with the increase of GO-Ag content
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up to 0.5 wt.% but a further increase in GO-Ag wt.% leads to the reduction of water
transport through the P/GO-Ag channels. At a very high filler content i.e. 1 wt.% P/GO-
Ag, the aggregation increases, resulting in pores clogging and decreasing the water
permeation. In P/GO 0.5 wt.% and P/GO-Ag 0.5 wt.% membrane water flux increases by
1.9 folds and 3.2 folds in comparison with pure PVC membrane. The P/GO-Ag 0.5 wt.%
was noticed to be the best membrane in terms of higher water flux and increased
hydrophilicity. These results support the earlier results of SEM, porosity and contact angle
as all these analysis depicts that for 1 wt.% membrane aggregation effect surmounts and

results in malfunctioning of membrane.
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Figure 3.13. (a) Water flux (Jw), BSA protein flux (Jp), (b) BSA rejection and (c) total

fouling (Rt), reversible fouling (Rr) and irreversible fouling (Rir) ratio of membranes
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In order to assess the BSA rejection of PVC membranes the pure water was replaced with
BSA feed solution. By changing the feed water with BSA protein solution, the flux of
P/GO-Ag 0.5 wt.% membrane decreases to 348 Lm?h’!. Decline in BSA flux was
attributed to the surface adsorption of BSA foulants, resulting in blocking of water channels
and hence lowering the permeability. The BSA flux decreases drastically for pure PVC
membrane, which corresponds to the highly hydrophobic nature of PVC resulting in
adsorption of BSA molecules on the membrane surface as shown Figure 3.13. Increased
water permeation as well as high BSA rejection can be attributed to the combined effect of
H-bonding as well as electrostatic forces on the membrane surface and interface. In case
of P/GO-Ag based membrane, formation of a dense water layer on the membrane surface,

repels the hydrophobic BSA molecules and increases their rejection.

Although the BSA flux of all the membranes decreases with time but this decrease was
slightly low in case of P/GO-Ag based membranes. BSA molecules are negatively charged
at pH 7, an increase in membrane surface charge increases the electrostatic repulsion
between BSA and membrane surface resulting in decreased BSA adsorption [161]. BSA
rejection for PVC membrane was 81.5 % while that of P/GO 0.5 wt.% and P/GO-Ag 0.5
wt.% was 87% and 92.1% as shown in Figure 3.13 (b). In contradiction with water flux
the BSA rejection of 1 wt.% P/GO-Ag membrane increases significantly (93.3%). This
increase in BSA rejection was supported from literature. High filler content may induce
pore blocking and decreases the permeability but it provides increased active surface for

adsorption of BSA molecules within the stacked layers of GO [161].
3.1.3.2. Antifouling Efficiency of Membranes

Antifouling efficiency of a filtration membrane is closely associated with its hydrophobic
or hydrophilic property. Microorganisms and Proteins (BSA) are considered as main
pollutants causing membrane fouling. These pollutants badly affect the membrane
performance by setting down on the surface of membranes or inside the pores. However,
availability of hydrophilic surfaces on the top layer of membrane could hinder the protein

adsorption by forming a water layer on the membrane surface (Scheme 3.1) [162].
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Scheme 3.1. Schematic representation of water and BSA filtration from PVC membrane

and P/GO-Ag 0.5 wt% membrane

Synergistic effects of GO and AgNPs excels the hydrophilicity of P/GO-Ag membrane.
Fouling ratios of all the fabricated membranes are shown in Figure 3.13 (c¢). Among all
the fabricated membranes, highest total fouling ratio and highest irreversible fouling ratio
was noticed in case of PVC membrane i.e. 74.9 % and 54.6 %. Fouling ratio decreases to
56 % by the addition of 0.5 wt.% P/GO, and decreases to lowest value of 43.23 % for
P/GO-Ag 0.5 wt.% membrane. Temporary fouling can be reversed by back flushing or
washing the membrane with distilled water. Permanent blocking of pores by adhesion of
membrane foulants results in irreversible membrane fouling and decreases the efficiency
and life spain of membrane filters. These results indicate that GO-Ag nanofiller plays an
essential role in decreasing the membrane fouling and hence increases the water transport

through the modified membranes.
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3.1.3.3. Flux Recovery Ratio of Membranes

After sequential filtration of water and BSA solutions through the membranes, all the

membranes were washed with water for 30 min and water flux was measured again to

estimate the flux recovery ratio of membranes. FRR of all the fabricated membranes are

shown in Figure 3.14 (a). Irreversible fouling of membranes either by adsorption of BSA

on the surface or by pore blocking results in poor flux recovery. FRR was highest for P/GO-
Ag 0.5 wt.% membrane (85.6 %) and lowest for PVC membrane (45.3 %). P/GO 0.5 wt.%
membrane exhibit 68.1 % FRR while that of P/GO-Ag 0.25 wt.% shows FRR of 70.9 %.

These results revealed the appreciable hydrophilic features of GO-Ag in tailoring the

surface properties of PVC membranes. BSA molecules are hydrophobic in nature and

availability of highly hydrophilic GO-Ag nanosheets on the membrane surface helps in

controlling the BSA adsorption on membranes.
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Figure 3.14. (a) FRR of all fabricated membranes, (b) cyclic filtration of P/GO-Ag 0.5
wt.% membrane and (c¢) Jw and FRR of P/GO-Ag 0.5 wt.% membrane



3.1.3.4. Cyclic Filtration

Due to high risks of polymer membrane foiling, the re-usability of polymer membranes is
quite challenging. Among all the PVC/GO-Ag based membranes, P/GO-Ag 0.5 wt%
showed the best performance in terms of permeability and rejection. In order to check the
reusability of P/GO-Ag 0.5 wt.% membrane four successive cycles of water permeation
were designed. Cyclic flux and FRR of P/GO-Ag 0.5 wt.% membrane was shown in Figure
3.14 (b,c). Water and BSA permeation was noted over a period of 3.5 h. After initial
compaction of membrane, Jwl was noted every 5 min up to 0.5 h, after that BSA
permeation flux (Jp) was noted in the same way for next 0.5 h. BSA flux was found to
decrease appreciably, suggesting the adsorption of BSA molecules within the
nanochannels of GO. The fouled membrane was washed with distilled water for another
0.5 h and then Jw2 was measured to figure out the flux recovery ratio. The same sequence
of water and BSA filtration followed by membrane washing was repeated for 3.5 h. Jwl,
Jw2, Jw3 and FRR for cyclic flux were calculated by using the equation (1) and (7) (as
explained in section 2.1.6.1 and 2.1.7.2) respectively. Water flux of P/GO-Ag 0.5 wt.%
membrane for three filtration cycles was 613 Lm™h™!, 525 Lm?h" and 517 Lm?h™". Flux
recovery ratio of P/GO-Ag 0.5 wt.% membrane was 85.64 %, 84.17 % and 80.26 %, which
reveals high stability and reusability of P/GO-Ag 0.5 wt.% membrane.

3.1.3.5. Leaching Effect of GO and GO-Ag

Rapid release of nanoparticles from the membrane matrix can affect the durability and
performance of a membrane filter. Leaching of GO and AgNPs from the fabricated PVC
membranes was monitored by UV-spectroscopy (Figure 3.15). The fabricated P/GO 0.5
wt.% and P/GO-Ag 0.5 wt.% membranes were dipped in 50 ml distilled water and
sonicated by bath sonication for 1h. The UV-spectra reveals the stability of both GO and

AgNPs as no any peak was observed in the range of 200 to 450 nm after 1h sonication.
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Figure 3.15. UV spectra of silver nanoparticles leaching (a) after 24h (b) 168h

The membranes were remain dipped in water and UV spectra was noted again after 24h
(1day) and 168h (1week). The UV spectra of both samples after 24h justify the stability of
GO-Ag. However, a long term interaction with water results in negligible leaching of GO
from P/GO 0.5 wt.%, but the P/GO-Ag 0.5 wt.% membrane still persists its stability
(Figure 3.15). The infiltration of PVC resin through the GO-Ag nanolayers results in
immobilization of silver nanoparticles on GO surfaces which hinders the leaching of silver
nanoparticles and increases the stability of P/GO-Ag membranes. Li Jingchun et al. [163]
studied that GO helps in controlling the release of AgNPs from polymer membranes by
providing large number of anchoring sites in terms of functional groups. Saranya et al.
[164] also supports the negligible leaching of GO-Ag nanofiller and confirms the stability
of GO-Ag. Besides this, cyclic filtration of water and BSA solutions also depicts the
stability of GO-Ag based membranes.

3.1.3.6. Antibacterial Features

Another big issue associated with membrane filtration is formation of biofilm or cake layer
on polymer membrane due to accumulation of microorganisms on the membrane surface.
Using antibacterial nanoparticles to reduce the chances of biofilm formation is an effective
strategy to enhance membrane performance [165]. In order to assess the antibacterial

properties of synthesized GO and GO-Ag nanocomposites, a gram negative bacteria
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Escherichia Coli was chosen as biofoulant. Usually gram negative bacteria are considered
to be more resistant to antibiotics due to their compact cell wall as compared to gram
positive bacteria. So if a substance is resistant to gram negative bacteria it would also be

effective to gram positive bacteria [31].

Figure 3.16. SEM images of antibacterial tests of GO (a,b,c) and GO-Ag (d,e,f)
nanocomposites at 0.5h (a,d), 3h (b,e) and 6h (c,f) incubation

In order to explore the antibacterial features of GO and GO-Ag nano-composites E. coli
culture (10°cfu) was incubated with freshly prepared 1 mg/mL GO and GO-Ag
nanocomposite. SEM micrographs of both samples were recorded after 0.5 h, 3 h and 6 h
incubation. Figure 3.16 represents the SEM micrographs of GO and GO-Ag
nanocomposites incubated with E. coli culture at different incubation time. SEM images of
GO and GO-Ag nanocomposite manifest the minimal adhesion of E. coli on the surface of
GO nanosheets. SEM micrographs of GO nanocomposite at 3 h incubation comprises a
large number of E. coli cells, while in case of GO-Ag nanocomposite the number of E. coli
cells decreases appreciably. This decrease in E. coli cells suggest the interaction of Ag
nanoparticles with the E. coli cell wall resulting in rupturing of cell wall and killing of E.
coli cells. After 6 h incubation only two E. coli cells diffused in GO-Ag nanocomposite

were viewed through SEM as shown in Figure 3.16 (f). These results manifest the
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effectiveness of GO-Ag nanocomposite in controlling bacterial growth. So the intercalation
of GO-Ag nanocomposite in PVC membranes can successfully assist in minimizing

microbial fouling of membranes.

3.1.4. Proposed Interactions Between PYC/GO-Ag and H,0 Molecules

In the PVC/GO-Ag membranes polar groups of graphene oxide may interact with Cl groups
of PVC resulting in disordered PVC chains. These interactions result in increased
roughness and porosity of membranes. On the other hand, polar groups of GO interact with
external water molecules resulting in H-bonding. In P-GOAg membranes a covalent bond
exists between C-C atoms of PVC and GO. Scheme 3.2 represent the possible interaction
between PVC and GO-Ag sheets as well as with water molecules. Presence of strong H-
bonding and high polarity increases the hydrophilicity and permeability of P/GO-Ag

membranes.
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Scheme 3.2. Proposed mechanism of interaction between PVC chains, GO-Ag

nanosheets and water molecules
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3.2. PEG Functionalized Graphene Oxide-silver Nano-additive for
Enhanced Hydrophilicity, Permeability and Fouling Resistance
Properties of PVDF-co-HFP Membranes

3.2.1. Characterization of PEG-GO-Ag Nano-additive

3.2.1.1. SEM and EDX Analysis of PEG-GO-Ag Nano-additive

Surface morphology of PEG functionalized and non-functionalized GO-Ag nano-additive
was observed by SEM imaging (Figure 3.17 (a-d)). SEM images of non-functionalized
GO shows AgNPs decorated uneven distribution of large GO flakes. Functionalization of
GO-Ag with PEG resulted in highly exfoliated and transparent sheets of GO as seen in
SEM images. Further, crumpled silk like patterns of PEGylated GO layers were also
observed in PEG-GO-Ag nano-additive images, which render the homogeneity and

smoothening effect of PEG chains (Figure 3.17 (c-d)).

Figure 3.17. SEM images of (a-b) GO-Ag, and (c-d) PEG functionalized GO-Ag
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Further, the elemental composition of Ag in PEG-GO-Ag as examined by the EDX
mapping confirmed the presence of Ag NPs in PEG-GO-Ag with characteristic X-ray
peaks at 3 keV as shown in Figure 3.18 (a-d). The EDX plot also revealed the presence of
Na and Si that originated from the glass substrate background. EDX elemental analysis
showed that weight % of carbon (C), oxygen (O) and silver (Ag) was 19 %, 80.8 % and
0.10 %. It is evident from the EDX analysis that the Ag NPs content in PEG-GO-Ag was
less than 1%. Moreover, as-synthesized membranes were stable in water upto 8 weeks and
that the negative/toxic effects of Ag ion release into the operational environment could be
minimum or undetectable, especially considering the small percentage of Ag NPs in PEG-

GO-Ag membrane.
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Figure 3.18. EDX mapping of PEG-GO-Ag (a-d). (a) SEM image of PEG-GO-Ag, (b)
distribution of Ag NPs, (c) the overlay of the SEM image and (d) The EDX spectrum of
the PEG-GO-Ag indicated the presence of Ag NPs
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3.2.1.2. FTIR Analysis of PEG-GO-Ag Nano-additive

The chemical composition of PEG functionalized GO-Ag surface was analyzed by FTIR
spectroscopy. FTIR spectrum of GO showed the stretching vibrations of C=0 from
carbonyl or carboxyl groups at 1711 cm™ and epoxy stretching vibration of C-O at 1040
cm’!, which indicates presence of oxygenated functional groups on GO surface (Figure
3.19 (a)) [166]. FTIR plot of GO-Ag found to be similar to GO with slight attenuation of
C=0 (from 1711 to 1719 cm™) and C=C peaks (from 1613 to1570 cm™), which depicts the
partial reduction of GO and interaction of Ag NPs with oxygen moieties of GO.
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Figure 3.19. Characterization of as-synthesized GO, GO-Ag and PEG functionalized
GO-Ag by; (a) FTIR spectra, (b) UV-vis spectra, (c) XRD patterns and (d) Raman spectra
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In the FTIR spectrum of PEG functionalized GO-Ag, the peaks at 2874-1340 cm™ and 947-
1096 cm! are assigned to stretching and bending vibrations of -CHa- groups and C-O-C
groups of PEG, respectively [20, 23], which suggested that methylene and carbonyl groups
of PEG were present on surface of GO-Ag as a result of PEGylation reaction [20, 23]. The
epoxide stretching vibration peak of C=0 (1719 cm™), C=C (1570 cm™) and C-O (1040
cm!) shifted to 1727 em™, 1579 cm™ and 1096 cm’, respectively. This observation
indicated favorable H-bonding interaction taking place between epoxy groups of GO and
PEG in PEG functionalized GO-Ag (Figure 3.19 (a)). Appearance of a broad hump in the
range of 3100 to 3300 cm™! with slight difference in all spectral pattern depicts the O-H
stretching vibrations of GO. Further, the O-H stretching vibration of PEG-GO-Ag shifted
towards lower wavenumber compared with pristine PEG. This red shift from 3489 to 3286
cm’! suggested the H-bonding interaction between PEG and GO molecules in GO-Ag
[167]. The presence of all these peaks confirms the functionalization of PEG molecules on

the surface of GO-Ag.
3.2.1.3. UV Analysis of PEG-GO-Ag Nano-additive

Successful functionalization of PEG on GO sheets with Ag NPs was confirmed by
employing UV-visible spectroscopy (Figure 3.19 (b)). The UV-vis spectra of GO
exhibited an intense peak at 214 nm and a shoulder peak at 236 nm which corresponded to
n-it* transition of C=C and n-n* transitions of C=0 groups, respectively. In case of GO-
Ag nanofiller, appearance of a clear peak at 393 nm corresponds to the surface plasmon
resonance of Ag NPs [168, 169]. PEG-GO-Ag nanofillers showed a blue shift in n-*
absorption of GO from 214 to 207 nm and increased absorption as compared with GO-Ag.
The UV-vis spectrum of PEG functionalized GO-Ag nanofiller showed slight shift of Ag
NPs absorption band from 393 nm towards lower wavelength at 382 nm, which suggested
decrease in agglomeration of GOAg solution due to the intercalation of PEG chains within

GO sheets (Figure 3.19 (b) inset).
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3.2.1.4.XRD Analysis of PEG-GO-Ag Nano-additive

The XRD patterns of GO, GO-Ag and PEG functionalized GO-Ag are shown in Figure
3.19 (¢). Appearance of a sharp and intense diffraction peak at 26 =11.56° in the XRD
pattern of GO depicts the successful oxidation of graphite to graphene oxide and its highly
crystalline nature (Figure 3.19 (¢)). In case of GOAg nanofiller, presence Ag NPs on GO
sheet can be clearly noticed by the appearance of diffraction peaks at 26 = 38.47°, 44.51°,
64.54 °and 77.71°, respectively (Figure 3.19 (¢)) [170, 171]. The intensity of the GO peaks
260 =11.56° was found to decrease sharply by interaction of oxygen moieties of GO with
Ag NPs in GO-Ag nanofiller. PEG modified GO-Ag nanofiller showed diffraction peaks
of PEG at 260 =19.09° and 26 = 23.43°. Surface modification of GO-Ag by PEG showed
shift in the 26 position of characteristic diffraction peak of GO (20 =11.56°) towards lower
angle at 26 =6.92°, which indicates the increase in interlayer spacing of GO due to
interaction of PEG with GO nanosheets. This observation indicated the strong intercalation
of oxygenated functional groups of PEG between GO sheets, which assisted the uniform

dispersion of PEG-GOAg nanofiller as corroborated in SEM images (Figure. 3.17 (c-d)).
3.2.1.5. Raman Analysis of PEG-GO-Ag Nano-additive

As synthesized GO, GO-Ag and PEG-GO-Ag nano-additives were further characterized
by Raman spectroscopy (Figure 3.19 (d)). In the Raman spectra of GO-Ag, the appearance
of two peaks at about 1352 cm™ and 1592 cm! were corresponding to the D and G bands,
respectively (Figure 3.19 (d)). D and G bands resulted from the vibrations of sp* and sp?
carbon atoms of GO sheets [172]. After PEG functionalization on GO-Ag, intensities of D
and G bands increased drastically, and this implies charge transfer mechanism of PEG
chains on GO-Ag nanofiller surface, which inferred successful functionalization of PEG

on GO-Ag surface.
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3.2.2. Characterization of Membranes

3.2.2.1. SEM Analysis of Membranes

The surface morphologies of Pristine-P (a), 1 GOAg-P (b), 0.2 PEG-GOAg-P (¢), 0.6 PEG-
GOAg-P (d), 1 PEG-GOAg-P (e) and 1.4 PEG-GOAg-P (f) membranes are shown in
Figure 3.20 (a-f), respectively. The SEM images of GO-Ag embedded membranes showed
multilayered GO stacked on membrane surface (Figure 3.20 (b)) as compared with smooth
surface of pristine polymer membrane (Figure 3.20 (a)). The presence of a large number
of oxygenated functionalities of PEG and its solvating capacity exfoliated Ag decorated
GO nanosheets as observed in Figure 3.20 (c-f). This process essentially reduced the
physico-chemical interactions between exfoliated PEG functionalized GOAg membrane
surface and the various organic substances that allow to minimize the irreversible fouling
of membrane. PEG-GOAg 1 wt.% membrane exhibited high porosity and surface
roughness as compared to Pristine-P and GOAg 1 wt.% membranes (Figure 3.20 (e)).
Improved porosity depicts that the high hydrophilicity of PEG-GOAg facilitate the better
diffusion of solvent during resin infiltration. Effect of varying wt.% of PEG-GOAg (0.2,
0.6,1 and 1.4 wt.%) on the porosity and surface roughness of membranes can be clearly
evident from SEM micrographs (Figure 3.20 (c-f)), which supports the aggregation of
nanofiller at higher loading (1.4 wt.%), resulting in decreased porosity and low

hydrophilicity.
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Figure 3.20. SEM images of membranes (a) Pristine-P, (b) 1 GOAg-P, (c¢) 0.2 PEG-
GOAg-P, (d) 0.6 PEG-GOAg-P, (e) 1 PEG-GOAg-P and (f) 1.4 PEG-GOAg-P

The cross-sectional SEM image of pure PVDF-co-HFP membrane showed small finger
like projections, which was consistent with previously reported literature [173] (Figure
3.21 (a)). While, the cross-sectional images of 1 GOAg-P membrane contain aggregated
GO layers on the polymer support. Whereas, the cross-sectional images of PEG-GOAg

membranes contain exfoliated GO layers intercalated and stacked on the polymer support
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(Figure 3.21 (c-d-e-f)). Surface intercalation of nanofiller increases rapidly upto 1 wt.%
filler content, which results in highly asymmetric and inhomogeneous structures.
Interestingly, 1 PEG-GOAg-P (Figure. 3.21 e (i-ii)) showed appearance of finger-like
micro cavities and high porous structure than 1 GOAg-P (Figure 3.21 (b)).

Figure 3.21. Cross-sectional scanning electron microscopic images of membranes (a)
Pristine-P, (b) 1 GOAg-P, (c¢) 0.2 PEG-GOAg-P, (d) 0.6 PEG-GOAg-P, (e) 1 PEG-
GOAg-P and (f) 1.4 PEG-GOAg-P
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3.2.2.2. FTIR Analysis of Membranes

Intercalation of PEG-GOAg on PVDF-co-HFP resin was further confirmed by FTIR
spectra (Figure 3.22). In case of pure PVDF-co-HFP membrane, the peaks at 833 cm™ and
1174 cm™ correspond to CF; stretching, while peak at 1400 cm™ was attributed C-F
stretching. The peak of C-C skeletal vibration of PVDF-co-HFP appeared at about 1067
cm’! in all membranes [174]. The peak of a-phase of PVDF-co-HFP at 761 cm™ and 612
cm’! disappeared in PEG-GOAg membranes. The C-O-C stretching vibration of GO was
found to be intense at 1229 cm™ in PEG-GOAg-P as compared with 1 GOAg-P suggesting

the enrichment of oxygenated functionalities on PEG functionalized membrane and thus

contributing to hydrophilic nature of PEG-GOAg-P.

Transmittance (%)

Figure 3.22. FTIR spectra of Pristine-P, 1 GOAg-P and 1 PEG-GOAg-P membranes
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3.2.2.3. Porosity and Water Contact Angles of Membranes

Porosity of all the membranes was studied by employing gravimetric method. Porosities of
the prepared GO-Ag and PEG-GO-Ag 1 wt.% membranes were 82.7 and 88.2%,
respectively, while that of pristine PVDF-co-HFP membrane was 70.60% (Figure 3.23
(a)). Porosity of the as-synthesized membranes increased initially upon addition of GOAg
and PEG-GOAg upto 1 wt.% and decreased gradually with high nano-additive content.
The above result clearly indicated that the presence of hydrophilic PEG-GO-Ag nanofiller
elevated the porosity of polymeric membranes and also exhibits the strong intercalation of

nanofillers between polymer chains as evidenced in SEM images (Figure 3.21 (a-f)).

1204 I Forosity {1120
(a) l [ ] Contact angle | o=
1 00—_ — 100 \i_;
S 80- {80 2
SN— J d m
= e
e 60+ 460 §
o ] l =
S 40- 440 O
£ ] 177 O
20 - 420
B Q \o \ R TR
s & & & &
X | Qq' Q‘:o '\-Q '\P‘ I
(b) PEG-GOAg-P

(ii) l i B

vy @

Figure 3.23. (a) The plot of porosity and contact angle of all membranes. (b) Images
of contact angles of as-synthesized membranes Pristine-P (1), 1 GOAg-P (ii), 0.2 PEG-
GOAg-P (ii1), 0.6 PEG-GOAg-P (iv), 1 PEG-GOAg-P (v) and 1.4 PEG-GOAg-P (vi)
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Hydrophilicity is a significant property of membranes as it affects the water flux and
antifouling ability. Surface hydrophilicity of the fabricated membranes was calculated by
measuring the contact angle of a water droplet on the membrane surface. Figure 3.23 (b)
shows the contact angles of as-synthesized membranes (i) Pristine-P, (ii) 1 GOAg-P, (iii)
0.2 PEG-GOAg-P, (iv) 0.6 PEG-GOAg-P, (v) 1 PEG-GOAg-P and (vi) 1.4 PEG-GOAg-
P. The contact angle of pristine membrane was 115.02° which depicts its hydrophobic
nature and contact angle of PEG-GOAg active layer membranes was found to be reduced
as compared to pristine PVDF-co-HFP membrane. Functional groups of nano-additive of
GOAg and PEG-GOAg play a crucial role in increasing the surface hydrophilicity of
PVDF-co-HFP membranes. By adding 1 wt.% of GOAg, the contact angle decreased up to
63.97° (Figure 3.23 (b) (i-ii)). Furthermore, the homogeneous dispersion of PEG-GOAg
facilitated oxygenated functionalities on the membrane surface, which results in further
reduction in the contact angle (Figure 3.23 (b) (iii-vi)). Addition of 1 wt.% of PEG-GO-
Ag decreased the contact angle of the membrane to the lowest value of 38.77°. However,
PEG-GO-Ag nano-additive above 1 wt.% concentration (1.4 wt.%) exhibited decrease in
the hydrophilicity of the membrane (43.44°), which can be attributed to the aggregation of
nano-additives at highest wt.%. Therefore, high oxygen moieties of 1 PEG-GOAg-P
renders the excellent hydrophilicity to the membrane surface and potentially aids in

elevating the flux recovery and antifouling of PEG-GOAg modified membrane.
3.2.2.4. Thermal Stability of Membranes

Thermal stability of the GO-Ag and PEG-GO-Ag nano-additives was measured by
thermogravimetric analysis (Figure 3.24 (a)). GO-Ag exhibited a minor weight loss at 94
°C due to the evaporation of adsorbed water molecules and a major weight loss at 232 °C
was observed, which can be attributed to the decomposition of oxygenated functionalities
of GO. In case of PEG-GO-Ag nano-additive, improved thermal loss was observed with a
slight weight loss at 216 °C, and a rapid weight loss was observed at 392 °C, which indicates
the disintegration of PEG chains. Thermal stability of PEG-GO-Ag is significantly
improved as compared with GO-Ag due to intercalation of PEG chains on GO nanosheets.

However, at high temperature, residual weight of PEG-GO-Ag was much lower as
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compared to GO-Ag, which depicts the strong degradation of PEG at higher temperature
[175].
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Figure 3.24. TGA curves of (a) nano-additives GO-Ag and PEG-GO-Ag and (b) Pristine-
P, 1 GOAg-P, and 1 PEG-GOAg-P membranes

Figure 3.24 (b) shows the thermogravimetric curves of Pristine-P, 1 GOAg-P, and 1 PEG-
GOAg-P membranes. TGA plot of 1 GOAg-P membrane exhibited 2% weight loss below
200 °C which is possibly due to the evaporation of adsorbed water molecules. Whereas,
TGA of 1 PEG-GOAg-P membrane exhibited much higher initial weight loss (4%), which
corresponds to the high hydrophilic nature of PEG and possibly allow entrapping of more
water molecules. However, no initial weight loss was observed in case of Pristine-P
membrane. For GOAg membrane, 14% weight loss occured below 360 °C, which depicts
the degradation of GO molecules that further undergo major weight loss (60%) at 461°C.
While PEG-GO-Ag membrane exhibited a major weight loss (60 %) at 480 °C showing its

thermal stabilility relative to other two membranes
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3.2.3. Membrane Performance Study

3.2.3.1.Water Flux and BSA Rejection of Membranes

The water flux performance of PEG functionalized GO-Ag active polymeric membrane
was studied and shown in Figure 3.25. PEG cross-linked 2D carbon-silver NPs based
polymeric membrane exhibited increase in water permeation flux as compared to Pristine-
P membrane. The water flux of I PEG-GOAg-P membrane was found to be maximum
about 906 Lm™ h™!' (enhanced by 319 %) as compared with Pristine-P membrane. Chains
in PEG molecule with flexible C-O-C bonds favored the strong hydrogen interaction
between its ethyl groups and -COOH and —OH functional groups of GO nanosheets,
therefore 1 wt.% PEG-GOAg-P membrane showed enhanced capacity to permeate the

water molecules resulting in its increased water flux performance.
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Figure 3.25. Pure water flux and BSA rejection of Pristine-P and PEG-GOAg based

membranes
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The water flux was moderately decreased with PEG-GO-Ag concentration greater than
1wt.% on support polymer membrane (i.e. 1.4 wt.% PEG-GOAg-P), which is an indication
of non-uniform distribution of additive at high concentration and therefore causing pore
blocking on membrane surface. This observation was evident through higher contact angle
value of 1.4 wt.% PEG-GOAg-P than with 1 wt.% PEG-GOAg-P membrane as well. BSA
rejection capacity of 1wt.% PEG-GO-Ag was increased from 85.5 to 95.1% as compared
with Pristine-P membranes (Figure 3.25). Increased rejection of BSA molecules
corresponds to the high hydrophilic nature of PEG-GOAg-P, which prevented contact with
BSA molecules. BSA rejection performance of 1 GOAg-P membrane (89.68%) was higher
than that of Pristine-P (85%) and lesser as compared with PEG-GOAg membranes because
of low hydrophilicity of GO-Ag without PEG.

3.2.3.2. Cyclic Filtration of Membranes

The fouling resistance of membranes can be determined by measuring permeation flux
performance of pure water and BSA solution for repetitive filtration cycles, respectively.
The results of recycling flux measurement of membranes are shown in Figure 3.26. In the
first cycle, PEG functionalized membranes exhibited rapid increase in the pure water flux
as compared with Pristine-P (Figure 3.26). However, the permeation flux of functionalized
membranes found to be decreased against BSA protein in PBS solution. After washing, the
water permeation of I PEG-GOAg showed maximum recovery of water flux as compared
to Pristine-P and 1 GOAg-P, respectively. It is known that permeation of organic
molecules, such as proteins (BSA) decreases as compared with pure water at initial cycles
due to low physico-chemical interaction of protein with membrane. However, as filtration
proceeds in a successive repetitive cycles, attachment and/or adsorption of particles/protein
molecules tend to be greater on the porous membrane, which makes it extremely difficult

to completely remove them by back flush or shear stress [176].
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Figure 3.27. Cyclic Filtration of Pristine-P and Functionalized Membranes
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Figure 3.27 showed the reusability of fabricated membranes by repetitive cycles of water
and BSA filtration. Therefore, it is challenging to retain initial water flux after usage of
membrane for several cycles and optimize the process in terms of quality and fabrication
cost of membrane. GO-Ag-P and PEG-GOAg-P membranes retained higher water
permeation flux as compared with Pristine-P membrane. The lower water flux values of
Pristine-P membrane are attributed to hydrophobicity of Pristine-P and leads to irreversible
fouling performance. While, in case of GO-Ag and PEG functionalized GO-Ag
membranes, the enhanced hydrophilicity was provided by oxygen functionalities and
strong hydrogen interaction existing between ethyl groups of PEG molecular chains and
oxygen-containing groups of GO, respectively. This hydrophilic nature of membrane
surfaces contributed to enhanced antifouling performance of the membrane, because
organic molecules, such as BSA proteins are hydrophobic in nature and could minimize

adsorption [177].

The water filtration process depends on different surface properties parameters, such as
hydrophilic or hydrophobic interaction and charge because it contains organic soluble
molecules or colloids. Therefore, in the water filtration process, the fouling of membrane
is contributed by several parameters that include concentration polarization (CP)
phenomena, cake or gel formation and adsorption of organic molecules/substances [176].
Membrane fouling is generally categorized as reversible and irreversible fouling. The CP
affecting reversible fouling due to accumulation of particles/foulant molecules at interface
of membrane. Reversible fouling of the membrane can be caused by formation of cake or
gel layers, that is formed when the concentration of deposited protein layers reaches a
threshold on the membrane surface that can be removed by back flush or shear stress.
Further, adsorption of organic molecules/substances due to strong physico-chemical
interactions between the different organic molecules and the membrane can lead to
irreversible fouling through blocking of pores of membrane. This phenomenon is mainly
contributing to the total fouling and crucial for permeation/separation performance of

membrane [176].
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3.2.3.3. Antifouling Properties and FRR% of Membranes

Antifouling properties of all membranes were assessed by calculating the total fouling ratio
(R;), reversible fouling ratio (R,), irreversible fouling ratio (R;-) and flux recovery ratio
(FRR) (Figure 3.28). The total fouling and irreversible fouling ratios of PEG
functionalized membranes were found to be lowest (R; = 50.3% and R;- = 8.6% for 1 PEG-
GOAg-P) as compared with Pristine-P because of the antifouling properties of combined
organic—inorganic hybrid PEG-GO-Ag nano-additives. The highest antifouling nature of 1
PEG-GOAg membrane can be accredited to the better hydrophilicity of PEG-GO-Ag. The
adhesion forces between foulants like BSA and membrane surface can be categorized as:
electrostatic forces, van der Waals forces, hydrogen bonding and hydrophobic forces [178-
180]. BSA molecules are negatively charged at pH 7, increasing the negative charges on
membrane surface results in strong electrostatic repulsion of these negatively charged BSA
molecules on the membrane surface. PEG-GO-Ag modified membranes exhibited high
FRR and low irreversible fouling, indicating that the PEGylated-GO-Ag has more negative
charges as compared to GO-Ag due to the presence of additional oxygen atoms. Increased
electrostatic interaction and improved H-bonding of PEGylated-GO-Ag results in high

water flux with improved antifouling properties.
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Figure 3.28. Antifouling performance and Flux recovery ratio of Pristine-P and

functionalized membranes

The FRR performance of as-synthesized Pristine-P, 1 GOAg-P, 0.2 PEG-GOAg-P, 0.6
PEG-GOAg-P, 1 PEG-GOAg-P and 1.4 PEG-GOAg-P were found to be 50.8%, 77.1%,
79.9%, 86.6%, 91.3%, and 85.8%, respectively (Figure 3.28). The FRR performance was
better with PEG-GO-Ag functionalized membranes as compared with Pristine-P and GO-
Ag-P membranes. The 1 PEG-GOAg-P membrane exhibited relatively enhanced FRR,
which was inherent to synergistic effects of oxygen-functionalities of both components
PEG and GO-Ag leading to efficient retention of a thick layer of water molecules on the
membrane surface. So the present study could offer a great potential to optimize quality
and cost in fabrication of high-performance polymeric membranes with increased
hydrophilicity, permeability, antifouling property and high thermal stability for wide range

of industrial applications.

83



3.3. GO/Fe3;04 and Ag-GO/Fe304 based Active Layer PVDF-co-HFP

Membranes for Water Treatment

3.3.1. Characterization of Magnetic Nanoparticles

3.3.1.1. XRD Analysis of GO, GO/Fe304 and Ag-GO/Fe;04

XRD patterns of GO, GO/Fe304 and Ag-GO/Fe3;04 nanocomposites are shown in Figure
3.29. The appearance of strong characteristic peak at 126° corresponds to the GO
nanocomposite. XRD pattern of GO/Fe3O4 confirms the presence of magnetic iron oxide
nanoparticles from the existence of diffractions peaks at 30 6°, 35 0°, 44 6°, 57 6° and 63
0°. XRD of Ag-GO/Fe304 nanocomposite displays strong diffraction peaks at 38 0°, 44 6°,
64 0° and 77 0° which supports the successful functionalization of GO/Fe3O4 with Ag

nanoparticles. These results are supported from the literature [181, 182].
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Figure 3.29. XRD of GO, GO/Fe;04 and Ag-GO/Fe304
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3.3.1.2. FTIR Analysis of GO, GO/Fe3;04 and Ag-GO/Fe304

Functional groups of the fabricated nanocomposites were further investigated by using
FTIR spectroscopy as shown in Figure 3.30. Along with the appearance of characteristic
GO bands at 1050, 1646 and 3302 cm™! the presence of a clear and intense band at 552 cm”
! was observed in FTIR spectra of Fe304, GO/Fe304 and Ag-GO/Fe304 which corresponds
to the Fe-O stretching vibration. This Fe-O band was attributed to the successful
functionalization of GO with Fe;Os. A broad band 3302 cm™ corresponds to the O-H

stretching vibration [182].
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Figure 3.30. FTIR of GO, Fe304, GO/Fe3;04and Ag-GO/Fe304
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3.3.1.3. SEM Analysis of GO, GO/Fe304 and Ag-GO/Fe;04

Structural morphology of the prepared nanocomposites was explored by employing SEM.
Figure 3.31 represents the SEM micrographs and EDX analysis of GO, GO/Fe304 and Ag-
GO/Fe304. In case of GO smooth silk like layered pattern was observed which is the
characteristic of GO. While in case of GO/Fe;04 bright dotted patterns covering the GO
sheets were clearly visible. Because of high magnetic properties the Fe3O4 nanoparticles
tends to form small clusters on the surface of GO sheets. SEM study revealed the successful
functionalization of GO with magnetic nanoparticles covering the surface of GO
uniformly. The SEM analysis of silver functionalized magnetic GO also showed the small
clusters of magnetic nanoparticles decorating the GO sheets. Furthermore, the EDX
analysis was studied to check the elemental analysis of prepared samples. EDX confirms

the presence of C, O, Fe and Ag in the respective nanocomposite samples.
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Figure 3.31. SEM analysis of GO, GO/Fe304 and Ag-GO/Fe;04
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3.3.2. Characterization of Magnetic Membranes

3.3.2.1. FTIR analysis of GO/Fe3;04 and Ag-GO/Fe3;04 based membranes

The functionalities of PVDF-co-HFP membranes with and without magnetic nanoparticles
were analyzed by FTIR technique. Figure 3.32 represents the FTIR spectra of pristine
PVDF-co-HFP membrane and membranes incorporated with GO/Fe;Os4 and Ag-
GO/Fe;04. The FTIR spectra of PVDF-co-HFP depicts clear bands at 1402 cm™, 973 cm’
!, and 790 cm™! which identifies the a-phase of PVDF-co-HFP. While the bands at 1271
cm’! and 834 cm! corresponds to the B-phase of PVDF-co-HFP. A clear reduction in a-
phase was observed by addition of GO/Fe304 and Ag-GO/Fe3O4nanofillers which suggests
the favorable interaction of carbonyl group (C=0) of GO with CF, segments of PVDF-co-
HFP [183]. In the FTIR spectra of GO/Fe304 and Ag-GO/Fe3;04 the appearance of a clear
peak at 554 cm™! confirms the presence of Fe-O functional group. So the FTIR analysis
proved the successful fabrication of magnetic graphene oxide based PVDF-co-HFP

membrane.
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Figure 3.32. FTIR spectra of pristine PVDF-co-HFP membrane and membranes
incorporated with GO/Fe304 and Ag-GO/Fe304
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Magnetic behavior of GO/Fe;O4 (a,b) and Ag-GO/Fe3O4 (c) based PVDF-co-HFP
membranes was checked by using a magnetic rod. By moving the magnetic rod near the
membrane coupons, the synthesized membranes were highly attracted towards the
magnetic rod as shown in Figure 3.33. These images support the resin infiltration approach

to fabricate magnetic membranes without using any external magnets.

Figure 3.33. Magnetic behavior of (a,b) GO/Fe3O4and (¢) Ag-GO/Fe304 based PVDF-

co-HFP membranes
3.3.2.2. SEM Analysis of GO/Fe304 and Ag-GO/Fe3;04based Membranes

Cross-sectional morphology of membranes has large impact on its transport properties.
Figure 3.34 shows the cross-sectional images of bare PVDF-co-HFP membranes and
GO/Fe304 and Ag-GO/Fe;04 based membranes. SEM of bare PVDF-co-HFP membrane
constrains a dense, compact and non-porous lamellar structure. while in case of magnetic
GO based nanocomposite membrane the micro-porous GO/Fe3O4 based loose laminar
layered pattern was observed. Appearance of micro cavities within the layered structure of
GO sheets indicate the increased porosity and hydrophilicity of nanocomposites based
PVDF-co-HFP membranes. Ag-GO/Fe;O4 based membranes also exhibit the highly
permeable layered structure with finger like projections within the membrane cross-
section. In contrast to the cross-sectional SEM of pure PVDF-co-HFP membrane both
GO/Fe304 and Ag-GO/Fe3O4 nanofiller based membranes exhibit highly exfoliated
membranes cross-sectional structure forming channels within the GO layers. These

channels facilitate the water transport through membrane. These micro-structures can be
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attributed to the hydrophilicity and uniform dispersibility of GO/Fe3;O4 and Ag-GO/Fe3z04

nanofillers.

Figure 3.34. Cross-sectional SEM images of (a,b) PVDF-co-HFP (c,d) GO/Fe;04
/PVDF-co-HFP and (e,f) Ag-GO/Fe3;04/PVDF-co-HFP membranes

3.3.2.3. Thermo-gravimetric Analysis of Ag-GO/Fe3;0O4 based Membrane

Thermal stability of membranes is highly considerable for their applicability towards high
temperature conditions. TGA analysis of PVDF-co-HFP membrane and Ag-GO/Fe;04
based PVDF-co-HFP membrane was studied upto 600°C and shown in Figure 3.35. In
case of pristine PVDF-co-HFP membrane a major weight loss was observed at 420°C
which increases upto 526°C by incorporation of Ag-GO/Fe;O4 nanocomposite. The Ag-
GO/Fe304/PVDF-co-HFP membranes exhibit high thermal stability because of synergetic
stable performance of GO and Fe3O4. This increased stability of magnetic graphene oxide

based nanocomposite membrane was supported by already reported results [ 184].
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Figure 3.35. Thermogravimetric analysis of Ag-GO/Fe304 based membrane

3.3.3. Membranes Performance Study

3.3.3.1. Contact Angle and Porosity of GO/Fe;04 and Ag-GO/Fe3;O4 based

membranes

In contrast to the pristine PVDF-co-HFP membrane the hydrophilicity of GO/Fe3O4 and
Ag-GO/Fe304 based membranes increased drastically as shown in Figure 3.36. Water
contact angle of PVDF-co-HFP membrane was noticed to be 115° which depicts the
hydrophobic nature of polymer membrane. By incorporation of GO/Fe30O4 nanofiller the
water contact angle decreased to the 51°. Furthermore, the silver functionalized magnetic
graphene oxide nanofiller (Ag-GO/Fe;04) reduces the water contact angle to the lowest
value ie. 46° So the GO/Fe3Os nanofiller has positive impact in enhancing the

hydrophilicity of polymer membranes [135].
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membranes

Besides this, the porosity of the PVDF-co-HFP membranes also increases from 70% to
82% and 87% respectively by addition of GO/Fe304 and Ag-GO/Fe;04 nanofiller. These
results showed that both GO/Fe3;Os and Ag-GO/Fe3;Os have excellent hydrophilic

characters to upgrade the membranes permeability and transport properties.
3.3.3.2. Water and BSA Flux of GO/Fe304 and Ag-GO/Fe304 based Membranes

To check the permeability of fabricated membranes, pure water and BSA solution were
used as feed and permeate fluxes were measured one by one. Water flux of PVDF-co-HFP
membrane was 216 Lm?h which suggests the strong hydrophobic character of pristine
polymer. However, the permeability of PVDF-co-HFP membranes enhanced appreciably
by adding hydrophilic GO/Fe304 and Ag-GO/Fe;O4 nanofillers. The graphene oxide and
magnetic nanoparticles helps in creating the microporous structures within the membrane
cross-section as shown in Figure 3.34. These structures acts as transport channels to

permeate water molecules through the stacked layers of GO/Fe3O4. The water flux of
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GO/Fe;04 based membrane was 756 Lm2h™ while that of Ag-GO/Fe;04 based membrane
was 801 Lmh! respectively. BSA flux of nanofiller based membranes was also increased
in comparison to the pure PVDF-co-HFP membrane. The BSA flux of pure PVDF-co-HFP
membrane was 66 which increases to 356 Lm™?h and 392 Lm?h"'. The lower BSA flux
value as compared to the elevated water flux was associated with adsorption of BSA
molecules either on the membrane surface or within the cross-section. Figure represents

the water flux and BSA flux of fabricated membranes.
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Figure 3.37. Water flux and BSA flux of GO/Fe304 and Ag-GO/Fe304 based membranes
3.3.3.3. BSA Rejection of GO/Fe3;04and Ag-GO/Fe3;04 based Membranes

BSA was used as a model foulant to study the protein adsorption by GO/Fe304 and Ag-
GO/Fe30s4. BSA rejection of PVDF-co-HFP membrane and nanofillers based membranes
is shown in Figure 3.38. In case of pure PVDF-co-HFP membrane the BSA rejection was
85.5% which increases to 96% and 98% by assimilation of GO/Fe3;04 and Ag-GO/Fe;04
respectively. The wrapping of Fe3O4 nanoparticles with GO sheets increases the specific

surface area of GO/Fe3O4 nanofiller. The increased surface area along with abundant
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oxygenated functionalities on the GO surface boosts the adsorption capacity of GO/Fe3zO4
[135].
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Figure 3.38. BSA Rejection of GO/Fe304 and Ag-GO/Fe3O4 based membranes
3.3.3.4. Antifouling Properties of GO/Fe304 and Ag-GO/Fe304 based Membranes

Fouling of polymer membranes is a major concern in waste water treatment. Fouling is
directly associated with hydrophobic character of applied membrane. Figure 3.39 shows
the total fouling, reversible fouling and irreversible fouling of pristine PVDF-co-HFP
membrane and nanofiller based polymer membranes. As confirmed from the water contact
angle results (Figure 3.36) the PVDF-co-HFP membrane comprises a highly hydrophobic
character leading to the highest total fouling ratio (69.4%) and highest irreversible (49.1%)
fouling as well. The GO/Fe;04 and Ag-GO/Fe304 nanofillers decreases the total fouling
ratio to 52.8% and 51.0%. The reversible fouling ratio was highest for Ag-GO/Fe;04
(43.4%) based membranes which indicate the highly antifouling nature of Ag-GO/Fe304
nanofiller. From the above discussions, it is obvious that magnetic graphene oxide plays a

crucial role in controlling the permeability and fouling of polymer membranes.
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Figure 3.39. Antifouling properties of GO/Fe304 and Ag-GO/Fe;04 based membranes
3.3.3.5. Flux Recovery Ratio of GO/Fe3;04 and Ag-GO/Fe3;04based Membranes

Flux recovery ratio is an important parameter while analyzing the reusability of fabricated
membranes. The fabricated membranes used to measure the water and BSA fluxes were
washed with pure water to remove the physically adsorbed foulant molecules, followed by
measuring the water and BSA flux again. By comparing the fluxes of two consecutive
filtration cycles it was noticed that the PVDF-co-HFP membrane exhibit the lowest flux
recovery ratio (50.8%) (Figure 3.40). This poor flux recovery was due to the hydrophobic
character of PVDF-co-HFP membrane which resulted in increased fouling of membrane
surface. This surface fouling leads to pore blockage, hence reduces the permeability of
membrane. However, by using the highly hydrophilic and antifouling GO/Fe304 and Ag-
GO/Fe304 nanofillers the flux recovery ratio improves upto 89.9% and 92.3%. This
increased flux recovery proclaimed the reusability and better life span of fabricated

nanocomposite membranes.
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Figure 3.40. Flux recovery ratio (FRR%) of GO/Fe;04 and Ag-GO/Fe304based

membranes

3.4. Comparison with Literature

Table 3.1. compares the performance of fabricated membranes with some other
membranes from literature. Comparison was made interms of water flux, rejection and flux
recovery ratio of membranes by the addition of different modifiers. Ahmed et al. [185]
reported the synthesis of pluronic F127/polyacrylonitrile/ bentonite-PVC membrane for
ultrafiltration. The fabricated membrane possesses excellent features interms of ultralow
water contact angle, increased antifouling property with > 97% oil removal efficiency.
Alardhi et al. [186] proclaimed the use of PVC hollow fiber membranes for the rejection
of methyl green from simulated waste water with a removal efficiency of 59.46% and
permeate flux of 32.71 L/h.m?. Karim et al. [187] designed an ultrafiltration membrane
based on Ag-TiO; and a-aminophosphonate modified montmorillonite (MMT). The

composite membrane comprises excellent permeate flux 400 Lm™h™! and reduced protein
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fouling. Abdel-Wahed et al. [188] demonstrate the use of ZnO-TiO based ceramic glass
material as photocatalyst for decontamination of textile waste water. ZnO-TiO;
photocatalyst exhibit maximum efficiency of 53% for removal of humic acid. Ali et al.
[189] deliberate the use of activated carbon and zirconium oxide (ZrO;) for the
photodegradation of 4-octylphenol. Table 3.1 depicts the outstanding permeate flux of
modified GO based nanocomposite membranes as compared to many other membranes.
This comparison supports the use of GO-Ag, PEG/GO-Ag, GO/Fe304 and Ag-GO/Fe3z04
nanofillers as a surface modifier, as well as a highly hydrophilic and antifouling adsorbent

to treat the biofouling of polymer membranes.
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Table No 3.1. Comparison of our work with already reported literature

Polymer Modifier Casting Water Flux FRR Rejection  Ref.
Method (Lm>h™) (%) (%)
PVC GO- Phase 440 83.0 95 [90]
nanodimond  inversion
(BSA)
PVC Graphene- Phase 19.4 ~80 98 [190]
quantum dots  inversion
(BSA)
PVC PEGMA Phase 472.14 >65 95.72 [191]
separation
(Salt)
PVDF S-GO Phase 740 88.7 98 (BSA) [l61]
separation
PES C-GO/Fe30s4  spinning 110 97.8 99.5 [192]
(HSA)
PES GO/Fe304 Phase 252 87.9 920 [135]
separation (BSA)
PVC Cellulose Phase 85 78 78.4 [193]
acetate inversion
(BSA)
P-sulfone GO-Titania  Phase 13.05 - 91.27 [194]
separation
(NH3)
P-sulfone GO-gum Phase 63.55 88 95 [195]
Arabica inversion
(HA)
PVC AgNPs/ Wet 418 99.8 94 [196]
. spinning
Silica COD
PVC Halloysite Phase 212.2 92.1 93 [197]
nanotubes separation
BSA
PVC ZnO Phase 66.7 87 73.6 [198]
inversion
(COD)
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3.5. Membrane Cost Analysis and Comparison

Polymer membranes undergo complex fouling due to accumulation of organic and

inorganic foulants either on the membrane surface or within the cross-sectional

microporous structures. This fouling results in the formation of a cake/gel layer,

deteriorating the water quality and resulting in poor water flux. So, the fouling leads to

quick replacement of membrane filters. This continued replacement of membrane filters

affects the cost of filtration system. The present work is focused on controlling the fouling

of polymer membranes by using modified GO (GO-Ag, PEG-GO-Ag, GO/Fe;04 and Ag-

GO/Fe304) based nanocomposites.

Polymer membranes cost is dependent on the

» Cost of precursors

YVVYVVYVYYVY

Cost of operating
Cost of maintenance (cleaning or replacement (fouling/accident))
Cost of Labor

Cost of synthesis reactions
Cost of membrane preparation
Cost of physiochemical characterization

98



The costs of commercially available membrane filters of polycarbonate (PC), polyether
sulfone (PES), polytetrafluoroethylene (PTFE) and polyvinylidene fluoride (PVDF) are
shown in Table 3.2. The cost of the membrane precursors and synthesis steps mainly
control the cost of the product. We have used graphite powder as main precursor to
synthesize GO which is relatively cheaper than polymers. Besides this, as we use
nanocomposite to form a layer pattern, very little quantity of polymer is used in this project
as compare to the pristine polymer membranes. Both the low cost precursors, easy
fabrication strategies and high antifouling features, along with excellent flux recovery and

reusability makes the present work highly economical and affordable.

Table 3.2. Cost comparison of different polymer membranes 50 pieces /pack

Membrane Poresize Thickness Price (Rupees)

PC 0.2pm 25mm 106,268 Rs.
PES 0.2um 25mm 57908 Rs.
PTFE 0.2um 25mm 69613 Rs.
PVDF 0.2um 25mm 57600 Rs.

Although the cost of membrane filters varies, depending on manufacturing conditions.
Generally, the cost of high quality graphite powder/100mg is 7000 Rupees. The quantity
of GO product depends on the extent of oxidation. In the present study, for each gram of
graphite powder used almost 0.98g of GO was obtained, which suggest negligible loss of
main precursor. So this study can be helpful in synthesizing the cost effective GO based

polymer nanofiller composite membranes.
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CONCLUSION

Membrane fouling is a pervasive problem effecting the economy and efficiency of polymer
based membrane separation technology. Herein, we synthesized highly hydrophilic and
antifouling nanofillers to compensate the hydrophobicity and fouling of polymer
membranes. Graphene oxide (GO) was synthesized (from graphite powder by Hummer’s
method) and modified with silver nanoparticles (AgNPs), polyethylene glycol (PEG) and
magnetic iron oxide (Fe3O4). Six series of polymer nanocomposite membranes PVC/GO,
PVC/GOAg, PVDF-co-HFP/GO-Ag, and PVDF-co-HFP/PEG-GO-Ag, PVDF-co-
HFP/GO/Fe;04 and PVDF-co-HFP/Ag-GO/Fe3O4 were fabricated by incorporating the
modified GO based nanofillers. Fourier transform infrared spectroscopy (FTIR), X-ray
diffraction (XRD), Raman spectroscopy, scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and electron dispersive X-ray (EDX) analysis
were used to explore the structural and chemical features of nanocomposites and their
perspective membranes. The incorporation of GO-Ag nanofiller (0.5 wt.%) enhances the
water flux and BSA rejection of PVC membrane from 192 Lm2h" to 613 Lm?hand
81.5% to 92.1%. The irreversible fouling ratio of PVC membrane was decreased from
54.6% to 14.4%. Similarly, the PEG/GO-Ag nanofiller (1.0 wt.%) raises the water flux of
PVDF-co-HFP membrane from 216 Lm2h! to 906 Lm?h™! by lowering the water contact
angle from 115°.02 to 38°.77. Water flux and BSA rejection of PVDF-co-HFP membrane
was improved upto 801 Lm?h™! and 98% by using Ag-GO/Fes;0s nanofiller. Flux recovery
ratio (FRR) for PVC/GO-Ag (0.5 wt.%) membrane was 85% while that of PVDF-co-
HFP/PEG-GO-Ag (1.0 wt.%) membrane was 91% and PVDF-co-HFP/Ag-GO/Fe;04 (1.0
wt.%) was 92% respectively. Besides this, the reversible fouling ratio of all the nanofiller
based membranes increased drastically favoring the high antifouling property of fabricated
membranes. The GO-Ag nanofiller was tested to be effective against Escherichia coli. The
present study also constrains an easy and effective strategy to synthesize the GO/Fe304 and
Ag-GO/Fe3O4nanofillers based magnetically active membranes without using any external
magnetic field. TGA stipulate the high thermal stability of all the nanocomposite based
membranes. Inspired from the high permeability, increased BSA rejection, antifouling

properties and thermal stability the modified GO nanofillers GO-Ag, PEG-GO-Ag,
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GO/Fe304 and Ag-GO/Fe304 could offer a great potential in combating the clean water

scarcity by optimizing the quality of high performance membrane filters.
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FUTURE PROSPECTS

Because of high hydrophilicity, excellent antifouling property and enhanced thermal
stability the GO-Ag, PEG/GO-Ag, GO/Fe304 and Ag-GO/Fe304 nanocomposite can help
in tailoring the hydrophobic challenges of polymeric membranes. Although all
nanocomposite based membranes possessed enhanced performance interms of water flux
and BSA rejection, there is a need to improve the BSA rejection without compromising
water flux. The synthesized membranes can be used for waste water treatment, heavy metal
adsorption etc. The modified GO nanofiller have vast majority of applications in target
drug delivery, bone regeneration, artificial muscle formation and coating of medical
equipment’s etc. However, these membranes still need a lot of modifications and tests to
be used in food packaging and other real life applications. Resin infiltration method can be
used to fabricate high performance magnetic membranes without using any magnetic field
to move the nanoparticles to the membrane surface. Besides these, high thermal stability
of synthesized nanocomposite membranes suggests their flame retardancy applications. So
the present study is a gateway to explore the GO based membranes to tackle the

environmental challenges.
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