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REMOVAL OF ORGANIC POLLUTANTS FROM WATER USING
CARBON NANOTUBES FUNCTIONALIZED WITH DEEP EUTECTIC
SOLVENTS

ABSTRACT

Many industries discharge large amount of wastewater that constitute the attention of
many environmental concerns because it contains toxic and persistent organic pollutants
that pollute the nature and threaten the human health. Although, carbon nanotubes (CNTs)
have a high adsorption capacity for the removal of various kinds of organic pollutants
from water, many flaws are hindering their adsorption performance. Functionalization of
CNTs is a decisive process to overcome all the restrictions of CNTs application and to
increase their removal efficiency. Therefore, this research has been carried out to
investigate the potential of deep eutectic solvents (DESs) as novel functionalization
agents for carbon nanotubes (CNTs) which can open a new window of opportunity in the
area of wastewater treatment. In this regard, ten DESs were synthesized using five
different salts and two hydrogen bond donors (HBDs) (i.e. ethylene glycol and di-
ethylene glycol). Various molar ratios of HBD to salts were prepared to determine the
optimum molar ratio by which the DES is homogeneous and stable. The DESs freezing
points and functional groups were investigated, in addition to their physical properties of
viscosity, density, conductivity and surface tension were determined as function of
temperature in the particular temperature range of 293.15- 353.15 K. It is worth
mentioning that all examined DESs were stable and in liquid phase at room temperature
which emphasize their promising potential to be utilized as inexpensive environment-
friendlier solvents. Owing to their low recorded freezing points and viscosities, DESs can
be effortlessly processed without any further heating required. Subsequently, the prepared
DESs were used to functionalize CNTs and produce novel adsorbents for the removal of
2,4-dichlorophenol (2,4-DCP) and methylene orange (MO) from water. A primary

screening of adsorption process was conducted, and the chemical, physical and
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morphological properties of the adsorbents with the highest removal efficiencies were
investigated using RAMAN, FTIR, FESEM, zeta potential, TGA and BET surface area.
The effect of DES was obvious by increasing the purity and the surface area of CNTs
resulting in increasing the maximum adsorption capacity of CNTs for 2,4-DCP and MO
removal to reach 290 mg/g and 224 mg/g, respectively. Adsorption studies were carried
out to evaluate the optimum conditions, kinetics and isotherms for 2,4-DCP adsorption
process. RSM-CCD experimental design was used to conduct the optimization studies
and to determine the optimum conditions for 2,4-DCP and MO removal by each selected
adsorbent individually. Furthermore, all experimental data fitted well the pseudo-second
order kinetic model and the equilibrium data for all DES-functionalized adsorbents was

well fitted by both Langmuir and Freundlich isotherm models.

Keywords: 2,4-dichlorophenol, methyl orange, deep eutectic solvents, carbon nanotubes,

functionalization.
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REMOVAL OF ORGANIC POLLUTANTS FROM WATER USING CARBON

NANOTUBES FUNCTIONALIZED WITH DEEP EUTECTIC SOLVENTS

ABSTRAK

Kebanyakan industri telah membuang sejumlah besar sisa-sisa air yang telah
mencemarkan alam sekitar kerana sisa-sisa air ini mengandungi toksik dan bahan cemar
organik yang kekal, di mana ia boleh menyebabkan pencemaran alam dan mengancam
kesihatan manusia. Namun begitu, tiub-tiub karbon nano (CNTs) mempunyai daya
penjerapan yang tinggi bagi menyingkirkan pelbagai sisa cemar organik daripada air.
Walaubagaimanapun masih terdapat beberapa kekurangan yang merencatkan kebolehan
proses penjerapan ini. Proses penambahan kumpulan berfungi terhadap CNTs merupakan
satu proses yang sesuai untuk mengatasi segala kekurangan terhadap pengaplikasian
CNTs dan meningkatkan kecekapan penyingkirannya. Justeru itu, kajian ini telah
dijalankan untuk mengkaji kebolehan pelarut-pelarut eutektik dalaman (DESs) sebagai
agen kebolehfungsian yang baru untuk tiub-tiub karbon nano (CNTs) di mana ia boleh
membuka peluang yang baru dalam rawatan sisa-sisa air. Dalam kajian ini, sepuluh DESs
telah disintesiskan dengan menggunakan lima garam yang berbeza dan dua jenis
penderma ikatan hydrogen yang berbeza (HBDs) (iaitu ethylene glycol dan di-ethylene
glycol). Pelbagai nisbah molar HBD terhadap garam telah disediakan untuk menentukan
nisbah molar yang optimum di mana DES adalah homogen dan stabil. Takat beku DESs
dan kumpulan-kumpulan berfungsi telah dikaji menerusi kajian ini dalam menentukan
ciri-ciri fizikal mereka seperti kelikatan, ketumpatan, kekonduksian dan ketegangan
permukaan, terhadap pelbagai suhu, iaitu di antara 293.15- 353.15 K. Kajian ini dapat
membuktikanbahawa kesemua DESs yang telah dikaji adalah stabil dan wujud dalam
bentuk cecair dalam suhu bilik dan menunjukkan potensi yang baik untuk digunakan
sebagai pelarut yang murah dan mesra alam. Disebabkan oleh rekod sejukbeku dan

kelikatan yang rendah, DESs mudah diproses tanpa sebarang proses pemanasan.



Seterusnya, DESs yang telah disediakan digunakan untuk menambah kumpulan berfungsi
di CNTs dan menghasilkan penjerap baru yang boleh mengasingkan 2,4-dichlorophenol
(2,4-DCP) and methyl oren (MO) daripada air. Satu ujikaji yang penting terhadap proses
penjerapan telah dijalankan, dan ciri-ciri kimia, fizikal dan morfologi penjerap dengan
kecekapan penyingkiran paling tinggi telah diuji menggunakan RAMAN, FTIR, FESEM,
potensi zeta, TGA dan luas permukaan BET. Kesan DES jelas terlihat dengan
meningkatkan ketulenan dan luas permukaan CNTs, di mana menghasilkan kapasiti
penjerapan maksimum CNTs untuk 2,4-DCP dan penyingkiran MO, masing-masing
untuk mencapai 290 mg/g dan 224 mg/g. Kajian-kajian proses penjerapan juga telah
dijalankan untuk menilai keadaan optimum, kinetik dan isotherm untuk proses penjerapan
2,4-DCP. Rekabentuk eksperimen menggunakan RSM-CCD telah dijalankan untuk
kajian optimum dan untuk menentukan kondisi yang sesuai untuk 2,4-DCP dan
penyingkiran MO bagi setiap penjerap yang telah dipilih. Disamping itu juga, kesemua
data eksperimen bersesuaian dengan pseudo-kedua model kinetic dan keseimbangan data
untuk kesemua DES dengan fungsi penjerap masing-masing bersesuaian dengan model

isotherm Langmuir dan Freundlich.

Kata kunci: 2,4-dichlorophenol, metil oren, pelarut eutektik yang mendalam, nanotube

karbon, fungsian.

vi



ACKNOWLEDGEMENTS

In the name of Allah, the Most Gracious and the Most Merciful.

All the praises and thanks are to Allah Almighty for granting us success in this
work. Praise to Allah Almighty for giving us patience and strength to overcome all the
difficulties and the obstacles we faced to finish this study successfully.

I would like to extend my sincere appreciation and gratitude to my supervisors
Prof. Dr. Shaliza Binti Ibrahim and Dr. Mohammed Abdulhakim AlSaadi for their
continued support, supervision, encouragement and valuable guidance throughout the
duration of this research study, without them it could not have been possible to finish this
work. I also would like to express my warmest gratitude to my research colleagues and
my friends who have always encouraged me and believed in me.

My profound and warmest appreciation goes to my parents, my brother and my
sisters who have always been there for me, holding my hands throughout my desperate
moments and showing their endless love and faith to help me reach the top at everything.
Finally, I would like to dedicate this achievement to the moon of my life, my heaven, my

beloved mother to fulfill part of her dream.

vii



TABLE OF CONTENTS

ADSETACT ..ttt ettt e h e et e bt e e bt e bt e et e e bt e sateenaeeens il
ADSETAK ...ttt ettt ettt aee e \%
ACKNOWIEAZEMENES ......viieiiieeiieeee e e e e e e et eenaeeeeaeeenaeas vii
Table OF CONLENLS ....ccuuieiiieiieete ettt ettt ettt e e s e et e saeeeas viil
| Ao T U (PR xiii
LSt OF TaDIES. ...ttt ettt st et XVi
List of Symbols and Abbreviations. .........ccocueveeriiriinieiienieneeeeeeseeie e Xviii
LiSt Of APPENAICES ....evviiiiiieciie ettt ettt e e e et e e e v ae e saaee e e aveeeesseeesnneeas XXi
CHAPTER 1: INTRODUCTION .....ccovuiruisuecsuissecssessaecsanssecssessassseessessasssessssssssssaessassane 1
| B € 1S o 1 OO TP 1

1.1.1  Environmental issues and nanotechnology ............ccccceeviiriieniiiiennienienne 1

1.1.2 Deep eutectic solvents (DESS) .....cocoeriiiiiiiiiiiieeeee e 2
1.2 Problem Statement .........c.ccoviiiiriinieiieriieeeteeitee ettt 5
1.3 Objectives OF StUAY ....coviriiiriiiiiiieiee e 8
1.4 Research philoSOPRY ......cocooviiiiiiiiiiiiii s 8
1.5 Research methodology.......cc.coouiiiiiiiiiiiiiiiii s 9
1.6 Outline 0f the theSIS .......coiiriiiiiiiiieiieeee e 9
CHAPTER 2: LITERATURE REVIEW .11
2.1 Water POIIULION ...o.vieiiiieiie ettt et et e e 11

2. 1.1 2,4-DCP I WALET ..ottt et e e s e e s eaaateeee e 11

2.1.2 MO QN WALET ..eetetieiteeiierieeieeit ettt sttt ettt sttt sttt et st nae e 12
2.2 Nanotechnology applications in water treatment. .........c.ccceceevueevuereeneenieneeneenens 13

221 AdSOTPHON ..ttt ettt ettt ettt e e e eeesabe e aee e 14

viii



2.2.1.1 Nanoscale metal oxides as adsorbents .........ccoeeuuueeeeeeeeeeeeeennnn. 15

2.2.1.2 CNTs as adSOrbent .........cccevueeiiieriieiienieeie e 26

2.2.2  PhotOCAtalySIS .....cccciieeiiieeiiie et ettt et 39

2.2.3  MEMDIANE PIOCESSES ..uvvreevrreeirreearieearreeeseeesseeesseeessseeessseesssseesssseesssses 44
2.2.3.1 Nanofibrous membranes ...........ccccceeveerueenieniieeniesieenieeieeeees 45

2.2.3.2  Nanocomposite MEMDIANES ..........ccevveeerreeerreeerrieerreeeeeeennens 46

2.2.3.3  Osmatic MEMDBIANES .......c.eeviiriieiiieiieeeeeiee e 49

2.2.4  Disinfection and pathogens CONtrol...........ccceeeevieeriieincieeiciie e, 52

2.2.5 Sensing and MONItOring SYSEMS ....c...evueeruerrerreeriereenieieeeenieeieneenieenens 57

2.3 Deep EutectiC SOIVENTS ....ccuiiiiiiiieiieeiieee ettt e 59
2.3.1  Synthesis Of DESS ....coiiiiiiiiiiieiiiee e 61

2.3.2  physical properties Of DESS ......ccccoooiiiiiiiiiiieeeee e 64
2.3.2.1 Freezing POINt......ccceeriieiieeriieiieeieenite et esiee et et eeee e eaee e 64

2.3.2.2 DENSILY .eeeuieeniieiiieeiieeiie ettt ettt ettt ettt e 64

2.3.2.3  VISCOSIEY weuveeuieriiiieeieniienie ettt sttt sttt ettt st 65

2.3.2.4 CoNAUCLIVILY c..eeiuiieiieeiieeiie ettt et 66

2.3.2.5 Surface teNSION ......c.eeeueeeiiieriieiieeieeiie e 66

2.3.3  DES appliCations ......coeevueeierieniieienienieeieeteste ettt 70

2.3.4 DESs and Nanotechnology .........ccccevueririiriineenienienieieeeesie e 71

2.3.5  SUMIMATY .eeoiiiiiiiiiieiieerieeeese ettt sttt sre e st e e 79
CHAPTER 3: MATERIALS AND METHODS 80
3.1 MALEIIALS .ottt 80
311 ChemiCAlS ..cueeiiieiiiiieieeiecte e 80

3.1.2  EQUIPIMENL .ottt ettt ettt e et e sttt esaee b eenas 82
3.1.2.1 DESs synthesizing and characterization ...........c..cceceeveeuenenne. 82

3.1.2.2 CNTs functionalization and characterization...............ccccouee.e. 82

X



3.1.2.3 Adsorption experiments and water analysiS...........cceevveernnennns 83

3.2 MEEROAS ..ottt 83
3.2.1 Synthesis of DESs and measurements of their physical properties.......... 84
3.2.1.1 DES Preparation.........ccccueeecuieeeiiieeeiieeeiieeereeesreeeeveeeseeeesseveeens 84

3.2.1.2 DES SCTEENING .....ccccuvieeiiieeiieeeiieeeiieeeieeeereeesaeeeseseeessseeenaneeens 84

3.2.1.3 DESs characterizations.............ccccuervueenieeieenieeieenieeieesee e 85

3.2.2  Functionalization 0f CNTS ......ccceiiiiiiiiiiiieeeeeeee e 87
3.2.2.1 Acidification with sulfuric acids (H2SO4) .....ccocvvrvvvieenieeinnnns 88

3.2.2.2 Oxidation with Potassium Permanganate (KMnOy) ................. 88

3.2.2.3 Functionalization with DES ..........ccccooiiiiii, 89

3.2.2.4 CharacteriZation ..........ceceerueeeiiieniieeiieenieeeieesieeseeesieeeaeesieeeeeens 89

3.2.3  Batch adsorption StUAIES........cc.eeeiiieeiiiieeiieeeieeeiee e 89
3.2.3.1 Screening of adsorbents for 2,4 DCP and MO............ccc....... 90

3.2.3.2  Optimization StUAIES........eevueeriiieriieeiieiie ettt 90

3.2.3.3  Adsorption KiNEtICS ......cccueeeerueeieriineiieeienieeieeeeseeeee e 91

3.2.3.4 Adsorption iSOtherms ........cccceeevueriereenienieniienienieseee e 95

CHAPTER 4: RESULTS AND DISCUSSION 99
4.1 DES preparation and characterization ............ccoceevveeeereriierieneenieeieseeee e 99
4.1.1  Physical properties of system (1): EG based DESs.......cccccccevviveniennenne. 99
4.1.1.1  Freezing POiNt.....c.ccccceeieriiiienienieeienienieeeeitesie et 99

4.1.1.2 FTIR 99

41,13 DENSILY weeeuriieniieiieeieeeiie ettt ettt ettt beeseeeeee e e 101
4.1.1.4 Viscosity and conducCtivity .........ccceevverieeiienieeiienie e 103
4.1.1.5 Surface Tension......c.ccecevieriiiinieneiienieseeeeeee e 108
4.1.2  Physical properties of system (2): DEG based DESs........cccccccevienennnene 110
4.1.2.1 Freezing POiNt........ccceccieeiueeriieeiiieniieeiieniieeieesieeeieeseeeeeeeseeeenne 111



4.1.2.2 FTIR o 112

4.1.2.3  DENSILY tuveeeieiieiiieiieieeieetesteeieete st eee e seeese e seeenteeneenaeennens 113
4.1.2.4 Viscosity and conductivity .........ccceeevveeeriiieeniieeriee e 115
4.1.2.5 Surface teNSION .......cccveiererieeeiieetieeeieeeeiee e e e e e 120

4.2  Application of DESs-functionalized carbon nanotubes for organic pollutant

removal from aqueous SOIULION. ......c..cevciiieiiiieiiieeee e 122
4.2.1 Characterization of DES-functionalized CNTS........cccccceviiiiiieniineennn. 122
4.2.1.1 Primary SCIEENING ........cccveervreerreeerreeerieeesreeesereesereeennneesnnns 122

4.2.1.2 Raman SPECIOSCOPY ...ceeruveerrurrerrureerniieerriieessieeesnireesireesneeesanne 125

4.2.1.3 Surface Chemistry analysis (FTIR).....c.cccoceeviriiiniininiinnnncns 128

4.2.1.4 Thermogravimetric analyses (TGA) ......cccccevverviineincncncnnncns 131

42.1.5 Zeta potential......c.cccocviiiviiiiieiiieeiie e 132

4.2.1.6 BET Surface area .........cccceeveeriieenieeiienie et 133

4.2.1.7 TEM and FESEM........cccooiiiiiiiiieeee e 134

4.2.2  Adsorption 0f 2,4-DCP......cc.coviiiiiiiiiiiiiicieeecceee e 137
4.2.2.1 Response surface methodology (RSM).......ccccevviiiviiiiiennnne. 137

4.2.2.2 Kinetics STUAY ..cuvveriieiieeiieiie ettt e 145

4.2.2.3 ISOtherms StUAY .....c.cevuieeiiieiieeiieiie et 150

4.2.2.4 MeChANISMS.....ccueeriieiieeiieriie et eeiee ettt 155

4.2.3  Adsorption of methyl 0range..........coceeievieiiniiinieninicneeseeeseeee 156
4.2.3.1 Response surface methodology (RSM).......ccccevviiiiiiiiiennnne. 156

4.2.3.2 Kinetics StUAIES ......coveevuerieriiiiinierieeienieseeie et 163

4.2.3.3 ISOtherms StUAIES .......cccuerieriiiieriinieiienieeeeeeee e 166

4.2.3.4 MeEChANISIN ..c.eevuviiiiiieieniieiece et 170
CHAPTER 5: CONCLUSION AND RECOMMENDATIONS 172
5.1 CONCIUSION ..ttt sttt s sbe e 172

X1



5.2 ReECOMMENAAIONS. . ceetetenneeeeeeee e e e e e e e e e e e e e eeeeeeeeeeaaaeaeeeeereeaennaas 175

RETRIEICES ...ttt ettt ettt e sbe e e 176
List of Publications and Papers Presented ...........ccccovveeiiiiniiiiciiecieeee e 225
F N o) 153 116 1 PSR 226

Xii



LIST OF FIGURES

Figure 2.1: Illustrative photo of magnetic nanoparticles of iron oxide nature interacting
with a simple hand magnet (Kilianova et al., 2013).......ccccoocevviinieninnennnne. 15

Figure 2.2: Schematic aggregation of Carbon nanotubes which monomers form small
aggregates first and then big aggregates (Yang & Xing, 2010). .................. 29

Figure 2.3: Schematic presentation of functional groups of H2S04/HNO3 Oxidized CNTs
surface (Vukovi¢, Tomié, et al., 2010)........cccvviieiiieeiiiieiieeeiee e, 30

Figure 2.4: Light Absorption by TiO2 Photocatalyst (Ohama & Van Gemert, 2011)..43

Figure 2.5: Conceptual illustration of (a) TFC and (b) TFN membrane structures (Jeong
€t A, 2007) . 1iiiiieiieiieeieee et ra e ebeeeaaeenbeeneas 52

Figure 2.6: SEM images of E. coli after incubation with saline solution for 2 h without
SWCNTs and after incubation with SWCNTs dispersed in the Tween-20
saline solution (0.1 wt % Tween-20 and 0.9 wt % NaCl) for 2 h (Liu et al.,

Figure 2.7: Various mechanisms of antimicrobial activities exerted by nanomaterials (Li,
Mahendra, et al., 2008)........cceiiuiiiiiiieeieeee e 56

Figure 2.8: Choline chloride: urea eutectic MiXtUIE.........ccverueeruerieneeieeierieeiesieerieeneens 60

Figure 2.9: DESs starting materials (salts and HBDs) (Francisco, van den Bruinhorst, &
K100m, 2013). ittt et et 63

Figure 2.10: ILs and DESs in nanotechnology related publications (Abo Hamed et al.

Figure 2.11: images of immobilized microalgae cells on the surface of hairmicrofibers
without treatment with the IL composite (a) and (b); hair microfiber after
treatment with the IL composite, (c) and (d); hair microfibers after IL
composite and liquid N2 treatment, (¢) and (f ). Note that individual C.
vulgaris cellshave a slightly variable size diameter between 2 to 4 pm.(Boulos

€t AL, 2013) i 73
Figure 2.12: DES encapsulated SWCNT (Chen, Kobayashi, et al., 2009)..................... 74
Figure 3.1: Molecular structure of some used chemicals in this research. ..................... 81
Figure 3.2: The experimental steps of this research.........c..ccocoveniiniiininiin, 84
Figure 3.3: Resulted phases from the primary screening of DESs. .........ccccceveiiinnnenn. 86
Figure 3.4: CNTs-functionalization methods............cccoeviriiniiiiniiniiiiceeee 88

xiii



Figure 3.5: First-order kinetic model linear representation. ...........ccceeeeveeerveeenieeennnenn. 92

Figure 3.6: second-order kinetic model linear representation............cccceeeveveevierveneeennen. 93
Figure 3.7: Intraparticle diffusion kinetic model. ..........c..ccoveieiiiiniiiieee e, 94
Figure 3.8: Langmuir adsorption isotherm model ...........ccccoocevviriiniininiiniiicnieeeee 96
Figure 3.9: Freundlich adsorption kinetic model. ..........ccoeecieeiciiiieiieeeiieeee e 97
Figure 3.10: Temkin adsorption kinetic model. ...........ccceevieniiiiniiiniiniiienecceceee 98
Figure 4.1: FTIR spectrums of EG-based DESS. ........cooooviieiiiiiiiieeeeee e, 101
Figure 4.2: Densities for EG based DESs as a function of temperature. ...................... 103
Figure 4.3: Viscosities for EG based DESs as a function of temperature..................... 106
Figure 4.4: Conductivities for EG based DESs as a function of temperature................ 108
Figure 4.5: Surface tension of EG based DESs as function of temperature. ................ 110
Figure 4.6: FTIR Spectra of DEG based DESS.........coccooiiiiiiiniiiiiinecicecee 113
Figure 4.7: Densities for DEG based DESs as a function of temperature. ................... 115
Figure 4.8:Viscosities for DEG based DESs as a function of temperature................... 119
Figure 4.9: Conductivities for DEG based DESs as a function of temperature. ........... 119

Figure 4.10: Surface tension for Di-ethylene glycol based deep eutectic solvents as a

function of tEMPETAtULE. .....cceiiiiiiiieiieeie e e 121
Figure 4.11: Primary screening of adsorbents for 2,4-DCP removal from water. ........ 123
Figure 4.12:Primary screening of adsorbents for MO removal from water.................. 124

Figure 4.13: Raman spectroscopy for a) D band and G band and b) D' band shift. ..... 127
Figure 4.14: FTIR spectrums for pristine and functionalized CNTS .........cccccoveuennee. 130
Figure 4.15: TGA curves for pristine and functionalized CNTSs..........cccceeviiniennennne. 132
Figure 4.16: The order of zeta potential valus for pristine and functionalized CNTs .. 133

Figure 4.17: SEM images for: (a) P-CNTs, (b) PChCI-CNTs, and (c) Pn,n-CNTs; and
TEM images for: (d) P-CNTs, (¢) PChCI-CNTs, and (f) Pn,n-CNTs........ 135

Xiv



Figure 4.18: SEM images for: (a) S-CNTs and (b) SChCI-CNTs; and TEM images for:
(c) S-CNTs, (d) and (€) SChCI-CNTS. ...ccceeeeeriieerieecrieeeree et 136

Figure 4.19: Predicted values vs actual values for 2,4-DCP removal response............ 142

Figure 4.20: Surface response representation of removal (%) of 2,4-DCP interaction with
adsorbent dose and pH by fixing contact time to the optimum value for: (a)
P-CNTs, (b) PChCI-CNTs, (¢) S-CNTs, and (d) SChCI-CNTs.................. 144

Figure 4.21: Surface response representation of removal (%) of 2,4-DCP interaction with
contact time and pH by fixing adsorbent dosage to the optimum value for: (a)

P-CNTs, (b) PChCI-CNTs, (¢) S-CNTs, and (d) SChCI-CNTs.................. 145
Figure 4.22: Pseudo-first order kinetic model for 2,4-DCP adsorption. ........c..cc.c....... 149
Figure 4.23: Pseudo-second order kinetic model for 2,4-DCP adsorption. .................. 149
Figure 4.24: intraparticle diffusion kinetic model for 2,4-DCP adsorption................... 150
Figure 4.25: Langmuir isotherm model for 2,4-DCP adsorption.........cccccecveveevennenne. 152
Figure 4.26: Freundlich isotherm model for 2,4-DCP adsorption. ............cccceveeuennene. 152
Figure 4.27: Temkin isotherm model for 2,4-DCP adsorption. .........ccccecevveveruinneenne. 153
Figure 4.28: Predicted values vs actual values for MO removal response. .................. 159

Figure 4.29: Surface response representation of MO removal (%) interaction with pH and
contact time by fixing adsorbent dosage to the optimum value for a) P-CNTs,
b) PChCI-CNTs and ¢) Pn,n-CNTS. .....coooviiriiiiieieeiieieeieeee e 161

Figure 4.30: Surface response representation of MO removal (%) interaction with pH and
adsorbent dosage by fixing contact time to the optimum value for a) P-CNTs,

b) PChCI-CNTs and ¢) Pn,n-CNTS. ......cociiiiiiiieiieiieieeeeee e 162
Figure 4.31: Pseudo-first order kinetic model for MO adsorption.........c.cccceeeeuennee 164
Figure 4.32: Pseudo-second order kinetic model for MO adsorption...........cccceeeuueeneee. 165
Figure 4.33: Intraparticle diffusion kinetic model for MO adsorption. ...........cccueu.ee.e. 165
Figure 4.34: Langmuir isotherm model for MO adsorption. ...........ccccceveiniienienneennen. 168
Figure 4.35: Freundlich isotherm model for MO adsorption. .........c..cceceevuerieneeniennnene 168
Figure 4.36: Temkin isotherm model for MO adsorption...........ccccceeceevieniienienneennne. 169

XV



LIST OF TABLES

Table 2.1: Nano-scale metal oxides as adsorbents. ............ccccveeeciieriieeniie e, 16
Table 2.2: CNTs as organic pollutants adSorbents.............cccceeveeriieiieniiienienie e, 31
Table 2.3. Carbon nanotube as heavy metals adsorbent ............ccccoeevveeriiiieriieeccieeeie, 35

Table 2.4: AOPs Using Radiation for the Generation of Hydroxyl Radicals (Malato et al.,

2013ttt ettt b et es 43
Table 2.5: Common strategies to modify titanium dioxide (TiO2). ......ccceevvveeeieeennennn. 44
Table 2.6: physical properties of some reported DESS........c.ccccovviiiiieniiieiiinieeeee 68
Table 2.7: Nanotechnology applications involving DESS ..........cccceoieviniininiinicneenen. 76
Table 4.1: Composition and abbreviations for the studied DESSs. .........cccccvevviiiiennnnne. 99
Table 4.2: Density- temperature model parameters. ..........ccceeeeeriieiiienieiiienieeeeee. 102
Table 4.3: Viscosity- temperature model parameters. ..........cceeeverveerreenieenieeneeenneennn. 105
Table 4.4: Salt ratio effect on DES conductivity. ........cccoeceriiniiiiniininiincneeiceeenne, 107
Table 4.5: Conductivity- temperature model parameters...........cccoevcvveeriiieenieeenveeennnen. 107
Table 4.6: Surface tension- temperature model parameters. ..........coceeveeeereeneneeneenne. 109
Table 4.7: Composition and abbreviations for the studied DESS .........cccccocveveriinnnne. 111
Table 4.8: Density- temperature model parameters. ..........occveercveeercieeeriieeenieeseeeeennen. 114
Table 4.9: Salt ratio effect on the viscosity and conductivity (At 293.15 K). .............. 118
Table 4.10: Viscosity- temperature model parameters ...........coccveeercveeerieeerceeeeneeeennen. 118
Table 4.11: Conductivity- temperature model parameters..............cceceevveeiienieeneennen. 118
Table 4.12: Surface tension- temperature model parameters...........ccceeevveeerveeerveeennnen. 121
Table 4.13: Intensities and location of Raman spectroscopy bands............c.cccceeeuneeneee. 126

Table 4.14: Some of the predicted functional groups on the surface of the studied
AASOTDENLS ...ttt et e 129

Table 4.15: BET surface area, pore volume and diameter of all adsorbents. ............... 134

Xvi



Table 4.16: Reduced cubic model analysis of variance (ANOVA) for 2,4-DCP removal
(%) by P-CNTSs and S-CNTS. ....coovuiieiieiieiieeiieeieeee et 139

.Table 4.17: Reduced cubic model analysis of variance (ANOVA) for 2,4-DCP removal
(%) by PChCI-CNTs and SChCI-CNTS. ......ooiiiriiiiiiiieieeeeeee e 140

Table 4.18: List of the actual and predicted values for 2,4-DCP removal response..... 141

Table 4.19: Constraints for optimization process based on CCD for 2,4-DCP adsorption.

Table 4.20: Optimum adsorption conditions suggested by DOE software for 2,4-DCP
T (0] 5 0] 5 0 ) s WO USRS U PRRPR 144

Table 4.21: linearized equations of all studied kinetics models and their parameters and
correlation coefficients for 2,4-DCP adsorption. ...........cccceeveenienieennnnne 148

Table 4.22: linearized equations of all studied isotherm models and their parameters and
correlation coefficients for 2,4-DCP adsorption. ...........cccceeeveerveeirennnnnne. 154

Table 4.23: comparison between the maximum adsorption capacity of DES treated CNTs
and some reported adsorbent for 2,4-DCP removal..........c.ccceevvevirennnnne. 155

Table 4.24: Reduced cubic model analysis of variance (ANOVA) for MO removal (%)
by P-CNTs, PChCI-CNTs and Pn,n-CNTS. .....cccooeiiiiiiniiiiiinieeeecieeee 158

Table 4.25: List of the actual and predicted values for MO removal response. ........... 159

Table 4.26:0ptimum adsorption conditions suggested by DOE software for MO
T4 0] 501 5 1) FA USROS 160

Table 4.27: Constraints for optimization process based on CCD for MO adsorption.. 161

Table 4.28: linearized equations of all studied kinetics models and their parameters and
correlation coefficients for MO adsorption. ..........cceceeveeienienervieneeneenns 166

Table 4.29: linearized equations of the examined isotherm models along with their
parameters and correlation coefficients...........cceeevvieeiiieeecieeniie e 169

Table 4.30: comparison between the maximum adsorption capacity of DES treated CNTs
and some reported adsorbents for MO removal. ............cccceeiienireiiennnnnne. 170

xvii



LIST OF SYMBOLS AND ABBREVIATIONS

EG : Ethylene glycol

DEG : Diethylene glycol

GLY : Glycerol

MA : Malonic acid

U : Urea

ChCl : Choline chloride

MTPB : Methyl triphenyl phosphonium bromide
BTPC : Benzyl triphenyl phosphonium chloride
DAC : N, N-diethyl ethanol ammonium chloride
TBAB : Tetra-n-butyl ammonium bromide
CNTs : Carbon nanotubes

SWCNTs Single-wall carbon nanotubes

NPs Nanoparticles

2,4-DCP 2,4-dichlorophenol

MO : Methyl orange

DES 3 Deep eutectic solvents

HBD : Hydrogen bond donor

ILs : Ionic liquids

SEM : Scanning electron microscope

FESEM : Field emission scanning electron microscope
TGA : Thermo gravimetric

BET : Brunauer—-Emmet-Teller

FTIR : Fourier transforms infrared

CCD : Central composite design

Xviil



DOE
RSM
ANOVA
VOC
COC
RO

FO

UF

MF
TFC
QD
AOP
DBP
REOS
UPLC

ID

qt

Jm

Design of expert

Response surface methodology
Analysis of variance

Volatile organic compound
Chlorinated organic compound
Reverse osmosis

Forward osmosis
Ultrafiltration

Microfilteration

Thin film composite

Quantum dot

Advanced oxygen process
Disinfection by product
Reactive oxygen species
Ultra-performance liquid chromotography
Intraparticle diffusion
Equilibrium adsorption capacity
Adsorption capacity at time t
Maximum adsorption capacity
Weight of adsorbent

Volume of solution

Initial concentration
Concentration at time t
Correlation coefficient
Langmuir adsorption constant

Freundlich isotherm constant

XIX



1/n

K>

Kq

Ki

The intensity parameter in Freundlich isotherm
Conductivity

Rate constant of pseudo-first-order

Rate constant of Pseudo-second-order

Rate constant of intraparticle diffusion
Constant of Temkin isotherm model

Temkin isotherm equilibrium binding constant

XX



LIST OF APPENDICES

Appendix A.: Physical properties of EG based DESs (supplemental data) .....................

Appendix B.: Physical properties of DEG based DESs (supplemental data) ..................

XX



CHAPTER 1: INTRODUCTION
1.1 Overview
1.1.1 Environmental issues and nanotechnology

The ongoing propagation of industrialization and urbanization processes involving
transportation, manufacturing, construction, petroleum refining, mining etc., deplete the
natural resources as well as produce large amounts of hazardous wastes which cause air,
water and soil pollution, and consequently threaten human public health and the
environmental security. The generated wastes are released to the environment in different
forms, for example atmospheric pollutants include toxic gases (nitrogen oxides, sulfur
oxides, carbon oxides, ozone etc), suspended airborne particles and volatile organic
compounds (VOCs); while soil and water pollutants may comprise of organic substances
(pesticides, insecticides, phenols, hydrocarbons etc.), heavy metals (lead, cadmium,
arsenic, mercury, etc.), as well as microbial pathogens. These environmental pollutants
have a great potential to adversely influence the human health, since they can find their
way into human body either through inhalation, ingestion or absorption. In addition to
that, some of these toxicants tend to accumulate in food chains, such as the
bioaccumulation of heavy metals (Smical et al., 2008) and persistent organic pollutants
(POPs) (Houde et al., 2008) in biota and fishes, which poses major risks to human and
wildlife. Therefore, there is an exigent demand for the improvement of sustainable,
efficient and low-cost technologies to monitor and properly treat toxic environmental
pollutants.

One of the most promising approaches to revolutionize the environmental remediation
techniques i1s ‘Nanotechnology’ which can be defined as a group of emerging
technologies that work on nanometer scale (i.e. between 1 to 100 nm range) to produce
materials, devices and systems with fundamentally new properties and functions by

controlling the size and the shape of matters (Ramsden, 2009). The global momentum of



nanotechnology due to its potential applications, that are covering many fields (e.g.,
medicine (Miiller et al., 2015), food industry (Duncan, 2011), Energy (Zang, 2011),
pollution treatment (Karn, Kuiken, & Otto, 2009) ), is offering leapfrogging prospects in
the improvement and transformation of conventional remediation technologies.
Different processes, (including: photocatalytic deposition (PD)
deposition—precipitation (DP), chemical vapor decomposition (CVD), chemical solution
decomposition (CSD), wet chemical method, sol-gel, ultrasonic irradiation, thermal and
hydrothermal processes, efc.), have been used to synthesize various types of
nanomaterials that exhibit unique merits differ from that of their bulk counterparts. The
extraordinary properties such as, thermal, optical, mechanical, electromagnetic, structural
and morphological properties provide the nanomaterials with advantageous features for
many applications where they can be utilized as nanoadsorbents, nanosensors,
nanomembrane and disinfectants. Furthermore, many attempts were reported to
synthesize more sophisticated nanostructure (e.g., nanorods, nanobelts, nanowires,
nanofibers, efc.) in order to increase the versatility of nanomaterials and to overcome all
the challenges that hinder their applications. In view of the remarkable advances in
nanotechnology and the urgent need to develop green, robust and economic approaches
for environmental remediation, this research highlights an auspicious method to
functionalize carbon nanotubes (CNTs) and investigate their applicability for water

remediation.

1.1.2 Deep eutectic solvents (DESs)

Regarding to their significant physiochemical properties, ionic liquids (ILs) have
served various purposes and have gained a considerable attention in different academic
and industrial researches. For instance, ILs have been used in metal extraction, in

Polymeric Electrolyte Membrane Fuels Cells (PEMFC), in Solar Cells and in biological



applications such as drug delivery and activation of enzymes, as well as they have been
applied as electrolytes in batteries and as reaction media for organics synthesis and
biochemical reactions (Patel & Lee, 2012). However, many studies have underlined the
limitations of ILs, which restrain their applications on large scale in commerce, including
their poor sustainability and biodegradability (Paiva et al., 2014), their high toxicity to
human and environment and the high required cost for their complicated synthesizing
process (Dai et al., 2013). Therefore, the emergence of deep eutectic solvents (DESs) as
inexpensive solvents with easier preparation and better biodegradability has enlightened
the opportunities of their exploitations as appealing alternatives to maintain the useful
characteristics of ILs and to overcome the challenges that hinder ILs applications (Tang
& Row, 2013). Generally, the formation of DES can be easily obtained by mixing two or
more of cheap and biodegradable components, namely, hydrogen bond acceptor (HBA)
and hydrogen bond donor (HBD), which are connected with each other by hydrogen bond
interactions (Pena-Pereira & Namie$nik, 2014). DES is well characterized by its freezing
point which is usually lower than that of its individual components. The main reason
behind the depression of the eutectic mixture freezing point, is the delocalization of the
charge occurring through hydrogen bonding between the halide anion and the HBD
(Hayyan, Hashim, Al-Saadi, et al., 2013a).

Besides of having low production cost and having a good biocompatibility (Hayyan,
Hashim, Hayyan, et al., 2013), DESs have been reported to own remarkable properties
such as high viscosity, high thermal stability and low vapor pressure (Maugeri &
Dominguez de Maria, 2012). Therefore, many studies have been widely investigating the
possibility of employing DESs in different applications (Hayyan, Looi, et al., 2015). For
instance, DESs have shown interesting potentials in the electrochemistry technology,
such as surface cleaning and metallurgy, due to their capability of donating or accepting

electrons or protons to form hydrogen bonds which makes them of a great interest for



dissolution of metal oxides (Abbott, Frisch, et al., 2011). Abbott et al. (2004) studied the
solubility of CuO in a choline chloride (ChCl) —urea (U) DES for the first time (Abbott,
Boothby, et al., 2004). Another example, DESs have been used to remove air pollutants
from gas emissions, due to their physiochemical properties which make them great
substitutes for volatile organic compounds. Yang et al. (2013) explored the removal of
Sulfuric dioxide (SO2) by (ChCl)-glycerol (Gl) DESs (Yang, Hou, et al., 2013b). The
results showed the high absorption efficiency of SO2 by the eutectic mixture which was
increased by decreasing the temperature. Moreover, the absorbed SO, could be easily
stripped out from the DES by bubbling nitrogen through the eutectic mixture (Yang, Hou,
et al., 2013b). In addition, the effect of different temperatures and different DES molar
ratio on the solubility of Carbon dioxide (CO) was investigated by Han and co-workers
using [ChCl:U] DES (Li, Hou, et al., 2008b). In like manner, Wong and co-workers
explored the effect of water content on the absorption of CO» by using ChCl-U-H>O (Su,
Wong, & Li, 2009). These studies are considered of great concern for the development
the separation and gas purification technology using DESs. Furthermore, Morison et al
(Morrison, Sun, & Neervannan, 2009) examined the potentials of ChCIl-U and ChCl-
malonic acid DESs for the drug solubilization, Hayyan et al (Hayyan et al., 2010b) studied
the application of ChCl-glycerol based DESs in fuel purification by extracting glycerol
from palm oil-derived biodiesel, and Abbott et al. (2012)used ChCl-Ethylene glycol (EG)
as dispersant for electrodeposition of Ag and formation of Ag/ SiC/AI203 nanocomposite
film (Abbott et al., 2012).

DESs have been reported to have a promising industrial application (Guo, Hou, Wu,
et al., 2013). Therefore, to suggest further application and design green technologies
involving DESs, many studies have extensively been attempting to cover and understand
the unique and common properties of DESs followed by applying them in different

chemical researches. For example, Shahbaz et al. (2011) and (2012) had successfully



predicted the density and the surface tension of different DESs, and the effect of salt to
HBD molar ratio on the predicted DESs densities was investigated (Shahbaz, Mjalli, et
al.,2012). Also, Yadav et al. (2014) investigated the densities and the dynamic viscosities

of (ChCl:Gl) DES at a temperature range of (283.15-363.15 K) (Yadav et al., 2014).

1.2 Problem statement

One of the major problem in the global environment is the scarcity of safe drinking
water sources due to all kinds of pollution that cause the death to different water systems.
Industrial, agricultural and residential wastes are highlighted to be the main sources of
water pollution. It is well known that these kinds of wastes involve different types of toxic
and extremely hazardous pollutants that can cause a severe damage to the ecological
dynamics leading to a serious disruption in the natural food chains (Afroz et al., 2014).
Chlorophenols is a common group of organic pollutants and they are considered as
industrial wastes. They are relatively soluble in water and can easily be detected in
different water bodies as they are discharged from various kinds of industries, such as the
iron-steel, coke, petroleum, pesticide, paint, solvent, pharmaceutics, wood preserving
chemicals, and paper and pulp industries (Aksu & Yener, 2001; Calace et al., 2002). The
presence of chlorophenols in water even at low concentrations is of a great risk since the
human consumption of phenol-polluted water can lead to fatal damage to human health.
Another example of organic based industrial pollutants is Azo dyes, which are known to
be very stable, difficult to biodegraded and widely disposed to the environment through
the effluents of different industries, such as textile, paper, ink, plastic, rubber, cosmetic,
drugs, paint and printing industries (Shu & Huang, 1995). The improper disposal of
industrial effluents containing large amount of azo dyes significantly causes serious
problems to the photosynthetic activity in aquatic life as well as some of azo dyes and

their dye precursors are poisonous and carcinogenic to human (Shu & Huang, 1995).



Therefore, there is an utmost need to treat the industrial wastewater that contains as
dangerous pollutants as phenolic compounds and azo dyes, to protect and preserve the
natural water systems.

The most promising treatment method for all non-biodegradable organic pollutants is
“adsorption” and many studies were conducted to find efficient materials with high
adsorption capacities (Aksu, 2005b). Thus, attention has been focused on carbon
nanotubes (CNTs) since their discovery by lijima in 1991, due to their exceptional
characteristics including large surface area, hollow and layered structures, as well as due
to their significant thermal and chemical stability (Gong et al., 2009; Smart et al., 2006;
Yang, Wu, et al., 2010a). Accordingly, CNTs have shown great potential as competent
adsorbents for removal of wide range of organic and inorganic pollutants (Ren et al.,
2011), such as, fluoride (Yan et al., 2006), lead (Li et al., 2002), nickel (Chen & Wang,
2006), cadmium (Luo, Wei, et al., 2013), zinc (Lu & Chiu, 2006) 1,2-dichlorobenzene
(Peng et al., 2003b), 2,4,6-trichlorophenol (Chen, Shan, et al., 2009), pentachlorophenol
(Abdel Salam & Burk, 2008), reactive dyes(Wu, 2007), etc. Despite of the high
adsorption capacity of CNTs on the removal of various of toxic organic contaminants
from water, insignificant information is reported about their adsorption capacity on the
removal of 2,4-DCP (Xu et al., 2012). Not to mention, some shortcomings hinder the
application of CNTs such as agglomeration and their poor dispersion in aqueous solutions
which results in decreasing the surface area of CNTs and lowering their ability to remove
certain compounds (Ibrahim et al., 2016). Consequently, functionalization of CNTs has
gained lots of interest as an attempt to remove CNTs impurities and introduce different
functional groups, which subsequently enhance CNTs solubility, graphitic networks and
improving their process-ability (Datsyuk et al., 2008; Yu et al., 2006). Modification of
CNTs can be achieved either by physical absorption method, which is efficient but

conducted by weak hydrophobic interactions, or chemical bonding method which is on



the other hand leads to damage on the structure of CNTs which reducing their efficiency
(Hu et al., 2010; Jung et al., 2008). Thus, seeking for versatile, effective and low-cost
functionalization agents to manipulate the application of CNTs for highly selective
removal of pollutants.

Recently, deep eutectic solvents (DESs) have been highlighted as outstanding low-
cost alternatives for ionic liquids (ILs) due to their high biodegradability and easy
preparation process (Durand, Lecomte, & Villeneuve, 2013; Tang & Row, 2013).
Basically, DES is a mixture of two or more of inexpensive and biodegradable
components, specifically, Salt and hydrogen bond donors (HBDs). It was suggested that
DESs possess the potential to be exploited in different fields of chemistry and
electrochemistry (de Maria & Maugeri, 2011). As well as, the possibility of using DESs
in nanotechnology have been investigated, including their use for nanomaterials
production or as functionalization agents to overcome the challenges restraining the
application of nanomaterials (AlOmar, Alsaadi, Hayyan, Akib, & Hashim, 2016;
AlOmar, Alsaadi, Hayyan, Akib, Ibrahim, et al., 2016; Hayyan, Abo-Hamad, et al.,
2015a).

Eventually, the scope of this account is established to investigate the potential of DESs
as functionalization agents for multi-wall carbon nanotubes (CNTs), and to compare the
removal efficiency and adsorption capacity of pristine and functionalized CNTs
adsorbents for 2,4-dichlorophenol (2,4-DCP) and methyl orange (MO) removal from
water. RAMAN, FTIR, BET surface area, FESEM, TGA and zeta potential have been
employed to comprehensively study the chemical, physical and morphologic
characteristics of all examined adsorbents. Optimization, kinetics and isotherms studies
were conducted to describe the optimum adsorption conditions and to illustrate the
adsorption mechanism of 2,4-DCP and MO on DES-functionalized CNTs, which can be

a significant contribution for CNTs application in wastewater treatment.



1.3

14

Objectives of study
To synthesize and study the physiochemical properties of new types of deep
eutectic solvents (DESs).
To prepare and characterize DESs-functionalized multi-walled carbon nanotubes
(CNTs).
To investigate the capability of using DESs-functionalized CNTs as new
adsorbents for the removal of 2,4-dichlorophenol and methyl orange from water.
To determine the optimum conditions for the adsorption of organic pollutants
such as (adsorbent dose, contact time, pH and initial concentration) by obtaining
empirical models.
To investigate the adsorption kinetics as well as the isothermal adsorption

behavior and determine all related coefficients and parameters.

Research philosophy

The main reason behind the selection of this research area is to open a new window of

opportunity in remediation of contaminated water, by introducing a new qualified

treatment method to remove toxic organic pollutants from water. The key aspect of this

research is to employ DESs as green and efficient novel functionalization agents for

carbon nanotubes. DESs have significant physiochemical properties and they are easy to

synthesize, biodegradable and cost-efficient solvents. Therefore, DESs could be

remarkable substitutes to acids and other chemicals since they have the potential to

modify the surface of CNTs and to improve their adsorption capacity without the need of

expensive and complex processes.



1.5 Research methodology
The methodology of this research can be summarized by the following steps:

o Preparation of two DESs systems by mixing two different HBDs and five different
salts.

. Selection of the most homogeneous and stable DESs of each prepared system by
conducting a primary screening of various molar ratios.

o Characterization of the selected DESs comprehensively, including freezing point,
FTIR, density, viscosity, conductivity and surface tension.

o Investigation the capability of DESs as CNTs functionalization agents.

. Studying the characteristics of DES-CNTs combination such as, RAMAN, FTIR,
FESEM, BET surface area, TGA and zeta potential.

o Application of DESs functionalized CNTs as new adsorbents for organic pollutants
removal from water.

. Applying Response Surface Methodology (RSM) to develop an estimated
regression and to optimize the experimental conditions for organic pollutants
adsorption from water.

. Determination of the adsorption kinetics and isotherms along with their perspective

coefficients and parameters.

1.6 Outline of the thesis
There is a total of five chapters in this thesis, as follows:
o Chapter One (Introduction): This chapter gives a brief introduction on the presence
of organic contaminants in water and problems encountered during the application
of carbon nanotubes as adsorbents. Moreover, the research objectives and

methodology are illustrated.



Chapter Two (Literature Review): This chapter discusses the environmental
application of nanotechnology in air, soil and water and it contains a simple survey
of previous works in relation to the nanotechnology employments in different field.
In addition, this chapter discusses the history and application of DESs, as well as
the most common methods used to remove organic compounds from water.
Chapter Three (Materials and Methods): This chapter deals with experimental set
up for synthesizing, characterizing of DESs and DESs functionalized CNTs.
Moreover, it explains the detailed research methodology including,
functionalization, batch adsorption and response surface methodology (RSM). All
chemicals, materials, equipment and analytical instruments involved in this
research are described in this chapter.

Chapter Four (Results and Discussion): Presents results and discussion obtained
from characterization of DESs, functionalization of CNTs and results obtained from
RSM, ANOVA analysis and regression models for each adsorbate adsorbent
system.

Chapter Five (Conclusion): Comprises the overall findings of this research and
summarizes the achievement extents of this research objectives. The last section of

this chapter involves some recommendations for future work.
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CHAPTER 2: LITERATURE REVIEW

2.1 Water pollution

One of the major challenges that is facing the globe is providing a convenient access
to clean and affordable water that can keep up with rapid growing demands. Population
growth, global climate change, and water pollution are the highest challenges that
increasing the struggles faced by water supply systems, where around 780 million people
still lack access to reliable drinking water sources worldwide (WHO, 2012). In both
developing and industrialized countries, water scarcity is exacerbated by human activities
that play the greatest role in contaminating the natural water resources by releasing
energy, chemicals and other pollutants that deteriorate the water quality for other users.
In addition, nature itself can be one of the contamination sources such as water storm
runoff, animal wastes, etc. The United States Environmental Protection Agency (EPA)
classifies water pollution into the following six categories: (1) Plant nutrients; (2)
Biodegradable waste; (3) Heat; (4) Sediment; (5) Hazardous and toxic chemicals; (6)
Radioactive pollutants. Thus, water pollutants such as organic pollutants, pathogens,
heavy metals and different anions, that are added to the water and cannot be naturally

broken down and tend to change the properties of the water body.

2.1.1 2,4-DCP in water

One of the most common chloroorganic pollutant in water is 2,4-DCP with pKa of 7.4
and water solubility of 4.5 g/L at 25 °C (Bilgin Simsek et al., 2016). The main source of
water contamination with such hazardous chlorinated organic compounds is the
wastewater discharged from industries of steel, plastic, rubbers, wood-preserving,
pharmaceuticals and petroleum refineries (L1, Li, et al., 2009). Moreover, 2,4-DCP is
utilized widely in the manufacture of herbicide and pesticides, therefore, the municipal

and agricultural wastewater is considered an additional important source of water
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pollution (Jin, Zhang, & Jian, 2007; Ku$mierek, Szala, & Swiqtkowski, 2016a). The
presence of 2,4-DCP in environment poses a serious risk due to its high persistency,
toxicity, and its organoleptic and carcinogenic effects (Bhattacharya & Banerjee, 2008;
Igbinosa et al., 2013). As a result, Environmental Protection Agency (EPA) listed 2,4-
DCP as dangerous contaminant to be removed from water system. Many photochemical,
biochemical and electrochemical techniques have been proposed for the removal of
chlorophenols from water, such as oxidation, precipitation, ion-exchange and solvent
extraction (Bilgin Simsek et al., 2016; Liu et al., 2010). Nevertheless, Adsorption is
proved to be the most effective and economic process due to its ability to purify and
separate pollutants from wastewater without disturbing water quality or generating toxic
secondary pollutants (Bailey et al., 1999; Gupta & Imran, 2004). Various adsorbents have
been reported for 2,4-DCP elimination from water, for example, carbon fibers (Liu et al.,
2010), carbon nanotubes (Kusmierek, Sankowska, & Swiatkowski, 2013) and most of all,

activated carbons (Hamdaoui & Naffrechoux, 2007a).

2.1.2 MO in water

Today, many industries such as paper, printing, textiles, cosmetics and pharmaceutical
manufacturing discharge large amounts of wastewaters that contain variety of synthetic
dyes (Chen et al., 2010). The intricate chemical structure of dyes contributes in their
resistance to light and oxidation and reinforces their non-biodegradability nature (Aksu,
2005a; Ofomaja & Ho, 2008). Therefore, the presence of dyes in water bodies, even in
simple traces, imposes an objectional threat to the environment. One of the prevalent
ecological risks that are caused by the improper discharge of toxic dyes into open water
is reducing the oxygen and sunlight penetration and consequently affecting the
photosynthesis activity in aquatic planktons (Mittal et al., 2007). Furthermore, dyes are

commonly known carcinogenic and mutagenic organic substances (Chen et al., 2010)

12



and inadvertent ingestion of toxic dyes may lead to sever health problems to mankind
including dysfunction of liver, brain, kidney, nervous system and reproductive system
(Ajji & Ali, 2007). Consequently, environmental concerns have focused on finding a
proper treatment method to control the coloured materials and toxic dyes in the industrial
effluent prior to its discharge into receiving water bodies. Methyl orange (MO) is an
example of toxic azo dyes, it is known to be water-soluble dye and its aqueous solution
functions as weak acid with an approximate pH value of 6.5 (5 g/l, H2O, 20 -C)
(Kiigtikosmanoglu, Gezici, & Ayar, 2006). Several treatment methods have been reported
for azo dyes removal such as photochemical method (Guettai & Amar, 2005),
biodegradation (Chang et al., 2001), electrochemical treatment (Fan et al., 2008),
chemical coagulation (Vandevivere, Bianchi, & Verstraete, 1998), reverse osmosis (Al-
Bastaki, 2004) and adsorption (Mittal & Gupta, 2010; Mittal, Thakur, & Gajbe, 2013).
Owing to its high effectiveness, low cost, low energy requirements and its simple
operational design (Jalil et al., 2010; Tan, Ahmad, & Hameed, 2008), adsorption
technique has proved to more efficient and advantageous over other reported physio-

chemical techniques (Basar, 2006; Srivastava, Mall, & Mishra, 2006).

2.2 Nanotechnology applications in water treatment.

Essentially, the wastewater treatment involves physical, chemical and biological
technologies and it usually occurs in four stages: (1) preliminary; (2) primary; (3)
secondary; and (4) tertiary advanced treatment. The technologies that are generally used
for water purification are coagulation and flocculation; sedimentation; dissolved air
flotation; filtration; steam distillation; ion exchange; deionization; reverse osmosis; and
disinfection. Materials usually used in these technologies are sediment filters, activated
carbon, Coagulants, ion exchangers, ceramics, activated alumina, organic polymers and

many hybrid materials (Hotze & Lowry, 2011). However, the conventional water
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treatment procedures might be costly and could release secondary toxic contaminants into
the environment (Gaya & Abdullah, 2008b).

Nanotechnology enables extremely efficient, flexible and multifunctional processes
that can provide a promising route, in order to retrofit aging infrastructure and to develop
high performance, inexpensive treatment solutions which less depend on large
infrastructures (Qu et al., 2013). The current advancements in nanotechnology spot the
light on great opportunities to develop the next-generation of water supply systems and
expose the possibilities to expand the water supplies by affording new and cost-effective
treatment capabilities that can overcome the major challenges faced by the current
treatment technologies (Qu, Alvarez, & Li, 2013). This section mainly focuses on the role
of nanomaterials in the adsorption technique, later the nanomaterial applications in some

other water treatment techniques are discussed.

2.2.1 Adsorption

Compared to the limited active sites surface area and low efficiency of the
conventional adsorbents, the nano-adsorbents offer a considerable development with their
high adsorption kinetics as demonstrated by their extremely high specific surface area
and associated adsorption sites, short intraparticle diffusion distance, tunable pore size
and surface chemistry (Qu, Alvarez, & Li, 2013), that provides useful features for
effective adsorption process. Their great adsorption capacity is mainly because of their
high specific area and the highly active adsorption sites that are created by high surface
energy and size dependent surface structure at the nanoscale (Auffan et al., 2008). The
nano-adsorbents are effectively used in the removal of organic compounds and metal ions

and their selectivity toward specific pollutants can be increased by functionalization.
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2.2.1.1 Nanoscale metal oxides as adsorbents

Nanoscale metal oxides such as titanium dioxides, iron oxides, zinc oxides, alumina,
etc., have been explored as low cost, effective adsorbent for water treatment offering a
more cost-efficient remediation technology due to their size and adsorption efficiency
(Engates & Shipley, 2011). The adsorption is chiefly controlled by forming a complex
with the surface of nanoscale metal oxides and undergoing one electron oxidation
reaction under visible irradiation (Peng, Feng, et al., 2012). Among the nanoscale metal
oxides, the magnetic nanoparticles have drawn a considerable concern because of their
potential application (Xin et al., 2012) and their exhibition of interesting magnetic
properties (e.g., super paramagnetism, strong magnetic response under low applied
magnetic fields (Figure 2.1)) (Kilianova et al., 2013). Table 2.1 shows the applications of

nanoscale metal oxides as adsorbents.

Figure 2.1: Illustrative photo of magnetic nanoparticles of iron oxide nature
interacting with a simple hand magnet (Kilianova et al., 2013).
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Table 2.1: Nano-scale metal oxides as adsorbents.

Adsorbents Modification/ Target Performance Adsorption Remarks REF
Synthesis pollutants isotherm
zirconium (IV)- Fluoride The percentage of the These modified (Poursaberi et
Magnetite metalloporphyrin extracted fluoride ions was nanoparticles were al., 2012)
Fe304 92.0 £1.7%. (contact time: separated by an external
20 min; pH: 5.5) magnetic field
amino- Cu (IT) The maximum adsorption Langmuir adsorption process was (Hao, Man,
Magnetite functionalized capacities was 25.77mgg ! spontaneous, endothermic & Hu, 2010)
Fe304 ( 1,6- at pH 6, and 298 K. and chemical in nature
Hexadiamine) coexisted ions, Ca®" and
Mg2", have no influence
on the removal efficiency
of Cu** with MNP-NH;
Polymer modified  Cd(II) 95% of the metal ions were ~ Langmuir The adsorption capacity (Geetal.,
Magnetite nanoparticles (3- Zn(II) adsorbed at about 30 min. remained almost constant  2012)
Fe304 aminopropyltrietho  Pb(II) pHS5.5 for the 4 cycles
xysilane (APS) and Cu(Il) the adsorption capacity of

copolymers of
acrylic acid (AA)
and crotonic acid
(CA)).

Cu*" decreased with
increasing coexisting
ions( Na", K*, or Mg?")
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Table 2.1 (continued)

Titanate nanotube hydrothermal Pb(II) TNTs followed the TNTs can be considered (Liu, Wang,
(TNTs) method from TiO>  Cd(II) sequence of Pb*" (2.64 as good adsorbents for etal., 2013)
nanoparticles Cu(II) mmol g—1) » Cd*" (2.13 heavy metals as the can
Cr(II) mmol g—1) > Cu®" (1.92 effectively adsorb cations
mmol g—1) >» Cr** (1.37 via ion-exchange due to
mmol g—1). their low point of zero
charge (pHPZC) and
abundant hydroxyl groups
(OH) on the surface.
Titanate Cd() The maximum adsorption Langmuir high selectivity in the (Huang, Cao,
nanoflowers Ni(II) capacity for Pb(Il), Cd(II), removal of Cd(II) than etal., 2012)
(TNF) Zn(II) Ni(Il), and Zn(II) ions were less toxic ions (Zn(Il) and
Pb(II) were 1.47 mmol/g, 0.73 Ni(ID)).
mmol/g, 0.33 mmol/g, and
0.44 mmol/g respectively
Iron oxide— Cu(II) Maximum sorption Langmuir The removal percentage (Mahapatra,
alumina Pb(II) capacities were found to be was in the order of Cu** < Mishra, &
Fe203-AL O3 Ni(IT) 4.98 mg/g for Cu*', 32.36 Pb** < Ni** < Hg*". Hota, 2013)
Hg(II) mg/g for Ni**, 23.75 mg/g

for Pb*" and 63.69 mg/g for
Hg?" ions.
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Table 2.1 (continued)

Titanium Pb(1), Largest adsorption capacity  Freundlich desorption was pH (Hu &
dioxide Cu(ID) (2312.18 pumol/g) with Pb, dependent and that more Shipley,
Zn (IT) while the smallest than 98% of all metals 2012)
adsorption capacity (40.10 desorbed at pH 2
umol/g) with Cu.
adsorption affinity to be
Pb>7Zn>Cu
Titanium dioxide Pb, TiO2 nanoparticles removed  Langmuir The high surface area of  (Engates &
Cd, Pb, Cd, and Ni from TiO2 nanoparticles results ~ Shipley,
Cu, solution with similar in their large adsorption 2011)
Ni, adsorption at 0.1 and 0.5 capacities making them
Zn g/L. better sorbents when
compared to bulk
particles.
Hydrous cerium (SCO) was As Treatment met the The silica monoliths (Sun, Li, et
oxide synthesized by maximum contaminant level substrate was used to al., 2012)
(SCO) integrating CeO2 of arsenic at 10 _g/L for enhance the stability of

nanoparticles into
silica monoliths.

drinking water

SCO during the water
treatment and preventing
the leakage of CeO»
nanoparticles into the
treated water.
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Table 2.1 (continued)

Magnetite Synthesized with As 100% removal efficiency The fast removal of (Monarrez-
Fe304 high specific area before one minute of arsenic means that the Cordero et
by the aerosol contact. affinity of arsenic by the  al., 2014)
assisted chemical iron is very strong.
vapour
deposition method
Magnetite Amine- Pb(1l), Equilibrium within 120 min  Langmuir Affinity Pb > Cu > Cd, (Xin et al.,
Fe304 functionalized Cd(D), at pH 7.0. separation by magnetic 2012)
Cu(ID) AF-Fe304 was able to field.
remove over 98% of Pb(Il),
Cd(I), and Cu(II)
NiO Cd(II) and  The maximum adsorption Langmuir the adsorption was (Sheela &
nanoparticles Pb(II) capacity for Cd(II) and endothermic and Nayaka,
Pb(II) ions were are 909 and spontaneous in nature and  2012)

625 mg/g, respectively

followed boundary layer
diffusion or external mass
transfer

effects
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Table 2.1 (continued)

Mixed Cd(D) About 40% of total Cd(II) Langmuir Upon exposure to mixed  (Chowdhury
maghemite- was removed within 5 min. maghemite-magnetite, & Yanful,
magnetite Thereafter, the Cd*" ions may go through  2013)
nanoparticles adsorption capacity oxidation-reduction
remained constant reactions, or may become

v-Fe203- Fe304 after the contact time of 2 h. fixed by complexation

with oxygen atoms in the

oxy-hydroxy groups at the

shell surface of the iron

oxide nanoparticles.
Iron oxide Iron oxides As(Ill) and  gmax, for As(IIl) and As(V) Langmuir The sorption capacity (Song et al.,
nanoparticls nanoparticles was  As(V) was 2.90 and 3.05 mg/g values are 2013)
(magnetite and produced by respectively lower than those of the
maghemite ) employing commercial ones

Electrical wire
explosion (EWE)

Magnetic iron Synthesized using ~ As(Ill) and  High adsorption capacity of = Langmuir Thermodynamics revealed (Lunge,
oxide tea waste As(V) 188.69 mg/g for arsenic the endothermic nature of  Singh, &
nanoparticles (IT), and 153.8 mg/g for adsorption Sinha, 2014)
(MION-Tea) arsenic (V). MION-Tea can be reused
Fe304 up to 5 adsorption cycles

and recycled using NaOH.
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Table 2.1 (continued)

Graphene oxide-  Prepared by As(IlT) and  Adsorption capacity of Langmuir GO-ZrO(OH)2 was (Luo, Wang,
hydrated hydro-thermal co-  As(V) 95.15 and 84.89 mg/g for successfully regenerated etal., 2013)
zirconium precipitation As(IIT) and As(V) with a stable adsorption
nanocomposite method. capacity for 5 cycles.
GO-ZrO(OH):
Magnetite Pb(II) Equilibrium was achieved in Freundlich Pb(II) removal efficiency  (Nassar,
Fe304 less than 30 min. . was not affected by the 2010)

Maximum removal was add addition coexisting

observed at pH 5.5 cations such as Ca?" Ni*",

CO?*", and Cd*".

Iron(III) oxide Wet chemical As(V) 100% removal of As(V) is Freundlich The strong magnetic (Kilianova et
v-Fe203 Method. achieved at interactions they al., 2013)

pH from 5 to 7.6 with Fe/As
=20/1.

developed between
nanoparticles develop a
mesoporous nature of
nanoparticle arrangement
which is responsible for
enhancement of
adsorption capacity.
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Table 2.1 (continued)

Magnetic methylene  The highest percentage for The electrostatic attraction (Tan et al.,
Nanoparticle blue (MB)  dye concentration removal between the negatively 2012)
(Fe304) was charged Fe;04-MCP
Impregnated onto 93.11% at pH 6.0 surface and the positively
Activated Maize charged cationic dyes is
Cob Powder the key mechanism of the
(Fe3s04-MCP) adsorption process.
Guar gum-nano Cr(VD) 98.63% Cr(VI) was Langmuir Both liquid-film and intra- (Khan et al.)
zinc oxide removed with a contact time and particle diffusions
(GG/nZnO) of Freundlich dominated the overall

50 min, pH kinetics of the adsorption

7, and an adsorbent dose process

1.0 g/L.
Hydrous Fluoride The advantages of this (Zhao et al.,
aluminum oxide adsorbent is a 2010)
embedded with combination from
Fe304 magnetic nanoparticle and
nanoparticle hydrous aluminum oxide
(Fe304@AI(OH)3 floc, with magnetic
NPs) separability and high

affinity toward fluoride.
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Table 2.1 (continued)

Nano-sized Fluoride The sorption capacity Langmuir SPMZ possesses a (Chang,
superparamagneti amounts was14.7 mg/g at and considerable selectivity Chang, &
¢ zirconia pH=4 Freundlich for fluoride which allows  Hsu, 2011)
(Zr02/Si02/Fe304, its preferred sorption from
SPMZ) multicomponent systems
Magnetite direct attachment Pb(II) adsorption of Pb*" takes Langmuir Ion exchange mechanism  (Madrakian,
nanoparticles of reactive blue-19 place at is mainly responsible for ~ Afkhami, &
Fe304 onto the surface of 3.0 <pH < 5.5 range with a the removal of lead whie =~ Ahmadi,
magnetite maximum capacity factor the electrostatic attraction  2013)
nanoparticles for Pb** ion on the RB- force probably has slight
MNPs was 79.3 mg g-. influence on the removal
process.
PVA/TiO2/APTES functionalized with ~ Cd(Il), The maximum sorption Freundlich The sorption process was  (Abbasizadeh
nanohybrid amine groups Ni(II) and capacities were 49.0, 13.1 ideal at higher , Keshtkar, &
U and 36.1 mg g 1 for Cd(ID), temperature with affinity =~ Mousavian,
Ni(IT) and U(VI) ions with order for heavy metal ions 2014)
pHof 5.5,5and 4.5, is as follows: Cd(II) >
respectively UV > Ni(ID).
Amorphous As(IlT) and  The adsorption capacities of Am-ZrO2 nanoparticles (Cuti, Li, et
zirconium oxide As(V) am-ZrO2 nanoparticles immobilized on glass al., 2012)

(am-ZrQ0»)

on As(IIl) and As(V) at pH
7 are _83.2 mg/g and 32.5
mg/g, respectively

fiber cloth showed an
even better removal effect
than am-ZrO2
nanoparticles dispersed in
water.
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Table 2.1 (continued)

Amorphous
zirconium oxide
(am-Zr0»)

phosphate

adsorption capacity was
about 99.01 mg/g at pH 6.2

Langmuir

Hydroxyl groups on the
surface played a main role
in the phosphate
adsorption. am-ZrO;
nanoparticles.

am-ZrO> nanoparticles
could be easily
regenerated using a 0.1 M
NaOH

(Suetal.,
2013)

Fe304
nanoparticles

Coated with
ascorbic acid

As

maximum adsorption
capacity of 16.56 mg/g
for arsenic (V), and 46.06
mg/g for arsenic (III).

Langmuir

The use of the ascorbic
acid enhanced the
suspension of Fe3O4
nanoparticles and
effectively inhibited the
leaching of Fe into the
solution.

(Feng et al.,
2012)

Single-phase a-
MnO:
nanorodsand 6-
MnO:

As(V)

a-MnOy, pH 6.5, Maximum Langmuir

removal capacity 19.41(mg
1
g)

6-MnO», pH6.5, Maximum

removal capacity 15.33 ( mg

g

Electrostatic force and the
ligand exchange (ligand
exchange with —OH)
phenomenon are the two
factors that play an
important role in the
adsorption of arsenate
species onto Mn-oxides
surface.

(Singh et al.,
2010)
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Table 2.1 (continued)

CeO2, TiO2 and Pb(II) The adsorption capacity The toxicity issue of thee  (Recillas et
Fe304 obtained for the NPs was: NPs is also assessed in al., 2011)
189 mg Pb/g NPs CeO2, 83 this study and the result
mg Pb/g NPs Fe3O4 and 159 showed that the CeO2 NPs
mg Pb/g NPs TiO». had high phytotoxicity
whileTiO2 and Fe3O4 NPs
did not exhibit any
toxicity.
Magnesium and Cu(ID) The maximum adsorption Freundlich MgO has better (Rafiq et al.,
zinc oxide capacities obtained for ZnO adsorption potential as 2014)
MgO and ZnO and MgO are 226 and 593 compared to ZnO
mg/g, respectively at initial
pH of 3-4
Nano ZnO gel combustion Pb(1I) nano ZnO shows almost Langmuir The surface area of the (Venkatesha
complete Pb adsorption at and powder was 80.425 m2 g- metal,
lower initial. Freundlich 1, has large surface area 2013)

compared to normal zinc
oxide.




2.2.1.2 CNTs as adsorbent

Carbon nanotubes (CNTs), including single-walled CNTs and multi-walled CNTs
(CNTs), have lately drawn significant attention because of their mechanical, electrical,
optical, physical, and chemical properties (Koziol et al., 2007). Since CNTs discovery by
lijima in 1991 (Iijima, 1991), they have been recognized as alternates for activated carbon
as they exhibit remarkable adsorption competency for gas and liquid phases, such as
organic vapors, inorganic pollutants and several heavy metal ions(Luo, Wei, et al., 2013)
due to their binding sites that are more available than those on activated carbon(Ji et al.,
2009).

In comparison to other carbon-based adsorbents, CNTs is the super organic adsorbent
for environmental remediation; they behave as flexible porous materials towards the
organic pollutants. CNTs have shown remarkable adsorption capability and high removal
efficiency for various organic pollutants (Table 2.2), including, organic dyes (e.g.,
Catoinic, azoic, reactive, basic and acid dyes etc.)(Gao et al., 2013; Geyikei, 2013; Gupta
et al., 2013; Madrakian et al., 2011; Moradi, 2013) pharmaceuticals (e.g., Cephalexin,
Tetracycline (TC), Olaquindox, carbamazepine, etc.)(Cai & Larese-Casanova, 2014;
Jafari & Aghamiri, 2011; Zhang, Song, et al., 2011; Zhang, Xu, et al., 2011), pesticides
(Deng et al., 2012), phenolic compounds (Abdel-Ghani, El-Chaghaby, & Helal, 2014;
Pacholczyk et al., 2011; Sheng, Shao, et al., 2010) and other toxic organics. Yu and Apul
(2015) reported the adsorption of many different types of organic compounds on Carbon
nanotubes (Apul & Karanfil, 2015; Yu et al.,, 2014). The dominate adsorption
mechanisms by which CNTs adsorb organic compounds consist mainly of physical
processes and are affected by the properties of the compound of interest (Pan & Xing,
2008). Other studies stated that the aromatic compounds have relatively higher sorption
affinity toward CNTs than non-aromatics (Lin & Xing, 2008). Furthermore, organic

compounds which have -COOH, -OH, -NH; functional groups could also form hydrogen
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bond with the graphitic surface of CNTs (Yang et al., 2008). In short during organic
compound—CNT interactions, different mechanisms may take place simultaneously such
as hydrophobic interactions, m m bonding, electrostatic interactions, covalent and
hydrogen bonding (Pan & Xing, 2008; Yang & Xing, 2010).

On the other hand CNTs have shown great capabilities for the adsorption of heavy
metals from natural waters and wastewater streams and that is of great environmental
relevance due to the high toxicity, non-biodegradability of compounds which are
generally considered as carcinogenic(Luo, Wei, et al., 2013). Many researches have
investigated the mechanisms of heavy metal ions adsorption on CNTs which appear to be
very complicated and attributable to physical adsorption, electrostatic attraction,
precipitation and chemical interaction between the heavy metal ions and the surface
functional groups of CNTs (e.g., carboxyl, hydroxyl, lactones and phenol)(Ren et al.,
2011). Whereas, the chemical interaction between the heavy metal ions and the surface
functional groups of CNTs is the main adsorption mechanism and that reflects that the
sorption of metal ions onto CNTs is chemisorption process rather than physisorption
process and strongly depends upon CNTs surface total acidity (Lu, Chiu, & Liu, 2006;
Rao, Lu, & Su, 2007). The adsorption of the heavy metals might be influenced by the
presence of some organic compounds for instance, the adsorption of copper (II) is
significantly influenced by humic acid (HA), fulvic acid (FA) Hydroxylated and
Carboxylated Fullerenes (Sheng, Li, et al., 2010; Wang, Li, et al., 2013).The order of
binding of heavy metal ions by CNTs is widely studied, Stafiej (Stafiej & Pyrzynska,
2007) reported the adsorption characteristics of certain divalent metal ions (i.e., Cu, Co,
Cd, Zn, Mn, and Pb) by CNTs and found that the affinity of metal ions for CNTs followed
the order Cu(Il) > Pb(Il) > Co(Il) > Zn(I[) > Mn(Il). Meanwhile, the competitive
adsorption of Pb(II), Cu(Il) and Cd(II) ions by oxidized CNTs was studied and found that

the adsorption capacities of CNTs for the three metal ions were in the following sequence:
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Pb(II) > Cu(Il) > Cd(II) (Li, Ding, et al., 2003). Table 2.3 represents carbon nanotube as
heavy metals adsorbent.

The main drawback of CNTs is the poor dispersion in the aqueous phase that
significantly hinders the application of CNTs because of the hydrophobicity of their
graphitic surface, the strong intermolecular van der Waals interaction between tubes,
which can lead to the formation of loose bundles/ aggregates (Figure 2.2) that contain
interstitial spaces and grooves which are reported to be high adsorption energy sites for
organic molecules(Pan et al., 2008) and despite of that, it was suggested that those
aggregated reduce the effective surface area of CNTs (Vukovi¢, Marinkovi¢, et al.,
2010). To overcome this drawback and enhance the CNTs performance, it can be
functionalized in different ways, for example formation of chemical bonds between the
modifier and CNTs surfaces or physical adsorption of the modifying species to the surface
of CNTs and all the ways lead to the addition of functional groups on the surface of the
CNTs improving their efficiency, selectivity, and sensitivity (Ghaedi & Kokhdan, 2012;
Han et al., 2006; Liu, Su, & Schlogl, 2008; Perez-Aguilar, Diaz-Flores, & Rangel-
Mendez, 2011; Tasis et al., 2006; Wildgoose et al., 2006). The acid treatment produce
carboxylic and hydroxylic group (COOH, OH, C=0 and OSOsH) on the external surface
of the CNTs (Vukovi¢, Marinkovié, et al., 2010) as shown in Figure 2.3. The hydrophilic
groups (i.e. carboxylic groups) can be introduced onto the sidewall of CNTs, as a result
improving the solubility and dispersion of CNTs in aqueous solutions (J. Liu, 1998).
Functionalization of CNTs via oxidizing and reducing chemicals such as HNO3, KMnOs,
H>0,, NaClO, H>SO4, KOH, NaOH and have been widely reported (Li, Hong, et al.,
2010; Li, Wang, et al., 2003; Raymundo-Pifiero et al., 2005).

Another essential point is the separation of CNTs from the treated medium that may
cause considerable inconvenience in their practical application. To cope with this

problem, magnetic CNTs have been prepared by association of CNTs with magnetic
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nanoparticles and they can be well dispersed in the water as well as can be simply
manipulated by external weak magnetic field that permits their easy separation from
water (Peng et al., 2005; Qu et al., 2008). Thus, it was demonstrated that combining the
magnetic properties of the iron oxides with the adsorption properties of CNTs is an
effective, rapid method for the separation of the magnetic adsorbents from aqueous
solutions (Gong et al., 2009; Gupta, Agarwal, & Saleh, 2011). Despite that, the magnetic
phase can be leached out in acidic mediums because they are placed within the pores
which does not protect them from contact with solution, Bystrzejewski and Pyrzynska
(2011) pointed out that carbon-encapsulated magnetic nanoparticles (CEMNPs) are free
of this disadvantage, because they comprise of uniform spherical nano-crystallites firmly
covered by tight carbon coatings (Bystrzejewski & Pyrzynska, 2011). The role of the
coatings is to protect the encapsulated nanoparticles from agglomeration, corrosion and
to provide a scaffold for introducing surface acidic groups that are important to bind the

metal ions (Bystrzejewski et al., 2009; Pyrzynska & Bystrzejewski, 2010).

Figure 2.2: Schematic aggregation of Carbon nanotubes which monomers form
small aggregates first and then big aggregates (Yang & Xing, 2010).
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H2SO4/HNO3
—_—

Figure 2.3: Schematic presentation of functional groups of H2S04/HNO3 Oxidized

CNTs surface (Vukovié, Tomid, et al., 2010).
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Table 2.2: CNTs as organic pollutants adsorbents.

Organic Examples CNTs modification Adsorption Remarks Ref
pollutants isotherm
type
Epirubicin (EPI)  Carboxylized with HNO3;  Freundilich CNTs were able to form supramolecular complexes with (Chen,
EPI via n—m stacking and possessed favorable loading Pierre, et al.,
properties as drug carriers 2011)
Ciprofloxacin Graphitized (MG), Freundlich and The m—r electron donor—acceptor interactions were the (Li, Zhang,
(CP) carboxylized (MC), and Dubinin— reason for higher sorption on MH than MC et al., 2014)
@ hydroxylized (MH). Ashtakhov (DA).
p—
S
=
"E Tetracycline Treated by heating and  Freundilich The aqueous solution chemistry played a significantrole in  (Ji et al.,
1) (TC) trace metals by sodium tetracycline adsorption on carbon nanotubes 2010)
g hypochlorite.
E Sulfamethoxazole  Graphitized (MG), Dubinin- The n-n electron donor-acceptor interactions is responsible  (Zhang, Pan,
= (SMX) carboxylized (MC), and Ashtakhov for high SMX adsorption at low pHs and resulting in the et al., 2010)
< hydroxylized (MH). following adsorption sequence: MH > MG > MC
i Norfloxacin Graphitized (MG), Freundilich The sorption process is affected by the properties of CNTs (Wang, Yu,
. (NOR) carboxylized (MC), and surface; therefore the functionalized carbon nanotubes et al., 2010)
hydroxylized (MH). show great sorption affinity and capacity for NOR
Ofloxacin (OFL)  Graphitized (MG), Freundlich The high sorption of OFL was through several mechanisms (Peng, Pan,
carboxylized (MC), and including electrostatic interactions, cationic exchange, and et al., 2012)
hydroxylized (MH). hydrogen bond
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Table 2.2 (continued)

Organic Dyes

Methylene blue Loaded with magnetite Langmuir The electrostatic attraction and m—n stacking interactions (Ai et al.,
(MB) (M-CNTs) between (M-CNTs) and (MB) was responsible for the high 2011)
adsorption capacity.
Methyl orange Purified with acids Langmuir Dyes molecules diffusion to the surface of CNTs was (Yao etal.,
(MO) washing and oxidation in inhibited by the increased viscosity as the CNTs dosage 2011)
diluted air was increased.
Alizarin red S Langmuir The adsorption capacity of both of the dyes was increased (Ghaedi,
(ARS) and Morin at low pH due to the electrostatic interaction between Hassanzadeh
negatively charged adsorbents surface and these charged , & Kokhdan,
dye cations. 2011)
Reactive red M- Liu isotherm The maximum adsorption capacities were 335.7 mg/g, and (Machado et
2BE (RRM) the loaded CNTs with RRM dye can be efficiently al., 2011b)
regenerated using a mixture of
methanol + 4 mol L™! NaOH
Reactive blue 4 Liu isotherm At high temperature, CNTs adsorption capacity increased (Machado et
(RB4) because of enhancing the rate of intra-particle diffusion. al., 2012)
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Table 2.2 (continued)

C.I. Direct Freundlich The affinity between DY86 and CNTs was less than that (Kuo, Wu, &
Yellow 86 (DY86); D-R between DR224 and CNTs; and the adsorption process was  Wu, 2008)
(DY86) and C.I. isotherm physiosorption and can be characterized as ion exchange
Direct Red 224 (DR224) process.
(DR224)
Diuron and Polanyi-Manes =~ The main adsorption mechanism was hydrogen bonding (Chen, Shan,
dichlobenil and the adsorption was diminished by increasing the etal., 2011)
oxygen containing groups.
7]
% Atrazine Polanyi—-Manes Hence the adsorption of atrazine was at external surface of (Yan et al.,
> CNTs and no closed interstitial spaces in CNTs aggregates 2008)
= were formed; reversible adsorption of atrazine was
8 observed.
a. diuron, fluridone  Purified by a mixed Freundlich The adsorption mechanism was mainly controlled by (Sun, Zhang,
and norflurazon HNOj3 and H>SO4 model and hydrogen bonding and hydrophobic interactions. et al., 2012)
Dubinin
Ashtakhov (DA)
1,2- Graphitized (MG) Freundlich At pH above 10, the adsorption capacity of CNT decreased (Peng et al.,
dichlorobenzene because of the formation of water clusters on the oxygen 2003a)
. (1,2 DCP) groups.
3 % @ 2,4,6- Treated with HNO; Polanyi—Manes Oxidation treatment of CNTs increased the adsorption (Chen, Shan,
= & g trichlorophenol capacity for TCP due to the increased surface area and et al., 2009)
S = L (TCP) hydrophilic carboxylic groups.
5 g- E benzene, toluene, Oxidized by sodium Langmuir and The adsorption performance was enhanced by oxidation (Su, Lu, &
- E QD ecthylbenzene and  hypochlorite (NaOCI) Freundlich due to the increased of purity, carboxylic groups, negative Hu, 2010)
=5 o = p-xylene surface charge and carbon containing defects.
)
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Table 2.2 (continued)

Pentachlorophen Oxidized by HNO;3, Langmuir, and The more oxygen containing groups were introduced (Abdel
ol (PCP) H,0, and KMnO4 Freundlich (carboxylic, phenolic and lactonic), the lower the Salam &
models, Radke—  adsorption of PCP to CNTs became. Burk, 2008)
Prausnitz model
and Fritz—-
Schliinder
model.
Naphthalene with Dubinin The adsorption of 2,4-Dichlorophenol and (Yang, Wu,
2,4- Ashtakhov (DA) 4-Chloroaniline was suppressed by added naphthalene. et al., 2010b)
Dichlorophenol
and
4-Chloroaniline
- Fulvic acid (FA)  purified by mixed Freundlich As the pH increased the adsorption of fulvic acids was (Yang &
S HNOs3 and H2SO4 decreased due to because of increasing repulsive Xing, 2009)
% solutions interaction.
=
= a
5 =
?_“3 o Humic acid (HA)  Purified by mixed Langmuir Adsorption of HA with high polarity could efficiently Lin et al.
S é HNOs and stabilize CNTs in water. 2012)
= H>SOssolutions.
o
g
«<
z
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Table 2.3. Carbon nanotube as heavy metals adsorbent

Modification Target Adsorption isotherm Remarks Ref
pollutants
Oxidized with H>O,, KMnOy4 Cadmium(II) Many functional groups have been introduced to (Li, Wang, et al.,

and HNOs.

the surface of the CNTs, which are responsible for
the increasing of Cadmium(Il) adsorption
capacities

2003)

Manganese dioxide MnO,

Cadmium(ll) Langmuir

The mechanism of cadmium adsorption onto the
MnO»/O-CNTs may include both physical and
chemical adsorptions and  appeared to be
influenced by external mass transfer, intraparticle
diffusion, and chemical adsorption

(Luo, Wei, et al.,
2013)

Iron oxide magnetic

Nickle Ni(Il) Langmuir
and

strontium

Sr(1I)

Both adsorption capacity of CNTs and iron oxides
are much less that of the magnetic composites. The
separation of the composites from the treated
solution can be achieved by a magnetic process.

(Chen, Hu, et al.,
2009)

Acidified by concentrated nitric
acid

Lead Pb(II) Langmuir

Salt or complex deposited on the surface of CNTs
due to reaction between Pb (II) and the oxygenous
functional groups formed on the surface of
acidified CNTs and increased adsorption capacity.

(Wang, Zhou,
Peng, Yu, &
Chen, 2007)

Alumina

Lead Pb(II)

The coated nanotubes demonstrated better removal
ability over uncoated where the removal ratio of
lead increased from 20% to around 99%.

(Liu & Zhao,
2013)
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Table 2.3 (continued)

KMnOy (98% concentration) Zinc Zn(1I) Langmuir and The removal percentage of Zn2" was more than (Mubarak et al.,

and 0.4 M HNO; (68% Freundlich 99%. 2013)

concentration)

Silver nanoparticles Copper Langmuir The adsorption process was spontaneous and (Venkata
Cu(Il) and exothermic. Ramana, Yu, &
cadmium Seshaiah, 2013)
Cd(I)

Sodium hypochlorite
NaClO

Zinc Zn(Il) Langmuir

CNTs could be efficiently regenerated by a 0.1
mol/L HNOs solution and the sorption capacity
was maintained after 10 cycles of the
sorption/desorption process.

(Lu, Chiu, & Liu,
2006)

Manganese oxide Lead The mechanism of adsorption mainly controlled by (Salam, 2013)
MnO; Pb(II) a liquid film diffusion and the results showed that
most of the lead could be removed from a solution
at a pH between 7.0 and 9.0, and within a few min
Sodium hypochlorite Nickel The oxidation process significantly improved the (Lu & Liu, 2006)
NaClO Ni(ID) hydrophilicity of CNTs and as a result more Ni(Il)
was adsorbed.
Manganese oxide (MnQO-) Lead Langmuir After the loading of MnOy, smaller pore width (2.6 (Wang, Gong, et
Pb(II) nm) and larger surface area (275m2/g) were al., 2007)
observed.
Lead Langmuir The surface basicity of treated CNTS was (Vukovié et al.,
Amino modified Pb(1) increased offering numerous adsorption sites and 2011)
(ethylenediamine, and thus enhancing the adsorption capacity. The
diethylenetriamine and Cadmium adsorption affinity of the heavy metals to CNTs
triethylenetetramine) Cd(1n followed the sequence Pb** > Cd*"
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Table 2.3 (continued)

8-hydroxyquinoline Copper The competition between the target heavy metals (Kosa, Al-Zhrani,
CyH-NO Cu(ID), was in the order of Cu (II) > Pb(Il)= Zn(II) > Cd(Il) & Abdel Salam,
lead Pb(II), for % adsorption. 2012)
cadmium
Cd(II) and
zinc Zn(II)
Oxidation Anionic Excellent adsorption was attributed to interaction (Xu et al., 2011)
(O-CNT) chromate of the CrOs? with the surface oxygen-containing
(CrO4?) functional groups on the modified CNTs.
Ethylenediamine Cadmium Langmuir The mechanism of which may include both of (Vukovié,
(Cd™) physisorption and chemisorption mechanisms Marinkovi¢, et al.,
2010)
Nitric acid HNO3 Lead The main  adsorption mechanism  was (Xu etal., 2008)
Pb(1l) Chemisorption and/or chemical complexation
nitric acid Lead The maximum adsorption capacity of 6-h-acidified (Wang, Zhou,
(HNO3) Pb(II) CNTs for Pb(Il) is 91 mg/g, which is more than 10 Peng, Yu, &
times greater than that of untreated CNTs for Pb(II) Yang, 2007)
(7.2 mg/g).
Poly(vinylpyridine) and divalent Formation of insoluble bundles in which the (Maggini et al.,
ferroferric oxide metal ion divalent metals remain trapped through pyridyl- 2013)
(M%) MZ*—pyridyl interactions. Adsorbate loaded CNTs
(such as can be separated using magnetic filtration and
Zn*, Cu? recycled by acid treatment
and Pb*")
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Table 2.3 (continued)

Ammonium iron(Il) sulfate and copper The main adsorption mechanism of Cu (II) was by (Tang et al.,
Ammonium iron(III) sulfate Cu (II) Langmuir physical force while the chemisorption played a 2012)
small role due to a few oxygen-containing
functional groups on CNTS.
Nanoscale zero-valent iron Chromium The adsorption process, stimulated by electrostatic, (Lv et al., 2011)
(nZVI]) Cr(V]) hydrophobic and hydrogen-bond interactions,
depends strongly on pH value.
Diamine modified mesoporous Copper Langmuir The order of removal percentage for metal ions is (Yang, Ding, et
silica Cu(Il), lead Pb(II) > Cu(Il) > Zn(II) > Ni(I). al., 2013)
Pb(Il), zinc
Zn(1D)
And nickel
Ni(IT)
Chitosan copper, zinc, The order of metal ion removal from aqueous (Salam, Makki, &
(polysaccharide biopolymer) cadmium, solution was Cu(Il) > Cd(II)~Zn(II) > Ni(II) due to  Abdelaal, 2011)
and nickel the competition for the binding sites at the surface
ions of CNTs/CS nanocomposite
Mercapto-propyl Mercury Langmuir The maximum adsorption capacities for Hg*" is (Zhang, Sui, et
triethoxysilane, (Hg?") and 65.52 and for Pb*"is 65.40 mg/g. al., 2012)
Thiol-functionalized (MPTS- lead (Pb*")

CNTs/ Fe304)




2.2.2 Photocatalysis

The main problems that are affecting the water treatment competence are removing of
non-biodegradable organic pollutants which are resistant to conventional treatment
methods, as well as killing waterborne pathogens without the formation of harmful
disinfectants by products (DBPs) from disinfection process. Addressing these problems
calls for an imperative need to develop an innovative, low- cost and eco-friendly
technology that can destroy these pollutants with less energy consumption and less
chemical utilization. Therefore, research activities have focused on advanced oxidation
processes (AOPs) as alternative robust methods that are capable of oxidizing and
mineralizing wide range of organic chemicals due to their highly potent and strongly
oxidizing radicals (Gaya & Abdullah, 2008a).

Photocatalysis, is a well-known AOP, has been established as an efficient method to
enhance the biodegradability of persistent organic contaminants and to remove the current
and emerging microbial pathogens. Photocatalytic oxidation comprises a class of
reactions which use a catalyst activated by solar, chemical or other forms of energy
(Augugliaro et al., 2006) and relies on generation of strong reactive radical species such
as H202, 02", O3 (Pera-Titus et al., 2004) and mostly hydroxyl radical (OH") (Huang et
al., 2000), which is a strong oxidizing agent that non-selectively destroy all organic
molecules in water (Wang & Xu, 2012).

The main source for the generation of (OH") is the conventional oxidants H>Oz and O3
(Karci, 2014). Different methods have been reported to photolysis these oxidants,
facilitating compliance with the specific treatment requirements and improve the
versatility of AOPs (Malato et al., 2009). Methods based on UV (Goi & Trapido, 2002)
and combination of UV light and oxidants (H202, O™, O3 etc.)(Karci, 2014; Malato et
al., 2009). In addition to that methods that involve catalysts, such as homogeneous

photocatalysis method which is based on the addition of H>O> to dissolved iron salts and
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can be classified into two types of reaction: Fenton reaction, that does not involve any
light irradiation and photo-Fenton reaction that reacts up to a light wavelength of 600 nm
(Chong et al., 2010). Moreover, heterogeneous photocatalysis methods that uses a wide-
band gap semiconductors in contact with water (e.g., titanium dioxide (TiO2) (Wang &
Jing, 2014) , tungsten trioxide (WO3) (Liu, Han, et al., 2013), zinc oxide (ZnO) (Kaur &
Singhal, 2014), tin dioxide (SnO2) (Al-Hamdi, Sillanpdd, & Dutta, 2015) cadmium
sulfide (CdS)(Chronopoulos et al., 2014), etc.) and they are photoexcited by light in the
presence of oxygen (Malato et al., 2013). Table 2.4 shows different methods that are used
to produce hydroxyl radicals.

Both homogeneous ( photo-Fenton) and heterogeneous photocatalysis methods are
considered of great interests because they can either use UV light (Pera-Titus et al., 2004)
or solar light (Malato et al., 2013) for irradiation. Although photo-Fenton photocatalysis
has higher reactivity than heterogeneous photocatalysis but its operation is complex and
expensive due to pH rectification that is required to control the formation of photoactive
iron complexes (De Laat, Le, & Legube, 2004). Accordingly, heterogeneous
photocatalysis proved to be a promising water treatment technology for elimination of
persistent organic pollutants as well as for water sterilization.

Among the above mentioned semiconductors, titanium dioxide (TiOz) has drawn a
special attention in the water treatment research including photo-degradation of numerous
organic pollutants, photo-reduction of inorganic contaminants and inactivation of
microorganisms.(Kurniawan TA, 2011), due to its environmentally benign merits such as
low toxicity, high photoconductivity, chemical stability as well as its low cost and
commercial availability (Choi et al., 2014; Xiao, Xie, & Cao, 2015). The photocatalysis
mechanism of (TiO2) relies on the formation of active oxygen species such as hydroxyl
radicals, superoxide, hydrogen peroxide, singlet oxygen, etc., may participate in organic

pollutants photo-degradation or disinfection process (Fujishima, Zhang, & Tryk, 2008).
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The mechanism consists of several steps (Berger et al., 2006; Chong MN, 2010;
Fujishima, Zhang, & Tryk, 2008; Gaya & Abdullah, 2008a; Mayer, Daugherty, &
Abbaszadegan, 2014) starting with Photoexcitation to induce series of reductive and
oxidative reaction on the surface of (TiO2) photocatalyst through irradiation by an
adequate wavelength (usually with photon energy (4v) greater than or equal to the band
gap energy). Since the band gap of (TiOy) is about 3.0 eV, wavelengths shorter than
~400 nm can excite the lone electron from the valance band to the empty conduction
band in femtoseconds resulting in the generation of electron-hole pair. Super oxide radical
anions ('O2") and hydroxyl radicals (OH") are then generated through reaction between
(photogenerated electrons and molecular oxygen) and between (photogenerated holes and
water) respectively. Hydroxyl radicals are considered the major species responsible for
decomposition of organic pollutants (Zhang, Qiu, et al., 2009) into water and carbon
dioxide. Figure 2.4 represents the mechanism steps of TiO> photocatalysis.

However, several disadvantages of nanocrystalline TiO2 powders in water system have
been identified, such as agglomeration, difficult recovery and short activity which could
restrain its application in wastewater treatment (Baolong et al., 2003). For the purpose of
overcoming the mentioned drawbacks and developing highly active catalyst to be
exploited for large scale applications, the morphological, crystallographic, and electronic
properties of TiO, material should be controlled through alternative synthesis procedures
(Choti et al., 2010). The most common investigated methods to prepare TiO2 are sol-gel
method (Caratto et al., 2012),which is used to fabricate highly pure with a relatively low
temperature nanosized titanium dioxide , and hydrothermal method (Jing et al., 2011),
that works in synthesizing high crystalline titanium dioxide with controlled size and
shape. Thereupon, three main approaches that are aimed to modify titanium dioxide
(Xiao, Xie, & Cao, 2015) have been highlighted in Table 2.5. Development of TiO>

composites codoped with two or more of nonmetals such as, S, N,F and C (Banerjee et
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al., 2014; Fagan et al., 2016; Likodimos et al., 2013) is considered one of the promising
strategies that have been suggested to reduce the band gap and improve the visible light
(VIS) responsive photocatalytic activity. For instance, N-F codoped TiO> under VIS has
successfully been used for photocatalytic degradation of bisphenol-A- (BPA) due to its
high surface area to volume ratio, enrichment of surface oxygen vacancies by F- and N-
doping, improved surface acidity by F-doping as well as enhancement of VIS absorption
by N-doping (He et al., 2016). Moreover, carbon doped TiO> composites under VIS has
been used for the degradation of some occurring algal toxins in water (e.g cyanotoxins,
microcystin-LR (MC-LR) and cylindrospermopsin (CYN)) and the resulted intermediate
products from the toxins degradation process were attributed to a Peroxide that was
formed through the action of O™ (Fotiou et al., 2016). In short, photocatalytic process
of nonmetal doped TiO; has shown large potential as a renewable water treatment process
and it is considered a more eco-friendly approach comparing to the photocatalytic process
of metal-doped TiO-, for the latter is vulnerable to photocorrosion and potential metal

problems (Zhang et al., 2014).
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Figure 2.4: Light Absorption by TiO2 Photocatalyst (Ohama & Van Gemert,
2011).

Table 2.4: AOPs Using Radiation for the Generation of Hydroxyl Radicals (Malato

et al., 2013).
AOP Key Reaction Wavelength
UV/H20: H>0(aq) + hv — 2HO® A <300 nm
UV/O3 0s(aq) + v — Oa(aq) + O('D)O('D) + Hy0 —2HO" 4 <310 nm
UV/H202/0s  Os(aq) + HaO2+ hv — Oa(aq) + HO' + HO" <310 nm
TiOx(s)thv—TiOx(e+h")

UV/TiO> TiOa(h*)+HO aq — TiO2(s)+HO"ad

Fenton Fe?"(aq) + H,02(aq) —Fe*" (aq) + HO+HO" 4 <390 nm
Photo-Fenton Fe’'(aq) + H,O + hv —Fe?’ (aq) + H + HO" /. <580 nm
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Table 2.5: Common strategies to modify titanium dioxide (TiOz).

Approach Remark Examples REF
TiO; quantum dots  (Pan et al., 2014)
Control the Increase the (QDs)
size and exposed photo Ti0; nanotubes (Xing et al., 2014)
morphology  reactive sites.
of titanium TiO2 nanosheets (Pan et al., 2013)
dioxide Ti02 nanowires (Puetal., 2014)
(TiO)
TiO2 mesoporous (Joo et al., 2013; Moon et al.,
hollow shells 2014)
Metal-doped TiO>  (Suri, Thornton, &
Doping Improve charge Muruganandham, 2012; Wang
(TiO2) with separation or & Jing, 2014)
metal or non- boarding the Non-metal- doped  (Dong, Zhao, & Wu, 2008;
metals/ absorption TiO» Lin, Tseng, & Chu, 2014;
compounding spectrum Sathish, Viswanath, &
(TiO2) with Gopinath, 2009)
charge Deposited TiO2 (e.g (Saleh & Gupta, 2012; Wang,
transfer TiO;-carbon Serp, et al., 2008; Yang, Liu, et
materials nanotubes and TiO> al., 2013)
— grapheme
composites)
mixed-phase  Enhance the Build Anatase— (Liu et al., 2014; Scanlon et al.,
samples of quantum yield Rutile (A—R) phase 2013)
Anatase and  and photocatlytic junction of TiO>
Rutile TiO2 reactivity
2.2.3 Membrane processes

Membrane process has proven to be an effective way for water remediation because
of its high separation efficiency, easy operation where no chemical addition or thermal
input is required, and it does not lead to secondary pollution as well as no regeneration of
spent media is required. (Balamurugan, Sundarrajan, & Ramakrishna, 2011;
Buonomenna, 2013). The performance of the membrane system basically influenced by
the membrane material, which afford an inherent trade-off between membrane selectivity
and permeability. The common membrane materials applied for water treatment are

polymers, for instance cellulose acetate (CA), polyacrylonitrile (PAN), polyamide

(PA)(Yang, Lin, & Huang, 2009). Based on the pore size and filtration application the
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membrane process can be classified as microfiltration (MF) for suspended solids,
protozoa, and bacteria removal, ultrafiltration (UF) for virus and colloid removal,
nanofiltration (NF) for hardness, heavy metals, and dissolved organic matter removal,
and for desalination, water reuse, and ultrapure water production (reverse osmosis (RO),
and forward osmosis (FO)) (Balamurugan, Sundarrajan, & Ramakrishna, 2011;
Bernardo, Drioli, & Golemme, 2009).

Over the past decade nanotechnology have led to new water treatment membranes by
incorporation of nanomaterials into membranes either by blending or surface grafting for
producing membranes with desirable structure and new functionality such as high
permeability, catalytic reactivity, contaminant degradation and self-cleaning (Pendergast
& Hoek, 2011), moreover, controlling membrane fouling due to nanoparticles functional

groups and their hydrophilic properties(Vatanpour et al., 2012).

2.2.3.1 Nanofibrous membranes

Polymer or composite nanofibrous membranes can be generated using electrospinning
method which is versatile and efficient technique to compose ultra-fine fibers using
various materials (e.g., polymers, ceramics, or even metals) with diameters in the range
of 202000 nm (Cloete, 2010; Li et al., 2013; Yang, Lin, & Huang, 2009). Electrospun
nanofibrous membranes have large specific surface area (Balamurugan, Sundarrajan, &
Ramakrishna, 2011), fine tunable pore size (Ramakrishna et al., 2006), as well as high
water flux that attracted both industry and academic researchers to study their application
for microfiltration (MF) and ultrafiltration (UF) (Gopal et al., 2007; Gopal et al., 2006).
The researches revealed that nanofiber membranes can sufficiently remove micron size
particles from aqueous solutions at high rejection rate and without a significant fouling
therefore the membrane could be successfully recovered upon cleaning (Ramakrishna et

al., 2000).
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The electro-spun nanofibers can be simply manipulated for particular application and
used as affinity membrane to remove heavy metals and organic pollutants during filtration
by the introduction of certain functional groups (Li et al., 2013; Qu, Alvarez, & Li, 2013).
The nanofibers are functionalized by covalently attaching ligands onto the surface, for
example, using cibacron blue to functionalize cellulose nanofiber membranes for albumin
purification (Ma, Kotaki, & Ramakrishna, 2005), functionalization of polymer nanofibers
membranes with a ceramic nanomaterials such as hydrated alumina/alumina hydroxide
and iron oxide for removal of heavy metals ions by adsorption/chemisorption and
electrostatic attraction mechanisms (Ramakrishna et al., 2006) and introducing of
cyclodextrin into a poly(methyl methacrylate) nanofiber membrane to enhance their

affinity for organic waste removal (KAUR et al., 2006).

2.2.3.2 Nanocomposite membranes

Although the membrane separation technology plays a remarkable role in water and
wastewater treatment, membrane fouling is still the main shortcoming that reduces the
lifetime of the membrane and limits its application due to the increasing of energy
consumption, operating costs and difficulty of process operation (Balta et al., 2012). The
membrane fouling can be classified into organic fouling and biological fouling and both
are responsible for the flux decline in the membrane processes (Meng et al., 2009). The
main reason of membrane organic fouling is the abundance of natural organic matters
(NOM) in water that are adsorbed and deposited on the surface of the membrane lead to
the blockage of the pores forming a cake layer on the surface (Meng et al., 2009). Next,
the leading causes of the biological fouling is the adhesion of bacteria to the membrane
surface producing a sticky biofilm composed of polysaccharide, organic chemicals and a
complex community of microbial cells resulting in biofouling which is considered a
serious problem due to the ability of bacteria to reproduce at the surface of the membrane,

forming biofilms and producing an additional fouling which is difficult to be removed

46



(Bjorkey & Fiksdal, 2009; Ciston, Lueptow, & Gray, 2009; Herzberg & Elimelech, 2007;
Sawada et al., 2012). With regards to the causes of both organic and biological membrane
fouling and their severe consequences, it is important to improve the antifouling and
antibacterial properties of the membranes.

The fouling of the membranes is affected by their morphology, charge as well as the
hydrophobicity of the membranes (Gray et al., 2008; Sun et al., 2009). Many studies have
proven that the membrane shows stronger resistance to substances adsorption when
increasing its surface hydrophilicity, therefore modifying the membrane hydrophobicity
can be an effective technique to improve its organic antifouling (Arahman et al., 2009;
Rahimpour & Madaeni, 2007).

Many efforts have been devoted to study number of modification methods in order to
improve the hydrophilicity and reduce membrane fouling, involving coating (Razmjou et
al., 2011), grafting (Rahimpour, 2011) and blending with hydrophilic metal oxide
nanoparticles which is proved to be an effective method to obtain nanocomposite
membranes without complicated operation process (Yu et al., 2013). The blending of
metal oxide nanoparticles including alumina.(Maximous et al., 2010), zirconium dioxide
(Pang et al., 2014), Silica (Jin et al., 2012; Yu et al., 2013), zeolites (Pendergast et al.,
2010) and titanium dioxide (Razmjou, Mansouri, & Chen, 2011; Razmjou et al., 2012).
It was highlighted that the addition of metal oxides nanoparticles does not affect the
membrane structure while it obviously enhances the performance of the membrane (Shen
et al., 2011) as well as its thermal stability (Pendergast et al., 2010). Additionally,
functionalized multi wall carbon nanotubes (CNTs) was successfully blended with
polymer membranes. The membrane, permeability, hydrophilicity and fouling resistance
were significantly improved by the functional groups on CNTs which embedded in

membrane nanocomposite (Choi, Jegal, & Kim, 2006; Daraei et al., 2013).
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Another prerequisite argument is preventing the development of biofilms on
membrane surface; thus many antimicrobial nanoparticles have been studied to endow
the membrane with a self-antimicrobial property. For example, silver nanoparticles
(Nano-Ag) have been exploited to inactivate viruses(De Gusseme et al., 2011), mitigate
the bacterial growth and inhibit biofilms formation (Mauter et al., 2011; Zodrow et al.,
2009) not only by being coated or grafted on the surface of the membranes but also by
being blended in the membrane fabrication process (Zodrow et al., 2009). Ag-
nanocomposite membranes showed a significant antibacterial property towards
Escherichia coli (E. coli) (Zodrow et al., 2009) (Obalova et al., 2013), with antibacterial
efficiency about 99.999% (Sawada et al., 2012). Another nanomaterial integrated into
membranes as antimicrobial agent is single wall carbon nanotubes (SWCNTs). The
antibacterial activity of SWCNTs-nanocomposites was investigated and the results
exposed that high bacterial inactivation (>90%) was attained by the SWCNTs-
nanocomposites reducing the growth of biofilms on the surface of the membranes
(Ahmed et al., 2011).

It is important to point out that photo-catalytic nanoparticles, namely titanium dioxide
(TiO2) which has drawn a significant attention due to its stability and promising
applications as photocatalysis (Cao et al., 2006) , have been used to develop
photocatalytic nanocomposites membranes (reactive membranes) with higher
hydrophilicity(Li, Fang, et al., 2014), improved fouling resistance and thermal stability
(Wu et al., 2008) coupled with their ability to combine their function of physical
separation and the reactivity of a catalyst toward pollutants degradation (Bae & Tak,
2005; Choi, Stathatos, & Dionysiou, 2006). In addition to that, metallic/bi-metallic
nanoparticles precisely nano zero-valent iron (nZVI) which serves as electron donor and
catalyst (Qu, Alvarez, & Li, 2013; Wang, Yang, et al., 2013), have also been integrated

into membranes for reductive dechlorination of contaminants mainly chlorinated organic
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compounds (COCs) (Wu & Ritchie, 2008; Wu, Shamsuzzoha, & Ritchie, 2005). Finally,
although nanoparticles are very effective for environmental remediation and
enhancement of the performance of membrane process, they tend to leach out and
aggregate especially if they were grafted on the membrane without surface protection and
that might complicate the operation and decrease the contaminants degradation.
Consequently, many studies have investigated the possibilities to employ a mediation (Li,
Fang, et al., 2014) or solid supports (Wang, Chen, et al., 2008) for immobilization of the

nanoparticles in order to overcome the aforementioned shortcomings.

2.2.3.3 Osmatic membranes

Both reverse osmosis (RO) and forward osmosis (FO) exploit semi permeable
membrane for water purification and desalination processes and their performances are
defined by their salt rejection, energy consumption not to mention their antifouling
property. Reverse osmosis membranes (RO) are easy to be designed and operated as well
as they can produce high quality clean water (Greenlee et al., 2009; Tarboush et al., 2008)
by employing a high hydraulic pressure to force the water through the semi permeable
membrane (Liu et al., 2011). RO membranes with an active layer on the top are called
thin film composite (TFC) (Fathizadeh, Aroujalian, & Raisi, 2011). The standard material
for this active layer is polyamide (Tiraferri, Vecitis, & Elimelech, 2011) and it employs
the diffusion mechanism to separate the water from the pollutants (Paul, 2004).

The primary disadvantages of RO membranes are high energy consumption (Liu et al.,
2011), irreversible membrane fouling (Chung et al., 2012) in addition to that, the
polyamide tends to degrade in the presence of the chemical oxidants that are used for
mitigation of the microbial growth (Tiraferri, Vecitis, & Elimelech, 2011). Consequently,
many attempts have been proposed utilizing nanoparticles to functionalize the active layer
to improve TFC membranes application. Modification methods include incorporation of

nanomaterial into the active layer of TFC (Lee, Arnot, & Mattia, 2011) to evolve new
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polyamide-NPs membranes which are called thin film nanocomposite (TFN) membranes
with increased fouling resistance, higher permeability and improved salt rejection
(Fathizadeh, Aroujalian, & Raisi, 2011). Figure 2.5 Shows the difference between TFC
and TFN. The most prominent nanoparticles being researched for integration into the
active layer are nano-zeolites that proved to maintain the solute rejection and resulted in
thicker, more permeable and hydrophilic negatively charged active layer (Jeong et al.,
2007; Lind et al., 2009). Also, titanium dioxide (TiO2) which increased the water flux
and led to organic degradation and microbial inactivation upon ultra-violet (UV)
irradiation due to its photocatalytic attributes (Chin, Chiang, & Fane, 2006). Finally,
silver nanoparticle-TFN membranes exhibited an obvious antibiofouling influence on
Pseudomonas (Lee et al., 2007), while unaligned single wall carbon nanotube (SWCNTs)
were covalently bound to the TFC membrane surface and inactivated 60 % of E. Coli
bacteria attached to the membrane within 1 hour of contact time resulting in moderate
biological antifouling membrane (Tiraferri, Vecitis, & Elimelech, 2011).

Comparing to conventional reverse osmosis (RO) membrane, forward osmosis (FO)
membrane is considered less prone to fouling (Ge et al., 2010; Holloway et al., 2007;
Niksefat, Jahanshahi, & Rahimpour, 2014) and does not consume energy (Cornelissen et
al., 2008) for it is exploiting the osmotic pressure gradient as the driving force for the
separation process and draws water from a low osmotic pressure solution, referred to as
“feed” to a high osmotic pressure one, often referred to as “draw solute” (Buonomenna,
2013; Liu et al., 2011). However the product of FO membranes (the diluted draw
solution) usually requires a second separation step (Chung et al., 2012) to generate pure
water either by applying RO or thermal treatment and both are high cost, intensive energy
operations. To address this challenge, it is recommended to have a high osmolality draw
solution that can be separated easily from water (Ge et al., 2010) as well as applying a

low cost separation technology. Recently, nanoparticles have been discovered as a new
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draw solution and used to develop a novel draw solution recovery system. For instance,
hydrophilic coated magnetic nanoparticles have been explored as new, easily separable
and reusable draw solution with high osmotic pressure that improved FO membrane
performance (Ge et al., 2010). Moreover, magnetic nanoparticles have been applied to
recover draw solutes without any intensive energy input where their negatively charged
surface facilitated the recovery process through coagulation (Liu et al., 2011).

In the light of FO process disadvantages, it is important to mention that the main
obstacle of FO application is the accumulation of the rejected feed solutes in the support
layer resulting in what is known as internal concentration polarization (ICP) (Tang et al.,
2010). This phenomenon causes an intense loss in the osmotic driving force (McCutcheon
& Elimelech, 2008) and since it occurs in the support layer, it cannot be removed by
increasing the flow rate turbulence (Zhao et al., 2012). With the intention to minimize the
ICP problem, it was suggested that the fabrication of appropriate FO membranes with
small structure parameter for the support layer had improved the membrane behavior (Liu
et al., 2011). In recent times, developments of nanotechnology have led to fabrication of
novel groups of FO membranes inspired by the thin film nanocomposite reverse osmosis
(TFN-RO) membranes. The nanostructured FO membranes, synthesized with metal
oxides nanoparticles or carbon nanotubes, demonstrated considerably enhanced
membrane properties like selectivity, permeability and stability in different separation
processes (Amini, Jahanshahi, & Rahimpour, 2013). After all, nanotechnology have
contributed in eco-sustainable membrane processes for wastewater treatment, producing

pure drinking water without any wastes.
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Figure 2.5: Conceptual illustration of (a) TFC and (b) TFN membrane structures
(Jeong et al., 2007).

224 Disinfection and pathogens control

Disinfection process is applied to inactivate various types of microbial pathogens
including viruses, bacteria, protozoa and other microorganisms that often found in water
from sewage discharges or runoff from animal feedlots into the water bodies. Although
the current conventional disinfectants such as chlorine, chloramines, ozone, chlorine
dioxide and chlorine gas (Savage & Diallo, 2005) can effectively control the microbial
growth, they have short-lived reactivity and can be problematic due to formation of toxic
disinfection byproducts (DBPs) (Li, Mahendra, et al., 2008). These DBPs are formed by
the reaction between the aforesaid conventional oxidizing disinfectants with various
constituents (e.g natural organic matters (NOMs)) in water (Hossain et al., 2014). More

than 600 DBPs have been acknowledged all over the world (Richardson et al., 2007) and
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most of which are considered carcinogenic. This dilemma is aggravated when high
dosages of the oxidizing disinfectant are required to kill highly resistant pathogens such
as Cryptosporidium and Giardia (Li, Mahendra, et al., 2008). These limitations provoke
an urgent need to balance the risks of microbial pathogens and formation of toxic DBPs.
Therefore it is important to provide an innovative alternative technique that can
effectively prevent DBPs formation and improve the reliability of disinfection by using
harmless, non-corrosive, water soluble disinfectants (Rutala, Weber, & Control, 2008).
The rapid development of nanotechnology has encouraged a significant concern in
studying the antimicrobial characteristics of several nanomaterials (NMs) and applying
them for water disinfection processes. These NMs have shown a promising approach to
be utilized as alternatives for conventional disinfectants (Li, Mahendra, et al., 2008) as
well as to be associated with other existing technologies to enhance the disinfection
efficacy such as photo-excitation due to the ability of the NMs to be excited under solar
light illumination (Hossain et al., 2014). Accordingly many nanoparticles (NPs) have
suggested to control the microbial growth and inactivate different types of
microorganisms in water, such as metal and metal oxides nanoparticles (Dizaj, Lotfipour,
et al., 2014; Vargas-Reus et al., 2012) (e.g titanium dioxide (TiO2) (Mayer, Daugherty,
& Abbaszadegan, 2014), magnesium oxide (MgO) (Jin & He, 2011), zinc oxide (ZnO)
(Gordon et al., 2011), nanosilver (nAg) (Kaegi et al., 2011), nano zero valent iron (nZVI)
(Crane & Scott, 2012) ) and carbon nanotubes (Ahmed et al., 2013), chitosan (Kong et
al., 2010) and fullerene NPs (nCeo) (Aquino et al., 2010; Dizaj, Mennati, et al., 2014).
The above-mentioned nanoparticles have shown good antimicrobial properties
without strong oxidation, employing diverse mechanisms to disinfect water. Several
antimicrobial mechanisms have been proposed for various nanoscale metal oxides, for
instance, it was confirmed that the surface of zero valent iron nanoparticles (ZVIn)

corrode and create more metal oxides that could inactivate waterborne viruses by carrying
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out two critical mechanisms: irreversible adsorption and inactivation of viruses by direct
contact (You et al., 2005). Another example on naoscale metal oxides is zinc oxides
(ZnO) that demonstrated as a strong antibacterial on different types of bacteria (Adams,
Lyon, & Alvarez, 2006; Aruoja et al., 2009). The main antibacterial mechanism of ZnO
is the photoctlytic generation of hydrogen peroxide H>O> from ZnO surface (Sawai &
Yoshikawa, 2004; Yamamoto, 2001) followed by cell envelop penetration and
accumulation of ZnO nanoparticles in membranes and cytoplasm of bacteria leading to
bactericidal cells damage and inactivation or inhabitation of bacterial growth (Huang,
Zheng, et al., 2008; Jones et al., 2008). Additionally, it was verified that due to the
photoreactivity and visible light response of titanium dioxide (TiO2), it can inactivate
microorganisms under UV/ solar irradiation by generating hydroxyl radical (OH"),
superoxide radical (O*") and hydrogen peroxide H>O; as reactive oxygen species (ROS)
(Li, Mahendra, et al., 2008). Besides, it was concluded that the photocatalytic inactivation
of bacteria (Page et al., 2007; Pratap Reddy, Venugopal, & Subrahmanyam, 2007) and
viruses (Kim et al., 2006) was improved by doping TiO; with silver, thus (Ag/TiOz)
shows a great potential as a photocatalytic material. By the same token, the antimicrobial
mechanism of the widely used silver nanoparticles stems from the release of silver ions
(Ag+) which accounts for the biological response even at low concentration (Xiu et al.,
2012) . Silver ions inactivate the respiratory enzymes of bacteria by binding to thiol
group in proteins (Liau et al., 1997) and result in production of reactive oxygen species
(ROS). In addition to that Ag+ interacts with DNA preventing its replication and forming
structural changes in the cell envelope (Qu, Alvarez, & Li, 2013).

On the other hand, the cytotoxicity of Carbon based nanomaterials (CBNs) (e.g, CNTs,
fullerene etc) to bacteria in aqueous solution is a complex function of solution chemistry,
transport behavior and physiochemical properties of the nanomaterials (Kang, Mauter, &

Elimelech, 2009). The antibacterial activity of CNTs starts with an initial contact between
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the bacteria and CNTs followed either by physical perturbation of cell membrane or by
disruption of particular microbial process through oxidizing of vital cellular
structure/component (Vecitis et al., 2010) and both cases lead to bacterial cells death. One
of the main factor governing the antibacterial activity of CNTs is their size (diameter)
(Liu et al., 2009). Therefore, the small diameter, short length SWCNTSs with surface
groups of -OH and -COOH demonstrating the strongest antibacterial activity (Arias &
Yang, 2009; Yang, Mamouni, et al., 2010). Figure 2.6 shows the antibacterial effects of
SWCNTs on E-Coli bacteria. Another illustration for CNMs antibacterial mechanism is
fullerene NPs (nCg0) mechanism to kill bacteria which is mostly assigned to its ability to
produce reactive oxygen species (ROS) resulting in various types of cell damage
including DNA damage, lipid peroxidation, protein oxidation as well as interruption of
cellular respiration (Fang et al., 2007; Lyon & Alvarez, 2008). Fullerene mechanism
requires a direct contact between the nanoparticles and bacteria cells which makes it
different from previously reported mechanisms of nanomaterial the involve ROS
generation (metal oxides) or releasing of toxic elements (silver nanoparticles). Finally,
Chitosan, derived from shells of shrimp and other sea crustaceans (Shahidi &
Synowiecki, 1991), at its nanoscale has long been noted for its antimicrobial activity. The
main proposed antimicrobial mechanism for chitosan is that the positively charged
chitosan particles interact with negatively charged bacteria increasing the permeability of
cell membranes and eventually leak the cell substances (Holappa et al., 2006; Qi et al.,
2004). In short, nanomaterial had proven to be good disinfecting agents for water
treatment systems by employing diverse antibacterial mechanisms (Figure 2.7) as well as
they successfully overcome the limitations that hindered the viability of conventional

disinfection (Mahendra et al., 2014).

55



Without SWCNTs

With SWCNTs

Figure 2.6: SEM images of E. coli after incubation with saline solution for 2 h
without SWCNTSs and after incubation with SWCNTs dispersed in the Tween-20
saline solution (0.1 wt % Tween-20 and 0.9 wt % NaCl) for 2 h (Liu et al., 2009).

Figure 2.7: Various mechanisms of antimicrobial activities exerted by
nanomaterials (Li, Mahendra, et al., 2008).
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2.2.5 Sensing and monitoring systems

A major challenge for environmental remediation management is monitoring the
emission of toxic substance (i.e. organic and inorganic pollutants, pathogens and
hazardous atmospheric pollutants), coupled with accurately assessing the extent and
composition of these contaminants. Therefore, various analytical techniques have been
employed in environmental pollution detection and monitoring, for instance surface
plasmon resonance (SPR) (Salah, Jenkins, & Handy, 2014; Shankaran, Gobi, & Miura,
2007), high-performance liquid chromatography (HPLC) (Shintani, 2014), gas
chromatography-mass spectrometry (GC-MS) (Tranchida et al., 2014), supercritical fluid
chromatography (SFC) (Bamba, 2014), capillary electrophoresis (CE) (Sanchez-
Hernéndez et al., 2014), flow injection analysis (FIA) (Gerez, Rondano, & Pasquali,
2014). Nevertheless, these techniques are inappropriate for routine environmental
detection because of their high cost, time consumption in addition to their complicated
requirements (Su et al., 2012).

The growing advances in nanoscience and nanotechnology are having a remarkable
influence on the field of environmental monitoring and sensing, where large number of
nanoparticles have been introduced for detection and remediation of wide range of
contaminants (Andreescu et al., 2009; Theron, Eugene Cloete, & de Kwaadsteniet, 2010)
in both gaseous and aqueous mediums. Many investigations have been carried out to
develop high selectivity and sensitivity nanosensors for water quality monitoring by
detection of organisms fecal pollution (Savichtcheva & Okabe, 2006) such as fecal
coliforms, total coliforms, E. coli, enterococci bacteriophages and disease causing viruses
and parasites (Theron, Eugene Cloete, & de Kwaadsteniet, 2010), furthermore, detection
of different types of trace contaminants ( such as, pesticides, phenolic compounds,

inorganic anions, heavy metals) (Govindhan, Adhikari, & Chen, 2014).
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As any other chemical sensors, Nanoparticles based sensors, are usually consist of
two components: the receptor, which enhances the detection sensitivity, and the
transducer, a chemical or physical sense component (nanomaterial), that works with
electrochemical, thermal, optical and other detection principles (Su et al., 2012). The
operating mechanism involves a charge transfer that occurs between pollutants molecules
and the receptors, resulting in an electrical and/or optical signal that is related to the
molecules type and number (Di Francia, Alfano, & La Ferrara, 2009). Not to mention that
in the case of bio-nanosensors, recognitions agents (e.g antibodies (Volkert & Haes,
2014), carbohydrates (Chen, Vedala, et al., 2011), aptamers (Li, Shi, et al., 2009), and
antimicrobial peptidesis (AMPs) (Cui, Kim, et al., 2012)) are presented as a third
components, specifically provide the selectivity by interacting with antigens or other
epitopes on the pathogens surface (Vikesland & Wigginton, 2010). Moreover, to obtain
nanosensors with high sensitivity and fast response time, nanostructers such as nanorods,
nanobelts, nanowires were functionalized (Kanade et al., 2007). For instance tungsten
oxide nanowires (WO3-NWs) were functionalized with palladium for hydrogen gas
detection (Chavez et al., 2013) and with copper oxide for high performance hydrogen
sulfide sensor (Park et al., 2014).

As a matter of fact, Nanomaterial-based sensors have shown great potential in the
chemical and biological detection researches due to their physical, chemical, optical,
catalytic, magnetic and electronic properties as well as their high selectivity and
sensitivity (Qu, Alvarez, & Li, 2013; Wang, Ma, et al., 2010). Some examples of widely
used nanomaterials in sensors technology include quantum dots (QDs) which can be
benefited from their fluorescence properties to detect heavy metals, toxic gases,
cyanotoxins and pathogens (Feng et al., 2014; Hahn, Tabb, & Krauss, 2005; Koneswaran
& Narayanaswamy, 2009; Ma, Cui, & Su, 2009; Wu, Khaing Oo, & Fan, 2010). Metal

nanoparticles such as silver and gold nanoparticles relies on the changes in their color for
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pollutants detection (Saha et al., 2012). Furthermore, carbon based nanomaterials
(CNMs), including single wall carbon nanotube (SWCNTs), multi wall carbon nanotube
and graphene, are used to facilitate the electron transfer between electrodes and electro

active species (Su et al., 2012).

23 Deep Eutectic Solvents

In the last two decades, the focus on the application if ionic liquids (ILs) has increased,
notably with respect to catalysts, electrochemistry process technology and analytics,
biotechnology and functional liquids. It is well known that ILs are solvents which merely
compose of ions. Generally, the synthesis of ILs can be classifies into two definite
categories: (1) ILs prepared from eutectic mixtures of metal halides and organic salts, and
(2) ILs consist of discrete anions (Smith, Abbott, & Ryder, 2014a). The physical and
chemical properties of ILs play a key role in determining the type of application that ILs
can be involved in (Zhang, Zhang, & Deng, 2011). However, ILs have many restraints
due to their relatively high cost of ILs as well as their complicated synthesizing process
which is usually associated with discharging of undesirable wastes (Phadtare &
Shankarling, 2010). As a result, many attempts have been carried out to reduce the cost
of ILs and to find alternative solvents with affordable prices, easy to prepare and eco-
friendlier. Thus, Abbot et al. (2003) presented for the first time the so-called deep eutectic
solvent (DES) as a substitute or improvement of ILs (Abbott et al., 2003).

DESs are a developing type of solvents that are acknowledged as ILs analogues
(Abbott et al., 2001). Fundamentally, DES is a mixture of two or more compounds and it
is distinguished with its low melting point which is lower that of its individual
constituents (Hayyan et al., 2010a). Moreover, the preparation of DES can be achieved
by mixing a salt and a hydrogen bond donor (HBD) at specific molar ratio, hence the

anion of the salt bonds with the hydrogen from HBD. Knowing that, various kinds of salts
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(organic and inorganic) with different kinds of HBDs can be used to prepare numerous
mixtures of DESs (Zhang, De Oliveira Vigier, et al., 2012b). Mainly, three types of DESs
can be recognized. Class (A) includes DESs that are basically comprised of an ionize salt
and a HBD, such as choline chloride and urea DES (Figure 2.8), and this class is
considered the most studied DES class. Class (B) involves DESs that are composed of an
ionize salt and a metal salt such as choline chloride and zinc chloride (Abbott, Capper, et
al., 2004b). The last class (C) contains more complex DESs compare to the other two
classes. This type of DESs can be attained from the mixture of a carbohydrate, urea, and
an ammonium salt in different ratios, for instance choline chloride : D-fructoseis DES

(Hayyan et al., 2012b).

Figure 2.8: Choline chloride: urea eutectic mixture.

The conventional ILs and DESs share some of physiochemical properties (Hayyan,
Hashim, Al-Saadi, et al., 2013b), such as non-flammability, non-volatility, high viscosity
as well as they share the same stating constituents. Taking that into account, DESs can be
considered as the fourth generation of ILs (Cvjetko Bubalo et al., 2015). However, DESs
have many advantageous properties over conventional ILs and which can be defined by
their low toxicity profiles, their environmental and economic benefits (Hayyan, Hashim,
Al-Saadi, et al., 2013b), and finally their simple, economic and ecological synthesizing
process which mainly depends on mixing DES’s components without any unfavorable

waste disposal (Zhang, De Oliveira Vigier, et al., 2012b).
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2.3.1 Synthesis of DESs

The first combination of DES was prepared by mixing urea and choline chloride at 80
°C until the mixture turned into homogenous liquid (Abbott et al., 2003), later, different
types of DESs were reported using various kinds of salts and HBDs. Figure 2.9 depicts
some of the starting salts and HBDs for the preparation of DESs. Freeze drying method
was also reported for the synthesis of DESs. This method is conducted by mixing a
concentrated aqueous solution of the two DESs compounds and freeze dry the
combination in order to obtain the DES mixture (Gutiérrez et al., 2009). Hayyan et, al.
(2012 and 2013) prepared the fruit sugar and the glucose based DESs (Hayyan, Mjalli, et
al., 2013). In addition, phenols based DESs was synthesized based on phenol, o-cresol,
and 2,3-xylenol, and ChCl at different molar ratios (Guo, Hou, Ren, et al., 2013). All the
studies were focusing on the deepest eutectic point can be formed from mixing molar
ration, until Hayyan et, al. (2015) examined the stability of the TEG based DESs by
observing it for eight weeks to acquire the first eutectic molar ration without any

precipitate (Hayyan, Aissaouti, et al., 2015).
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2.3.2 physical properties of DESs

Many studies investigated and record the physical and chemical properties of different
combinations of DESs. The impact of temperature and the component’s molar ratio on
the physiochemical properties of DESs was also studied. This can help in boosting the
possibilities of DESs to replace ILs as novel solvents and to be employed in

interdisciplinary domains.

2.3.2.1 Freezing point

The relatively low freezing point is the unique property of DESs which distinguish
them from other solvents. The molar ratio and structure of the salts and HBDs remarkably
affect the low freezing point of the DESs (Hayyan et al., 2010a). Abbott et, al. (2003)
synthesized the first DES combination which comprised of ChCl and Urea and the
freezing point of this DES was determined. Subsequently, many studies were carried out
to investigate the freezing points of different types of DESs. Kareem et, al. (2010) used
different types of DESs based on different types of phosphonuim based salts and different
HBDs (Kareem et al., 2010a). Later, Hayyan et, al. (2012) examined the effect of molar
ration on the Chcl: fruit sugar DES (Hayyan et al., 2012b), and the same team
investigated the role of molar ration on the freezing points for the glucose based DES
(Hayyan, Mjalli, et al., 2013). Table 2.6 shows the freezing points of some of the reported

DES.

2.3.2.2 Density

Density is one of the important properties that should be studied for any new solvents
to ease their application in many industrial fields. The densities value for different types
of DESs were reported along with effect of different temperature on their values. Hence,

the temperature significantly reduced the densities values due to increased molecular
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mobility which causes an increase in the molar volume (Hayyan et al., 2012b). Generally,
the trend of density-temperature of most DESs followed the general rule of most liquidous
materials i.e. the density decreased linearly with the increase of temperature. Abbot et, al.
(2007) examined the effect of some HBDs, i.e. ethylene glycol, glycerol and
1,4Butanediol weight percentage with ChCl. They found that by adding 5 % ChCl to
1,4Butanediol, the resulted density was the lowest compare to other ratios and other
HBDs, also it was the closest value to the density of water (Abbott, Harris, & Ryder,
2007b). In 2010, a group of researchers investigated some physical properties on
phosphonium based DESs, the densities of all DESs were fitted linearly. Later, Abbott
et,al. (2011) also examined the effect of salts concentration on the density of some DESs
formed from ChCI and glycerol, it was noticed that the density was decreasing by
increasing the salt concentration until it reached 1.18 g cm™ at 33% salt concentration

(Abbott, Harris, et al., 2011a). Table 2.6 shows some reported DESs densities.

2.3.2.3 Viscosity

Generally, the viscosity of a liquid can be defined as its resistance to flow. It was
found that most of the DESs showed a relatively high viscosity values (> 100 cp) which
are similar to most of ILs (Zhang, De Oliveira Vigier, et al., 2012b). The viscosity of
most known DESs are listed in Table 2.6. Basically, DESs with strong hydrogen bonding
own high viscosity values due to the restricted mobility of DESs molecules (D'Agostino
et al., 2011; Ru & Konig, 2012). Moreover, some factors including temperature, molar
ration, atomic structure of the components, the interaction forces including van der Waals
and electrostatic forces, and void volume also have a noteworthy influence on the
viscosity of DESs. Bien that, DES is considered as a designer solvent and this an
important advantage over other solvents in industrial applications. It was proven that the
amount of salt in DES composition has a direct impact on DES viscosity value. As the

salt amount increases the viscosity of DES increases which is caused by the ratio of the
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ion radius to the hole size within the liquid. Finally, the hole theory suggests that the
viscosity of ILs and DESs is controlled by the cation size of the salt. As the salt ratio
increase the viscosity of ChCl: glycerol DES decreased which can be ascribed to the three
OH groups in the glycerol molecular which have extensive hydrogen bonding. The
presence of the cation contributes into braking the hydrogen bond between the glycerol
molecules to form new weak hydrogen bonds with cation of the salt (AlOmar, Hayyan,

etal., 2016a).

2.3.2.4 Conductivity

The conductivity of a material is defined as its ability to conduct an electrical current.
In another word, conductivity can be considered as an indication of the presence of
chemicals dissolved in the solution (i.e. the higher the conductivity is, the more dissolved
ionic species are existing and moving freely within the solution). It is a very important
parameter for various range of industries including semiconductors, electroplating,
petroleum, iron and steel industries. Hence, most of DESs show low ionic conductivity
and high viscosity (Zhang, De Oliveira Vigier, et al., 2012b). The low conductivity values
of DESs can be ascribed to the mobility of pore ion which is caused by the large size of
ions, pairing or agglomeration which leads to the availability of a smaller size of charge

carriers. Table 2.6 shows the most known DESs recorded conductivities.

2.3.2.5 Surface tension

Surface tension phenomenon is measured as the necessary energy to increase the
liquid surface area by a unit of area. This phenomenon is resulted from the reduction in
the surface area of the liquid’s interface with other phases in contact with the liquid due
to the cohesive tension which is resulted from the intermolecular attractive forces in the
liquid. The proper prediction of surface tension value considerably influences a number

of reservoir engineering calculations in oil-gas systems, also influences the relative
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gas/liquid phase permeability and helps in estimation of capillary pressure of the oil in a
porous solid (Pedersen, Lund, & Fredenslund). Moreover, surface tension plays a major
role in the design of thermal systems and heat exchangers and it is considered a significant
parameter in design formulas for systems include mass and momentum transfer, such as
falling films and drops and bubbles formation (Bird, Stewart, & Lightfoot). The surface
tension-temperature trend usually fitted by Arrhenius like model. However, the effect of
temperature on the surface tension of ILs and DESs can be describe by a linear fitting
model (Abbott, Harris, et al., 2011a; Zhang, De Oliveira Vigier, et al., 2012b). Table 2.6

presents some DESs reported surface tension values.
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Table 2.6: physical properties of some reported DESs

DES Molar ratio Freezing p (cP) p (g cm?) S (mS/cm) 6 (mN/m) Ref.

(Salt:HBD)  (salt:HBD) point °C

ChCl:Urea 1:2 12 750 (25 °C) 1.25 0.199(40C) 52 (Abbott et al, 2007b;
D'Agostino et al., 2011)

ChCL:EG 1:2 -66 37 (25°C) 1.12 7.61 (20 °C) 4891 (Abbott, Harris, et al., 2011a;
Shahbaz, Baroutian, et al.,
2012b)

ChCIL:Gly 1:2 -34 350 (25 °C) 1.15 985 (25 °C) 57.93 (AlOmar, Hayyan, et al,
2016a)

ChCL:TEG 1:3 -19 110 (80 °C) 1.13 1.41 (25 °C) - (Hayyan, Aissaoui, et al,
2015)

ChCL:TFA 1:3 Liquid 77 (40 °C) 1.342 - 359 (Abbott, Capper, & Gray,
2006b)

ChCI:D-F 2:1 10 280.6 (40 °C) 1.25 - 74 (Hayyan et al., 2012b)

MTPB:Gly 1:3 -24.33 27759 (25°C) 1.29 0.054(25°C) 54.74 (AlOmar, Hayyan, et al,
2016a)

BTPC:Gly 1:16 -21.99 1353 (25 °C) 1.24 0.694 (75°C) 53.14 (AlOmar, Hayyan, et al,
2016a)

ATPB:Gly 1:14 -23 1029 (25 °C) 1.26 0.68 (75 °C) 41 (AlOmar, Hayyan, et al,
2016a)

DAC:Gly 1:2 -24 433.10(25°C) 1.17 3.4(75°C) 55.23 (AlOmar, Hayyan, et al,
2016a)

TBAB:Gly 1:4 -24 885.80 (25°C) 1.15 1.2 (75 °C) 36 (AlOmar, Hayyan, et al,

2016a)
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Table 2.6 (continued)

BTPC:Gly 1:5 50.36 553.7(55°C) - 0.162(55°C) - (Kareem et al., 2010a)

MTPB:EG 1:4 -49.34 109.8(25°C) 1.23 2.85(75°C) - (Kareem et al., 2010a)

BTPC:TEG 1:8 -19.49 116.7 (80 °C) 1.1 2.46 (80 °C) - (Hayyan, Aissaoui, et al,
2015)

ATPB:TEG 1:10 -19.52 84.6 (80 °C) 1.145 4.0 (80 °C) - (Hayyan, Aissaoui, et al,
2015)

TBAC:Gly 1:5 -42.78 1110 (25 °C) 1.143 2.2 (80 °C) 47 (Mjalli et al., 2014a)

TBAC:EG 1:3 -30.88 110 (25 °C) 1.03 6.0 (80 °C) 40 (Mjalli et al., 2014a)

TBAC:TEG  3:1 -12.69 - 0.99 0.25 (80 °C) 40 (Mjalli et al., 2014a)

TPAB:EG 1:4 -23.4 5525 °C) 1.138 11.0 (80 °C) 47 (Jibril et al., 2014)

TPAB:TEG 13 -19.2 120 (25 °C) 1.148 4.0 (80 °C) 46.2 (Jibril et al., 2014)

TPAB:Gly 1:3 -16.1 900 (25 °C) 1.21 2.5(80 °C) 53 (Jibril et al., 2014)




233 DES applications

Recently, research papers and patents have showed an excessive interest in DESs
synthesis and application which sheds the light of the substantial role of DESs as
promising economic solvents of the future. In this section, a brief review is presented to
highlight some of the main application of DESs.

Electrodeposition and electroplating application is the first domain that employed
DESs as new solvents (Abbott & McKenzie, 2006). Then, the progress of using DESs as
media for electroplating by different metals have gained a great concern and endless
efforts from many researchers worldwide (Smith, Abbott, & Ryder, 2014a). For Biodiesel
production and purification field, a new technique using DESs was introduced by Hayyan
et al. in 2010 by extracting glycerol from biodiesel (Hayyan et al., 2010a).

DESs showed a promising potential in the control and elimination of greenhouse gases
which are considered the main contributors to the global warming. It was found that the
capability of DESs to dissolve COz is similar to that of ILs (Zhang, De Oliveira Vigier,
et al., 2012b). Li et, al. (2008) examined the effects of different conditions such as
temperature, pressure, and molar ratio on the ability of [ChCl:urea] DES to dissolve CO2
(Li, Hou, et al., 2008a). Salas et, al. (2014) prepared two DESs-based hierarchical carbon
monoliths and studied the effect of DESs on the composition of the pore structure of
carbon which played a noteworthy part in the adsorption of CO». It was found that both
DESs based carbon exhibited superior adsorption capacity and selectivity toward CO»
(Lopez-Salas et al., 2014). In addition, a study was carried out by Yang et al. (2013) to
investigate the ability of [ChCl: Glycerol] DES to adsorb SO, with respect to temperature,
pressure and molar ratio (Yang, Hou, et al., 2013a). Not to mention that DESs can be
significantly used to improve the gas storage capacity through providing a unique route
by creating porosity and coordinative unsaturated metal centers (Ferey, 2008; Zhang, Wu,

et al., 2009).
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The enzymatic field has witnessed numerous emerging publications which focus on
the possibility of using DESs as new solvents in biotransformation. The first involvement
of DESs in biotransformation was reported by Gorke et, al. 2008, by which the catalytic
activity of hydrolases in DES was studied (Gorke, Srienc, & Kazlauskas, 2008). Later,
the reaction involving lipase-catalyzed processes have been broadly investigated (Singh,

Lobo, & Shankarling, 2011; Zhao, Baker, & Holmes, 2011).

234 DESs and Nanotechnology

The first attempt to apply ILs in nanotechnology filed was achieved by Deshmukh et
al. (2001), who used IL at room temperature as media to synthesize Pd-biscarbene
complexes and stabilized clusters of zero-valent Pd nanoparticles (Deshmukh, Rajagopal,
& Srinivasan, 2001). Later, different research papers and patents investigated the
prospects of applying ILs in different applications of nanotechnology area. It is well
knows that DESs are recently being used as simple and cost-effective replacement of ILs
(Cvjetko Bubalo et al., 2015), consequently they have been replacing ILs in
nanotechnology applications. However, the number of research publications involving
ILs in nanotechnology domain is much more than that of DESs. Figure 2.10 shows the
number of publications of both ILs and DESs in nanotechnology field. Moreover, this
section briefly reviews the current reported fields that involve DESs and nanotechnology.

Despite of their exquisite characteristics, nanomaterials have a well-known drawback
which is their tendency of agglomeration. Thus, it is crucial to provide a synthesizing
media that can ensure a good dispersion and can reduce or cope with the common
shortcomings of nanomaterials. DESs were firstly used as dispersants media for
nanomaterial synthesis just like some reported ILs. Oh and Lee (2014) prepared gold
nanoparticles using [ChCl: malonic acid] DES as a reaction media and structure directing

agents (Oh & Lee, 2014). Mota-Morales et al. (2013) synthesized macroporous poly
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(acrylic acid)—carbon nanotube composites by using [Acrylic Acid:ChCl] DESs as
synthesizing solvent and they stated that this method can be used to produce

nanocomposites for bio and environmental applications (Mota-Morales et al., 2013).

Figure 2.10: ILs and DESs in nanotechnology related publications (Abo Hamed
et al. 2015)

DESs were also used as epoxy resin curing agents as reported by Maka et al. (2014)
who have used [ChCl: Tris(hydroxymethyl)propane] DES to produce GNP/DES/ epoxy
resin. It was found that the use of DESs improved the electrical volume resistivity of

epoxy composites (Maka, Spychaj, & Kowalczyk, 2014).
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Another reported application of DESs is being utilized as exfoliation agent of
nanomaterials. Boulos et al. (2013) transformed the human hair into functional
nanoparticles by utilizing [ChCl:Urea] DESs as an exfoliation media. Figure 2.11
represents the SEM results which revealed the cuticle cells that was completely exfoliated

from the hair after the treatment of DES (Boulos et al., 2013).

Figure 2.11: images of immobilized microalgae cells on the surface of
hairmicrofibers without treatment with the IL composite (a) and (b); hair
microfiber after treatment with the IL composite, (c) and (d); hair microfibers
after IL composite and liquid N2 treatment, (e) and (f ). Note that individual C.
vulgaris cellshave a slightly variable size diameter between 2 to 4 pm.(Boulos et al.,
2013)

The role of DESs and nanomaterials was remarkable in electrochemistry field. Easier
and more expedient method was introduced for quercetin sensors by using CNTs
electrode and [ChCl:urea] DES as electrolyte (Zheng et al., 2014). Wei et al. (2012) used
DESs in electrochemically shaped control methods to synthesize the uniform Pt

nanoflowers which have a higher electro-catalytic activity and stability (Wei et al., 2012).
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A study was carried out by Chen et al. (2009) to encapsulate [ChCl:Zinc Chloride]
DES in SWCNT (Figure 2.12). SWCNTs were thermally treated to remove the ending
cups. Different methods was used to characterize the resulted product. The morphology
study revealed that the DES was encapsulated as single-chain, double-helix, and zigzag

tubes (Chen, Kobayashi, et al., 2009).
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Figure 2.12: DES encapsulated SWCNT (Chen, Kobayashi, et al., 2009)

Moreover, a new method to dissolve metal complexes and to enable thermochromism
was introduced by Gu and Tu (2011). Two types of ChCl based DESs i.e. [ChCl:U] DES
and [ChCl:EG] DES were involved in this method to dissolve several transition metal
chlorides. NiCl2-6H>O displayed a stable and prominent thermochromic behavior within
a wide temperature range started from room temperature to about 150 °C. It was claimed
that this method can develop high performance thermochromic materials for the simple
fabrications (Gu & Tu, 2011). Table 2.7 shows some of the reported applications of DESs
in nanotechnology related field.

Finally, DESs were used as a functionalization agent of graphene. The effect of various
types of DESs on the graphene surface was investigated. The result exposed that the
graphene-functionalized DES has a great potential to be employed in many applications
due to the new functional groups introduced to the surface of graphene after treatment

with DESs (Hayyan, Abo-Hamad, et al., 2015b).
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Table 2.7: Nanotechnology applications involving DESs

DES Molar Nano application Remark Ref.

salt HBD ratio

ChCl EG 1:2 SnO; room temperature Homogeneous precipitation of (GU et al., 2011)
nanocrystalline SnO; nanocrystalline

ChCl Urea 1:2 Spherical Fe3O4 Co-precipitation of Spherical Fe3Os magnetic (Chen et al., 2013)
magnetic nanoparticles using 2.164 g (8 mmol) of FeCl;.6H>O
nanoparticles and 1.194 g (6 mmol) of ground FeCl,.4H,O were

added to 15.585 g of DES, or adding 2.613 g (46.7
mmol) of KOH to the mixture

ChCl Urea 1:2 Used as a The dispersion of oxidized CNT was much highier (Martis et al., 2010)
dispersant of that that with the pristine CNT
Pristine
MWCNTs /
oxidized
MWCNTs

ChCl Urea 1:2 Production of The rule of DES was in the oxidation-reduction (Huang, Li, et al., 2012)
CuCl reaction. The reaction time was 1 h in the presence of
nanoparticles polyvinylpyrrolidone in the DES

ChCl Gallic acid:  1:0.25:0.2  Cold gold The rule of DES was Reduction of HAuCy (Shahidi et al., 2015)

5 nanoparticles
glycerol coated gum

Arabic
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Table 2.7 (continued)

ChCl EG 1:2 codeposition f The new composite showed excellent corrosion (Li, Hou, & Liang, 2016)
SiO2 nanoparticle  resistance compare to Ni coating alone
s in Ni matrix

ChCl FeCls 1:2 Fe3O4/Fe doped The DES play a significant rule as catalysts based on (Mondal et al., 2016)
graphene the complexation of ChCl-FeCl;
nanosheets

ChCl EG 1:2 magnetic This study demonstrates the use of (Fe;O4s—NH2@GO) (Xu, Wang, et al., 2016)
graphene  oxide coated with DES for protein extraction

ChCl Gly 1:1 (Fe304—
NH>@GO)

ChCl D-glucose  2:1 nanoparticles in
core-shape

ChCl D-sorbitol ~ 1:1 structure

solution

ChCl Urea 1:2 silver Synthesis of silver nanoparticles by laser ablation in (Oseguera-Galindo et al.,

nanoparticles DES. The rule of DES was controlling the formation 2016)
of uniform nanoparticles.

ChCl EG 1:2 DNA-N-doped The DES was used as a dissolution media of DNA. (Bhatt et al., 2016)
graphene hybrid  Also it was used as a dispersion media of Fe;04.

ChCl Urea 1:2 Copper—zinc—tin ~ The DES was used as green solvent, thiourea as sulfur (Karimi, Eshraghi, &
chalcogenide source and metal chloride reagents. Jahangir, 2016)
(CZTS)
nanoparticles

ChCl succinic 1:1 Ti0O2 The high conductivity and viscosity might be the main (Chen et al., 2015)

acid Nanobamboos reason for the self-organization of NBs
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Table 2.7 (continued)

ChCl EG 1:2 Nimatrix coatings The DES was used as electrolyte. The Ni—SiC (Li, Chu, & Liang, 2015)
micro or nano- composite coatings exhibits very good water
sized SiC particles resistance.
ChCl Urea 1:2 Nanoporous An in situelectrochemical process involving (Zhang, Abbott, & Yang,
copper films alloying/dealloying of Cu—Zn surface alloys from 2015)
DES containing ZnO at elevated temperatures from
3530393 K
ChCl gallic 1:0.25: Ultra-thin and The DES was used as directing and reduction agent.  (Tohidi, Mahyari, & Safavi,
acid/Gly 0.25 large gold Along with the Arabic gum which acted as stabilizer 2015)
nanosheets and shape-controlling agent




2.3.5 Summary

A detailed overview was displayed in this chapter covering the challenges caused by
the water pollution and all the risks raised from the discharge of different hazardous and
non-biodegradable organic pollutants. The presence of 2,4-DCP and MO was discussed
along with their threatening effect on human health and the environment. Furthermore,
some of the available techniques and recent attempts to remediate the polluted water from
both 2,4-DCP and MO were also reported in this section. This section also highlighted
the hurdles that limit the applications of nanomaterials and suppress the advantages of
their unrivaled merits; such hurdles include conditions of surrounding environment (e.g.,
humidity, temperature, acidity, etc.), particle agglomeration, and separation difficulties.
It has been shown that nanotechnology exhibits remarkable features for advanced, robust,
and multifunctional treatment processes that can enhance pollution monitoring, treatment
performance, as well as overcome all the mentioned barriers. Carbon nanotubes were one
of the discussed nanomaterials involving their historical background, their unique
characteristics as well as the significance of their functionalization techniques. Based on
all the information and all published treatment techniques, the experimental work in this
thesis was constructed, including functionalization process, characterization techniques,
and adsorption procedures.

Th final part of this chapter reviewed the history of DESs as well as their physical and
chemical properties. Moreover, the application of DESs in wide ranges of scientific fields
and their contribution in nanotechnology domain was comprehensively discussed. The
knowledge from this part was used as platform to design the experimental procedures
which were adopted for the synthesis of DESs and for the measurement of their physical
properties. Taking in mind the detailed survey displayed in this chapter, the use of DESs
as functionalization agents to be applied as adsorbents for organic pollutants was

proposed.
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CHAPTER 3: MATERIALS AND METHODS

3.1 Materials

3.1.1 Chemicals

All the chemicals and reagents used to carry out this research are listed in Table 3.1 along

with their corresponding suppliers, purity grade and applications. Figure 3.1 display the

chemical structures of the used salts, HBDs and organic pollutants. The Material Safety

Data sheet (MSDS) for each material used in this study was examined and understood.

Table 3.1: Chemical utilized in this research.

Material name Supplier Purity grade  Application in this research

Ethylene glycol Merck >98.0 % Used as HBD to prepare DES

Diethylene glycol Merck >98.0 % Used as HBD to prepare DES

Choline Chloride Sigma Aldrich >99.0 % Used as salt to prepare DES

N,N-diethylethanolammonium Used as salt to prepare DES

chloride Merck >98.0 %

Tetra-n-butylammonium Used as salt to prepare DES

bromide Merck >99.0 %

Methyltriphenylphosphonium Used as salt to prepare DES

bromide Merck >98.0 %

Benzyltriphenylphosphonium Used as salt to prepare DES

chloride Merck >98.0 %

Carbon nanotubes Sigma Aldrich >95.0% Used as adsorbent

2,4-dichlorphenol Merck Used as adsorbate

Methyl orange Sigma Aldrich Used as adsorbate

Sodium hydroxide Sigma Aldrich 98-99% Used to adjust solution pH

Hydrochloric acid Sigma Aldrich 36.5-38% Used to adjust solution pH

Potassium permanganate Sigma Aldrich Used to functionalize CNTs

Nitric acid Sigma Aldrich 65 % Used to functionalize CNTs

Sulfuric acid Sigma Aldrich 95-97% Used to functionalize CNTs

Methanol Analytical Used to determine 2,4-DCP
Merck reagent concentration using UPLC

Acetonitrile Analytical Used to determine 2,4-DCP
Merck reagent concentration using UPLC
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Figure 3.1: Molecular structure of some used chemicals in this research.
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3.1.2

3.1.2.1

1.

10.

3.1.2.2

10.

Equipment

DESs synthesizing and characterization
Hotplates from Fisher Scientific (SASTEC and WiseStire)
Digital balance (Mettler Toledo AG204)
Vacuum oven (memmert VO500)
External water circulator (Techne-Tempette TE-8A)
Spectrum 400-fourier transform infrared (FTIR) spectrometer.
Differential scanning calorimetry (DSC) (METTLER TOLEDO)

Density meter (DM 40) (METTLER TOLEDO)

. Brookfield R/S Rheometer

Automated tensiometer Kriis K10ST classification B with Du Noiiy ring method

Eutech Cyberscan Con 11 hand-held meter.

CNTs functionalization and characterization

. Digital balance (Mettler Toledo AG204)

Vacuum oven (memmert VO500)
Hotplates from Fisher Scientific (SASTEC and WiseStire)

Reflux system

. Ultrasonic bath from (JAC, Korea, model JAC 2010P)

Vacuum pump station of (model DAA-P601-LD, Germany)

membrane 0.45 pm in size (Sartorius stedim biotech GmbH 37070 Goettingen
Germany)

pH//Ion Benchtop meter (Mettler Toledo S220 SevenCompact).

Fourier transform infrared (FTIR) spectroscopy (PerkinElmer® FTIR
spectrometer)

Raman spectroscopy (Renishaw System 2000 Raman Spectrometer)
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11. Zetasizer (Malvern, UK)

12. Thermogravimetric analysis (TGA) (STA-6000, PerkinElmer®)

13. FieldEmission Scanning Electron Microscope (SEM) (JEOL Ltd., Japan. JSM-
6700F)

14. Brunauer-Emmett-Teller (BET) surface area (micromeritics, TriStar II 3020,
USA)

15. Transmittance Electron Microscopy (TEM) (LEO-Libra 120)

3.1.2.3 Adsorption experiments and water analysis
1. Digital balance (Mettler Toledo AG204)
2. Orbital laboratory shaker.
3. Refrigerator (TOCHIBA GR-R72MD)
4.  ultra-high-performance chromatography (Waters ACQUITY UPLC System)

5. UV/vis spectrophotometer (PerkinElmer-Lambda 35)

3.2 Methods

Figure 3.2 demonstrates the experimental steps followed to achieve the objectives of

this research. More details of each step are additionally explained in this section.
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Figure 3.2: The experimental steps of this research.

3.2.1 Synthesis of DESs and measurements of their physical properties
3.2.1.1 DES Preparation

All the chemicals used to prepare DESs were dried in a vacuum oven for 3 hours before
conducting any experiments to prevent the effect of moisture content on the physical
properties measurements. Two DESs systems were prepared by using two HBDs (i.e.,
EG and DEG), and five different salts (i.e., ChCl, TBAB, BTPC, MTPB and DAC). Each
salt was mixed with one of the HBDs at 180 rpm and 343.15 K for 120 min using
magnetic stirring. The synthesis of DESs was carried out under atmospheric pressure and

in a high moisture-controlled environment.

3.2.1.2 DES screening
A primary screening was conducted to determine the optimum DES composition ratio,
at which DES is homogeneous and stable. As can be noticed from Figure 3.3 different

molar ratios in the range of 1:1-1:10 were prepared for each salt and HBD combination.

100 DESs was prepared based on [ChCL:EG], [DAC:EG], [BTPC:EG], [MTPB:EG],
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[TBAB:EG], [ChCI:DEG], [DAC:DEG], [BTPC:DEG], [MTPB:DEG], and
[TBAB:DEG]. During and after the preparation of DESs, various kinds of phases were
evident, such as solid, semi-solid, crystal, and liquid (Figure 3.3). The selected optimum
molar ratio for each DES composition was the first molar ratio at which DES mixture was
stable and homogeneous without any precipitate after several weeks of observation.

Eventually, ten DESs were chosen for further characterization and application purposes.

3.2.1.3 DESs characterizations

The functional groups and freezing points of the ten selected DESs were measured
using spectrum 400 FT-IR spectrometer and differential scanning calorimetry (DSC)
METTLER TOLEDO respectively. A density meter (DM 40) METTLER TOLEDO, a
Brookfield R/S Rheometer and an automated tensiometer Kriis K10ST classification B
with Du Notly ring method were utilized to determine densities, viscosities and surface
tensions correspondingly. The conductivity of selected DESs was measured using Eutech
Cyberscan Con 11 hand-held meter and the variation in the temperature range was
controlled using an external water circulator (Techne-Tempette TE-8A). The standard
uncertainties in measurements of each studied physical property are listed in Table 3.2.

Table 3.2: Standard uncertainties in measurements.

Measurements Estimated uncertainties
Density (g.cm™) +0.0001
Viscosity (cP) (3-5) %
Surface tension (mN m™!) +0.1
Conductivity (us/cm) +18
Freezing point (K) +0.01
pH +0.002
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Figure 3.3: Resulted phases from the primary screening of DESs.




3.2.2 Functionalization of CNTs
Figure 3.4 summarizes all the procedures that are used to functionalize CNTs. Table
3.3 contains all functionalized CNTs along with their perspective abbreviations and

functionalization method.

Table 3.3: Abbreviations and modification method of examined adsorbents.

No  Adsorbent abbreviation Modification method
1 P-CNTs Pristine
2 S-CNTs Acidification with H>SO4
3 K-CNTs Oxidation with KMnOg4
4 PChCI-CNTs Pristine + sonication with [ChCL:EG]
5 Pn,n-CNTs Pristine + sonication with [DAC:EG]
6 PTBAB-CNTs Pristine + sonication with [TBAB:EG]
7 PBTPC-CNTs Pristine + sonication with [BTPC:EG]
8 PMTPB-CNTs Pristine + sonication with [MTPB:EG]
9 SChCI-CNTs Acidification with H>SOj4 + sonication with [ChCl:EG]
10 Sn,n-CNTs Acidification with H>SOj4 + sonication with [DAC:EG]
11 STBAB-CNTs Acidification with H2SO4 + sonication with [TBAB:EG]
12 SBTPC-CNTs Acidification with H2SO4 + sonication with [BTPC:EG]
13 SMTPB-CNTs Acidification with H2SOj4 + sonication with [MTPB:EG]
14 KChCI-CNTs Oxidation with KMnQOj4 + sonication with [ChCL:EG]
15 Kn,n-CNTs Oxidation with KMnQOj4 + sonication with [DAC:EG]
16 KTBAB-CNTs Oxidation with KMnOj4 + sonication with [TBAB:EG]
17 KBTPC-CNTs Oxidation with KMnQj4 + sonication with [BTPC:EG]
18 KMTPB-CNTs Oxidation with KMnQOj + sonication with [MTPB:EG]
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Figure 3.4: CNTs-functionalization methods

3.2.2.1 Acidification with sulfuric acids (H2S04)

An amount of 500 mg of Pristine CNTs (P-CNTs) were dried overnight at 100 °C.
Then the dried P-CNTs were refluxed with 50% H2SO4 for 1 h at 140 °C using reflux
reaction apparatus to prepare S-CNTs. The mixture was then filtered using vacuum
filtration system and washed with distilled water several times. The process repeated until
the pH of the filtrate water became neutral. The filtered solid S-CNTs was dried and
stored for further functionalization, adsorption and characterizations.
3.2.2.2 Oxidation with Potassium Permanganate (KMnQ4)

An amount of 200 mg of P-CNTs were dried overnight at 100 °C. The dried P-CNTs
sample was then place in a glass vial (10 ml) containing 7 ml of KMnO4 (1M) solution.
An ultrasonic bath was used to sonicate the mixture of P-CNTs and KMnOy for 2 h at 60
°C to prepare K-CNTs. A vacuum filtration system was used to filter and wash the
mixture with distilled water until the pH of the filtrate became 7. The filtered solid K-

CNTs was dried and stored for further functionalization, adsorption and characterizations.
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3.2.23 Functionalization with DES

Five DESs (EG based DESs) were used to functionalize three samples of CNTs (i.e.
P-CNTs, S-CNTs and K-CNTs). A amount of 200 mg of each sample was sonicated
separately with 7 ml of each selected DES in a glass vial for 3 h at 60 °C. The mixture
was then filtered and washed using vacuum filtration system and dried under vacuum for

24 h at 60 °C. All produced DES-functionalized CNTs are listed in Table 3.3.

3.2.2.4 Characterization

Fourier transform infrared (FTIR) spectroscopy PerkinElmer® FTIR spectrometer
was used to study the surface modification and the functional groups of CNTs after and
before the functionalization process. Raman shift for all samples was obtained by Raman
spectroscopy (Renishaw System 2000 Raman Spectrometer). The surface charge was
evaluated by the zeta potential using Zetasizer (Malvern, UK). The thermal stability of
all adsorbents was analyzed using thermogravimetric analysis (TGA) and differential
thermogravimetry (DTG) by Thermal Analyzer (STA-6000, PerkinElmer®).
FieldEmission Scanning Electron Microscope (JEOL Ltd., Japan. JISM-6700F) was used
to obtain high resolution images to observe the morphology of all concerned adsorbents.
The surface area for all examined samples was estimated using a fully Automated Gas
Sorption System (micromeritics, TriStar I1 3020, USA) based on the method of Brunauer-

Emmett-Teller (BET).

3.23 Batch adsorption studies

Two organic pollutants namely, 2,4-dichlorophenol (2,4-DCP) and methyl orange
(MO) were selected as samples to investigate the effectiveness of DES-CNTs
combination as novel adsorbent. The adsorption processes for each pollutant went

through four studies: screening, optimization, kinetic and isotherm studies. The
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concentration of 2,4-DCP was determined using ultra high-performance chromatography
(Waters ACQUITY UPLC System) at wavenumber of 285 nm (60 ACN: 40 MeOH). On
the other hand, the concentration of MO was analyzed using a UV-visible

spectrophotometer (Shimadzu UV-160A) at maximum wavelengths of 464 nm.

3.2.3.1 Screening of adsorbents for 2,4 DCP and MO

The primary adsorption screening was carried out to select the adsorbent with the
highest removal efficiency for 2,4-DCP removal. A fixed dosage of each adsorbent (10
mg) was shaken at room temperature into 50 ml of 2, 4-DCP stock solution of 10 mg/L
and into 50 ml of MO stock solution of 40 mg/L. The screening experiments for both
pollutants were performed using a mechanical shaker at pH value of 6.5, contact time of
30 min and at a constant agitation speed of 180 rpm. Further characterization and studies

were investigated for the adsorbents with the highest removal efficiency.

3.2.3.2 Optimization studies

Design expert software (version 7.0) was used to optimize the significant adsorption
parameter for each adsorbent individually. The response surface was set as a type of study
and the central composite design (CCD) was adopted to conduct the adsorption
experiment. The optimum conditions for 2,4-DCP and MO adsorption was determined
by setting removal efficiency (%) as responding model and by setting a range of three
different parameters including, pH (2-10), dose (5-15 mg), and contact time (20-60 min).

List of design of experiments runs is presented in Table 3.4.
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Table 3.4: List of design of experiments runs and the actual values obtained from
each response for all adsorbents

Factors
Run
A B C

1 2 5 20
2 6 15 40
3 2 5 60
4 10 5 20
5 10 10 40
6 10 15 20
7 2 15 60
8 6 10 40
9 10 15 60
10 6 10 60
11 6 10 20
12 10 5 60
13 2 15 20

A: pH, B: adsorbent dosage (mg) and C: contact time (min).

3.2.3.3 Adsorption Kinetics

The adsorption kinetics experiment was conducted by employing the optimum
conditions of each adsorbent suggested by design expert software. The initial
concentration for 2,4-DCP and MO was 10 mg/L and 40 mg/L, respectively. The contact
times used to define the most applicable kinetic model were (5 min, 10 min, 20 min, 30
min, 60 min, 120 min, 180 min and 24 h). Pseudo first order, pseudo second order and
intraparticle diffusion models were applied on the experimental data.
(a) Pseudo-first order

The kinetic process of the liquid/ solid adsorption system can be described by pseudo-
first order equation which is developed by Lagergren in 1899. This equation is considered
the primal model to describe the adsorption rate based on the adsorption capacity. The

linearized form of Langergren equation can be presented as follow:

In(q. — q:) =Inq, — kqt (3.1
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where q, and g, (mg g!) are the amounts of the adsorbed solid at equilibrium and at
time ¢ (min), respectively, and k; is the adsorption rate constant (min!). The values of g,
and k; can be respectively acquired from the intercept and the slope of plots of
In(q, — q;) versus ¢ (Figure 3.5). It is worth mentioning that this equation does not fit in
most cases with all range of contact time, but it is generally applicable for short initial

period of reaction.

Figure 3.5: First-order kinetic model linear representation.

(b) Pseudo second order

In 1995, Ho and Mckay suggested a pseudo-second order equation based on the
amount of adsorbate adsorbed onto the adsorbent. The main assumption of this equation
is that the adsorption process may be a second order process and the chemical adsorption
can be the rate limiting step. It is well known that the chemical adsorption is usually
involves the participation of valent forces in the adsorption process through sharing or
the exchange of the electrons between the adsorbent and the adsorbate. The nonlinear

form of pseudo-second order kinetic model is expressed as follow:
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d
1= ky(qe — qr)? (32)

where g, (mg g'!) is the amount of the adsorbed solid at equilibrium and k, (g mg™
min) is the rate constant of the second order adsorption. After integration of Eq (3.2),
the linearized form of the pseudo-second order chemisorption kinetics rate equation can

be obtained as follow:

t 1 t
— = + — (3.2a
ar k205 de )

The constants can be determined by plotting t/qt versus t (Figure 3.6), where the values

of k, and q, were obtained from the slope and the intercept of the plot, respectively.

ke, q2

Figure 3.6: second-order kinetic model linear representation

(c) Intraparticle diffusion
The involvement of the intraparticle diffusion (ID) in the adsorption mechanism can
be tested by applying the Weber and Morris equation (2008) which proposes that in many

t0'5

adsorption cases, the adsorbate uptake change almost proportionally with t°- rather than

with contact time t:
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qr = K,t°5 + C (3.3)

where q; is the amount of pollutant adsorbed onto the adsorbents (mg g!) at time t
(min), Kqis the initial rate coefficient of intraparticle diffusion (g mg™ min®®) and C
represents the initial value of q; at time t=0. Both Kqand C can be obtained from the slope
and the intercept of the plot of q; versus t*° (Figure 3.7).

According to Eq.(3.3), Intraparticle diffusion is the rate limiting step if the plot of q:

t% is a straight line. Moreover, for Weber and Morris model, intraparticle diffusion

versus
is the sole rate limiting step if the plot of q; versus t* passes through the origin. However,
in many adsorption cases the slope is not equal to zero which may be resulted from the

simultaneous control of film diffusion and intraparticle diffusion on the adsorption

kinetics (Qiu et al., 2009).

Figure 3.7: Intraparticle diffusion kinetic model.
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3.2.3.4 Adsorption isotherms

Various initial concentration used for these experiments (5, 10, 20, 30, 40, 50, 60 and
80 mg/L) to achieve equilibrium conditions and the equilibrium concentration was
recorded accordingly. The isotherm study covered the applicability of three isotherm
models (e.g. Langmuir, Freundlich and Temkin isotherm models). The correlation
coefficient (R?) was calculated to determine the most appropriate isotherm model to

describe the adsorption process.

(a) Langmuir isotherm

The main assumption of Langmuir isotherm model is that a monolayer adsorption
takes place at homogeneous sites onto adsorbent surface and when the molecule of
adsorbate fills the site, saturation occurs and no further adsorption takes place at that site
(Langmuir, 1918; Weber & Chakravorti, 1974). In addition, this model suggests that all
the adsorption sites have equal adsorbate affinity and the that adsorption at one site does
not influence adsorption at an adjacent site, the well-known linearized form of Langmuir

equation is given as:

Z=—y(=)e, (3.4)

de KLqm dm

where, c, (mg L) is the equilibrium concentration of adsorbate, g, (mg g!) is the
amount of adsorbate adsorbed per unit mass of the adsorbent. K; and q,, are Langmuir
constants related to adsorption equilibrium constant and maximum adsorption capacity,
respectively. When Ce/qe is plotted against Ce (Figure 3.8), the values of K; and g, can
be evaluated correspondingly from the intercept and the slope of the linear line.

The value of the dimensionless constant equilibrium parameter (Ri) can be used to

indicate the essential feature and the type of Langmuir isotherm: unfavorable (Rp > 1),
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linear (R = 1), favorable (0 <Ry < 1) or irreversible (Rr. = 0). The following equation is

used to calculate Ry value:

1
1+K.C;

L (3.5)

Figure 3.8: Langmuir adsorption isotherm model

(b) Freundlich isotherm

Freundlich isotherm can be employed to describe heterogeneous systems by which the
adsorption occurs onto surfaces supporting binding sites of diverse affinities (Freundlich,
1906). It is suggested that the adsorbate primarily occupies the stronger binding sites, and
as the degree of site occupation increases the binding strength decreases (Tan, Ahmad, &
Hameed, 2009). The Freundlich model is not limited to the formation of monolayers and
it describes reversible adsorption process (Smith et al., 2016). The linearized Freundlich

equation is expressed as below:

Ing, =InKp + %ln C, (3.6)
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where, Krand n are Freundlich isotherm constant and can be attained from the intercept
and the slope of the linear line of the In ge versus In Ce plot (Figure 3.9). The distribution
coefficient Ky, represents the amount of adsorbate adsorbed onto adsorbent for a unit of
equilibrium concentration (Haghseresht & Lu, 1998). While the heterogeneity factor 1/n
defines the heterogeneity of the adsorbent surface (Hameed, Ahmad, & Aziz, 2007), and
as its value gets closer to zero, the possibility of the adsorbent surface to become more

heterogeneous increases (Haghseresht & Lu, 1998).

Figure 3.9: Freundlich adsorption kinetic model.

(c) Temkin

The main theory of Temkin isotherm model considers the attraction between the
adsorbent and adsorbate as the main reason that causes the heat of adsorption of all
molecules in layer to decrease linearly rather than logarithmic with coverage (Dada et al.,
2012). Also, the Temkin isotherm assumes that the adsorption is identified by a uniform
distribution of the binding energies (up to some maximum binding energies) (Foo &
Hameed, 2010). The Temkin model has generally been applied in the following linear

form:
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qe = Bilnk, + B;InC, (3.7

Where B (dimensionless) = RT/b, b is the Temkin constant related to the heat of
adsorption (J mol 1), R the gas constant (8.314 J mol ! K1), T the absolute temperature
in kelvin (room temperature = 298.15 K), and k; is the Temkin isotherm equilibrium
binding constant (L mg ). If the adsorption obeys Temkin equation, its constants can be

calculated from the slope and the intercept of the plot qe versus In C. (Figure 3.10)

Figure 3.10: Temkin adsorption kinetic model.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 DES preparation and characterization
4.1.1 Physical properties of system (1): EG based DESs

This system includes five DESs with EG as HBD and they are listed in Table 4.1 along
with their abbreviations and calculated molecular weight.
4.1.1.1 Freezing point

As demonstrated by their definition, DESs have a freezing point lower than that of
either their constituents (salt and the HDB) (Hayyan et al., 2010b) , and that was evident
for the five DESs systems under consideration. The freezing points of the studied DESs
are listed in Table 4.1, and as can be observed all the values are lower than that of EG
(260.25 K), and lower than that of the five used salts (BTPC (610.15 K), MTPB (506.15
K), ChCl (578.15 K), TBAB (376.15 K), DAC (409.15 K)). The noteworthy depression
of the freezing points is originated from the interaction between the anion of the salt and
the HBD and it is affected by the type of interaction, the changes of entropy
accompanying the liquid phase formation, and DESs lattice energies (Zhang, De Oliveira
Vigier, et al., 2012b). The five studied DESs have promising potentials to be employed
in separation and reaction applications due to their low recorded freezing points.

Table 4.1: Composition and abbreviations for the studied DESs.

Salt HBD Molar Abbreviation Freezing point

ratio (T+/K)
MTPB [1:3] [MTPB:EG] 248.65
ChCl [1:2] [ChCLEG] 236.89
DAC EG [1:3] [DAC:EG] 248.96
BTPC [1:11] [BTPC:EG] 248.43
TBAB [1:2] [TBAB:EG] 248.22

41.1.2 FTIR

FTIR is a fingerprint analysis to identify the structure of unknown compounds as well

as the amount of the components in a mixture. Figure 4.1, shows the spectral peaks of the
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five DESs and it is noticeable that the spectrums of all the DESs are similar due to that
the same HBD was used to synthesize all DES systems, which was asserted by the
existence of O-H stretching bond between 3500-3200 cm™! (Coates, 2000a; Stuart, 2004).
The DESs spectra also show the peaks of alkanes stretching bands (C-H) of CH», CH3 at
3200-2800 cm™! and saturated ester stretching bands (O-C-C) at (1100-1030 cm ™)
(Smith, 1998). The effect of ammonium salts and phosphonium salts components on the
structure of the examined DESs can be marked by the presence of N-H and P-H stretch,
respectively, which may interlock with other fundamental stretching bands (O-H and C-
H) of peaks at 30001700 cm ™! (Stuart, 2004; Weyer & Lo, 2006). In addition, peaks at
800-600 cm ! are another proof of salts contribution to DESs structure, and these peaks
represent the existence of halide ions (Br and CI) (Coates, 2000a; Stuart, 2004). It is worth
mention, that conducting the functional group analysis for DESs is a significant step to

understand their structure to predict their applicability in a wide range of processes.
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Figure 4.1: FTIR spectrums of EG-based DESs.

4.1.1.3 Density

Density is a substantial physical property to identify the nature of elements in
environment and various industrial applications. The densities of the fives studied DESs
were determined as functions of temperature. Figure 4.2 illustrates the temperature
impacts on the densities of the synthesized DESs. As can be noticed, the highest density
is that of [MTPB: EG] with a maximum density of 1.25 g.cm > at room temperature and
a minimum density of 1.21 g.cm™ at 353.15 K. The density of [ChCI:EG] was in the

middle range as the maximum density was 1.12 g.cm™

at room temperature and the
minimum of 1.09 g.cm > at 353.15 K. The DES of [TBAB:EG] attained the lowest density
with a maximum of 1.07 g.cm > at 293.15 K and a minimum of 1.03 g.cm ™ at the high
temperature of 353.15 K . The recorded density of [ChCl: EG] at 293.15 K was obviously

lower than that reported of DES synthesized from ChCl and malonic acid at molar ratio

of 1:1 (1.37 g.em™> at 293.15 K) (Bahadori et al., 2013a). The density value of
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[TBAB:EG] at 293.15 K was approximately similar to that of 1-butylimidazolium L-
lactate (1.06 g.cm™ at 293.15 K) (Pernak, Goc, & Mirska, 2004). For the full range of
temperature, the densities of MTPB, BTPC and ChCl based DESs were higher than that
of their HBD (EG); whereas the densities of DAC and TBAB based DES were lower than
that of EG. Moreover, the densities of the studied DESs were highly affected by the
volume of the molecular structure of both salts and HBD.

The density values of all studied DESs were decreased with increasing of temperature
due to the additional thermal energy that earned by the molecules of DES and resulted in
their vigorous mobility and lesser density. The relationship between the density and the
temperature was extremely linear with a value of R? higher than 0.998 for all examined
DESs. The following linear equation was fitted to the density-temperature relationship:
p =a+bT (4.1)

where p is the density, T is temperature in centigrade, and a and b are constants (curve
fit parameters, a: the intercept and b: the slope of the line), and their values are presented
in Table 4.2.

Table 4.2: Density- temperature model parameters.

DES a b R?
[MTPB:EG] 1.45 -7x10 4 0.99
[ChCLEG] 1.27 -5%x104 0.99
[DAC:EG] 1.28 -6x 104 0.99
[BTPC:EG] 1.34 -7x10 0.99
[TBAB:EG] 1.25 -6x10 4 0.99
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Figure 4.2: Densities for EG based DESs as a function of temperature.

4.1.1.4 Viscosity and conductivity

Conducting the viscosity analysis is of a significant concern to describe the fluidity of
a solvent and its resistance to flowing. Furthermore, it is important to study the
temperature effect on the viscosity of DESs to assess their applicability and predict the
energy required for their processing.

Figure 4.3 depicts the viscosities of the five synthesized DESs as functions of
temperature. It is obvious that all DESs viscosity values are much higher than that of EG,
and they are obeying the following sequence: [TBAB:EG] > [MTPB:EG] > [BTPC:EG]
> [ChCL:EG] > [DAC:EG]. At room temperature, the recorded viscosities of the
considered DESs were similar to the reported viscosities of some of ILs; for example, the

viscosity of [BTPC:EG] is same as that of 1,1-diallylpyrrolidinium
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bis(trifluoromethanesulfonyl)imide (i.e. 57 cP at 293.15 K)(Yim et al.,, 2007);
[TBAB:EG] and [MTPB:EG] viscosities data are almost similar to that of N-
methoxyethyl-N-methyloxazolidinium (nonafluoro-n-butyl)trifluoroborate (i.e. 177 cP at
293.15 K )(Zhou, Matsumoto, & Tatsumi, 2006). In addition, the viscosities of
[DAC:EG] and [ChClL:EG] were very low in comparison to DES prepared from DAC and
malonic acid at ratio of (1:1) (541.1 cP at 298.15 K ) (Bahadori et al., 2013a) and DES
prepared from ChCl and urea at ratio of (1:2) (750 cP at 298 K )(Abbott, Harris, et al.,
2011b), respectively. At 298 K, all DESs showed viscosity value extremely lower than
that reported for [MTPB:Glycerol] (2775.9 cP) and then that of [ChCl:glycerol] (AlOmar,
Hayyan, et al., 2016a). Based on this, it can be assumed that all concerned EG based
DESs exhibit low viscosity in comparison to previously reported DESs.

It is well known that the viscosity of solvent is related to the free volume and the
possibility of finding holes of proper dimensions which enable the movement of solvent
molecules or ions (Klossek, Touraud, & Kunz, 2013; Schoettl et al., 2014). As a result,
the viscosity value of DES is highly dependent on the nature of its components (the salt
and HBD) (Zhang, De Oliveira Vigier, et al., 2012b), as well as on the size of DES cations
and anions.

Temperature is considered one of the important factors that directly influence the
viscosity behavior. Figure 4.3 shows that the viscosity is exponentially decreasing with
the increase of temperature and this is similar to the trend of viscosity-temperature profile
of some reported ILs (Ghatee et al., 2010). The temperature effects can be explained by
the hole theory, which governs the mobility of species into the mixture (Abbott, 2004),
when heating the DES mixture, the further energy added resulting in speeding up and
spreading out the molecules (Hayyan et al., 2012a) leading to availability of large holes

that permit the effortless movement of molecules passing each other and accordingly
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decreasing the viscosity. The viscosity-temperature trend can be expressed by the

following Arrhenius model (Giap, 2010a):

Ep
u = U e[ﬁ

4.2)

where u is the viscosity, p. is a preexponential factor, E, is the viscosity activation

energy, R is the gas constant and T is temperature in centigrade. The values of Regression

(R?) are listed in Table 4.3.

Table 4.3: Viscosity- temperature model parameters.

DES e (Ep RY) R?
[MTPB:EG] 3x10°4 3947.45 0.99
[ChCL:EG] 25%1073 2178.87 0.96
[DAC:EG] 25%1072 2144.94 0.98
[BTPC:EG] 3%x1073 2906.31 0.99
[TBAB:EG] 7x1074 3663.59 0.97
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Figure 4.3: Viscosities for EG based DESs as a function of temperature.

On the other hand, the conductivity (S) measured values in Figure 4.4 show that the
highly viscous DESs have the lower conductivity values which is proving the fact that
the variation of conductivity values is inversely proportional to that of viscosity, for the
simple reason that the motion level of the ionic species is governed by the consistency of
the solvent. Moreover, high weight ratio of the salt in DESs structure contributes to higher
conductivity and that can be noticed in Table 4.4, for example, [ChCl:EG] shows at room
temperature, a higher conductivity (with a value of 7160 (us/cm)) compared to
[DAC:EG] (with conductivity value of 5270 (us/cm)) due to the high salt ratio in its
structure. However, [TBAB: EG] has the highest salt ratio amongst the five studied DESs,
yet it attained the lowest conductivity value of 635 (us/cm) at 293.15 K, due to its

extremely high viscosity that restricts the transmission of the electrical currents.
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The behavior of the conductivity at respect temperatures for the studied DESs was
similar to that of viscosity but in the opposite direction, and it was fitted by the following

Arrhenius equation (Vila et al., 2006a):

_ES

5 =5 el (43)
where S is the conductivity in (us/cm), So is pre-exponential factor, E; is the activation
energy of electrical conduction, R is the gas constant, and T is the temperature in K.

Regression coefficient values for all five DESs are scheduled in Table 4.5.

Table 4.4: Salt ratio effect on DES conductivity.

DES Salt ratio (g) S (us/cm)
[MTPB:EG] 65.73457 1133
[BTPC:EG] 36.28737 1399

[ChCL:EG] 52.9352 7160
[DAC:EG] 45.20979 5270
[TBAB:EG] 72.19759 635

Table 4.5: Conductivity- temperature model parameters.

DES S- (EsR™) R?
[MTPB:EG] 2%10° 2176 0.99
[BTPC:EG] 2%10° 2038 0.96
[ChCL:EG] 1x10° -1464 0.98

[DAC:EG] 4x10° -1265 0.99
[TBAB:EG] 1x107 2831 0.98

107



20000

e [DAC:EG] ’

16000 1 v [TBAB:EG]
G ®m [BTPC:EG]
é 12000 - B EG
P 10000 -
>
S 8000 1
=
T 6000 -
S

4000 A .

2000 A

O _
300 320 340 360
T/K

Figure 4.4: Conductivities for EG based DESs as a function of temperature.

4.1.1.5 Surface Tension

Determination of surface tension, can tremendously give an interpretation and
understanding of the intermolecular forces intensity between the molecules in the mixture
(Shahbaz, Mjalli, et al., 2012). It is a very essential physical factor to be encountered in
different types of industrial and chemical applications and most commonly those that
depend on their systems wettability (Karbowiak, Debeaufort, & Voilley, 2006).

At room temperature, the surface tension for the whole examined DESs, were higher
than that of tetrabutylammonium chloride and EG based DES system (Mjalli et al.,
2014a), with values of 58.74, 74.55, 53.31, 73.59, 66.93 mN m' for [ChCL:EG],
[DAC:EG], [TBAB:EG], [MTPB:EG], [BTPC:EG] respectively. Some of the studied
DESs have the same surface tension of ILs but at different temperature, for example, at
(323.15 K) the surface tension value of [MTPB:EG] is similar to that of 1-amyl-3-
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methylimidazolium tetrachloroaluminate at 288.15 K (with a value of 43.1 mN m')
(Tong et al., 2006), while at 343.15 K its surface tension is the same as that of 1-butyl-
3-methylimidazolium bis trifluoromethylsulfonylimide at 298.15 K ( a value of 37.5 mN
m™ ") (Huddleston et al., 2001).

The variation of surface tension of the five studied DESs with the temperature is
presented in Figure 4.5 The surface tension of DESs depended on the composition and
thermal activity of DES mixture and this was obvious when the increase in temperature
reduced the cohesive forces of surface tension, due to the increasing of the kinetic energy
of the DESs molecules. Additionally, the decline in surface tension for [ChCl:EG] against
temperature followed a trend of a lower slope in comparison with the other studies DESs
and that can be ascribed to effect of choline chloride salt in thermally stabilizing the DES
mixture. The trend of surface tension was linearly fitted according to the following
relationship:
oc=a+bT (4.4)

where o is the surface tension, T is the temperature, and a and b are constants (curve
fit parameters, a: the intercept and b: the slope of the line), and their values are shown in

Table 4.6.

Table 4.6: Surface tension- temperature model parameters.

DES a b R?
[MTPB:EG] 252.09 -0.6216 0.95
[ChCL:EG] 158.75 -0.3508 0.95
[DAC:EG] 290.89 -0.7255 0.94
[BTPC:EG] 265.05 -0.6702 0.96
[TBAB:EG] 228.71 -0.5951 0.97
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Figure 4.5: Surface tension of EG based DESs as function of temperature.

4.1.2 Physical properties of system (2): DEG based DESs
This system involves five DESs with DEG as HBD and they are listed in Table 4.7

along with their abbreviations and calculated molecular weight.
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Table 4.7: Composition and abbreviations for the studied DESs

Salt Salt HBD HBD DES DES Freezing point.?
Molar Molar Abbreviation molecular (T+/K)
ratio ratio weight

ChCl 1 2 [ChCL:DEG] 117.288 260.52

DAC 1 3 [DAC:DEG] 118.002 262.39

TBAB 1 DEG 2 [TBAB:DEG] 178.202 247.92

BTPC 1 7 [BTPC:DEG] 141.463 248.52

MTPB 1 4 [MTPB:DEG] 156.340 248.39

2 Freezing point value represents the average point between the first crystal appearance and the last liquid
drop disappearance. All freezing point data are reported at pressure of 0.1 MPa

4.1.2.1 Freezing point

The selected series of DESs are in liquid form under room-temperature conditions,
which facilitate their exploitations in different industrial applications. The freezing point
of DES can be partially measured by the melting points of the pure components parts,
and it is dependent on the entropy changes, lattice energy and on the way of interaction
between cation and anion components (Liu, Chen, & Xing, 2014). The melting points of
the salts used in this study, i.e., BTPC, MTPB, ChCl, DAC, and TBAB, are 603.15,
507.15,575.15,409.15, and 376.15 K, while the freezing point of DEG is 264.15 k. Table
4.7 displays the freezing points of the five studied DESs. All the values are in agree with
the general definition of DES that characterize the DES mixture with a lower freezing
point than that of its individual constituents. As can be concluded from the data, the
freezing points range between 247.92- 262.39 K, with the highest freezing point for
[DAC: DEG] while the lowest freezing point for [ TBAB:DEG]. All the recorded freezing
points were below 323.15 K, and as reported by Zhang (Zhang, De Oliveira Vigier, et al.,
2012a), DESs with freezing points lower than 323.15 K are more attractive to be

employed as cheap and safe ambient temperature solvents in many different fields.
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4.1.22 FTIR

The result of FTIR analysis is shown in Figure 4.6 indicates that the pure constituents
of DESs (salt-HBD) have obvious effects on the structure of the DESs. The effect of DEG
as HBD can be noticed in all DESs spectrums at peaks between 3500-3200 cm ',
representing the O—H stretching bond (Coates, 2000b; Smith, 1998; Stuart, 2004).
Moreover, due to the utilization of DEG as HBD in the current DESs synthesizing
process, the spectral peaks of the examined DES systems are virtually alike. On the other
hand, the effect of salts can be inferred from the existence of the P-H bonds in the
structure of phosphonium based DESs, which could be overlapped with C—H bands at the
region between 3000-2800 cm™! (Smith, 1998; Stuart, 2004). In addition, the effect of
salts on ammonium based DESs assimilated in the presence of ammonium structures
between 3200-2400 cm ™!, mainly N-H stretch at 2870 cm' (Luo, Conrad, &
Vankelecom, 2012; Roeges, 1994; Smith, 1998). For all examined DESs, the intense
absorption bands at (800-700 cm™!) and (700-600 cm™') were assigned to aliphatic
organohalogen compounds with stretching bonds (C—Cl) and (C-Br) respectively
(Coates, 2000b). Furthermore, the strong bonds ranging from (1200-1050 cm ™), (1600-
1800 cm ™), and (1400-1340 cm ') are assigned to C—O, C=0 and N-O correspondingly.
The stretch PO4 3 at (1100-1000 cm™!) (Coates, 2000b; Smith, 1998) was strong and
broad in [MTPB:DEG] and [BTPC:DEG] while peaks at (1310-1230 cm ') (Coates,
2000b; Smith, 1998) representing C-N stretch, were explicit in [ChCl:DEG],

[DAC:DEG], and [TBAB:DEG].
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Figure 4.6: FTIR Spectra of DEG based DESs

4.1.2.3 Density

The density values of the five selected DESs as function of temperature are illustrated
in Figure 4.7. At room temperature, [MTPB:DEG] attained the highest density of 1.209
g.cm >, whereas [TBAB:DEG] attained the lowest density of 1.078 g.cm™. At 293.15 K,
the density of [ChCI:DEG] (1.1216 g.cm™>) was found to be similar to that of [ChCl: EG]
(1.12 g.cm™>) (Abbott, Harris, et al., 2011b; Shahbaz, Baroutian, et al., 2012a),and lower
than that of [ChCl:urea] (1.25 g.cm™>) (Abbott et al., 2007a; Abbott, Capper, & Gray,
2006a). Additionally, [MTPB:DEG] had a density value of 1.209 g.cm™ which was
lower than the reported density for [MTPB:GL] (1.30 g.cm ) (Kareem et al., 2010b), and
slightly higher than that reported for [MTPB: TEG] (1.19 g.cm ) (Shahbaz et al., 2011).

The calculated densities using the simple mixing rule (Eq. 4.5)(Williams, Svrcek, &
Monnery, 2003) were found to be incompatible with the recorded experimental densities

and that indicates the interaction of both components molecules and confirms the
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hydrogen bonding formation which reduces the molecular distance between the salt and

HBD.
— =y, 4 @.5)
Pm pi '

where p,,, is the density of DES mixture (gm.cm™), x; is mass fraction of component
i, and p; is the density of component i (gm.cm™).

Moreover, the densities of the examined DESs series decreased with the increase of
temperature due to the effects of the increased internal energy on the mobility of DES
molecule resulting in increasing the thermal expansion of DES volume (Mjalli et al.,
2014b).

For all examined DESs, the density-temperature relationship was fitted linearly using
the following equation with regression values R? of 0.99:

p =a+bT (4.6)
where p is the density, T is temperature in kelvin, and @ and b are constants and their

values are listed in Table 4.8.

Table 4.8: Density- temperature model parameters.

DES a b R?

[ChCl:DEG] 1.2932 -0.0006 0.99
[DAC:DEG] 1.2922 -0.0006 0.99
[TBAB:DEG] 1.2581 -0.0006 0.99
[BTPC:DEG] 1.3358 -0.0007 0.99
[MTPB:DEG] 1.4055 -0.0007 0.99

114



1.20 1# [ChCIDEG]
# [DACDEG]
118 4% [IBAB:DEG]
& [MTPB-DEG]
116 1@ [BTPC:DEG]
m_ DEG
« 1147
S 112 -
=1}
2 110
1.08 -
1.06 -
1.04 -
1.02 ; ; ;
300 320 340 360

T/K

Figure 4.7: Densities for DEG based DESs as a function of temperature.

4.1.2.4 Viscosity and conductivity

The values of viscosity and conductivity are the prominent attributes of DESs to be
utilized as significant candidates as an electrolyte in electrochemical applications such as
batteries, electroplating, electrolysis, etc. Figure 4.8 and Figure 4.9 elucidate the effect of
temperature on the viscosity and the electrical conductivity of the studied DESs,
respectively. For all selected DESs, the noted values of viscosity and conductivity were
determined at temperature range of (293.15-353.15 K), and both physical properties for
DESs were higher than those for DEG. At room temperature, the deliberated DESs series

had the following viscosity sequence: [TBAB:DEG] > [MTPB:DEG] > [BTPC:DEG] >
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[DAC:DEG] > [ChCL:DEG]; while their conductivity order was as following:
[ChCLI:DEG] > [DAC:DEG] > [MTPB:DEG] > [BTPC:DEG] > [TBAB:DEG]. It is
noticeable that DES with the highest viscosity, attained the lowest conductivity value due
to the extreme high consistency of DES mixture that constrained the transmission of the
electrical current through the mixture. Another significant factor that have a perceptible
impact on the viscosity and conductivity values is the ratio of salt in the DES mixture.
Table 4.9 depicts that although [MTPB:DEG] has a higher viscosity than that of
[BTPC:DEG], it recorded a higher electrical transmission ability due to its high salt ratio
content; moreover, it can be concluded from Table 4.9 that DES viscosity data is
relatively proportional to the ratio of salt in DESs. It is noteworthy, that the temperature
has an adverse influence on the viscosity because of the energetic motion gained by DESs
molecules when the temperature increases, resulting in reducing the strength of
intermolecular forces, decreasing the mixture viscosity and consequently increasing its
conductivity. Comparing the current considered DESs systems with previous works,
reveals that at 293.15 K, [ChCl:DEG] had a viscosity of 52.49 cP higher than that of
[ChCI: ethylene glycol] (37.0 cP) (Abo-Hamad et al., 2015), lower than that of
[TBAC:EG] (>200 cP) (Mjalli et al., 2014b) and extremely lower than that of [Chcl: zinc
chloride] (85000 cP) (Abbott, Capper, et al., 2004a). Also, the viscosity of
[MTPB:glycerol] was reported to be very high ( 2775.9 cP) at 298 K (AlOmar, Hayyan,
et al., 2016b), while the viscosity of [MTPB:DEG] in this study was found to be
comparatively low (141.3 cP) at 293.15 K. All the recorded viscosities of the concerned
DESs at 353.15 K were much lower than the lowest viscosities values reported for
triethylene glycol (TEG) based DESs (Hayyan, Abo-Hamad, et al., 2015a).

On the other hand, the conductivity of [DAC:DEG] (2040 uS.cm™') at 298.15 K was
found to be higher than that of [DAC: malonic acid] (1130 pS.cm ') and much lower than

that of [DAC: zinc nitrate] (7050 uS.cm™!) (Bahadori et al., 2013b). The conductivity of
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[ChCI:DEG] at 293.15 was found to be (2670 uS.cm™') which is higher than that of
[ChCI: 1,4-butanediol] (1654 pS.cm™') (Abbott, Harris, & Ryder, 2007a) and that of
[ChCI: triethanolamine] (650 pS.cm™') (Bahadori et al., 2013b). It is worth mentioning
that in this study ChCl salt based DES had attained the lowest viscosities and the highest
conductivities among all DESs and that was similar to the reported case of ChCl salt
based DES with Glycerol (GLY) as HBD (AlOmar, Hayyan, et al., 2016b).

The trend of viscosity-temperature can be expressed with a regression value (R?)

higher than 0.97 for all DESs by the following Arrhenius-like equation (Giap, 2010b):

Ey
U = Ue e[RT 4.7)

where u is the viscosity, . is a pre-exponential factor, £, is the viscosity activation
energy, R is them gas constant and T is temperature in K. The model parameter values
are listed in Table 4.10.

The trend of conductivity-temperature is similar to that of viscosity-temperature but in
the opposite direction and it can also be fitted using the following Arrhenius model (eq
4) (Vila et al., 2006b):

“Es

S=Selrr (4.8)

where S is the conductivity in (us/cm), S is pre-exponential factor, E is the activation
energy of electrical conduction, R is the gas constant, and T is the temperature in K. The
model parameter and the regression coefficient values for all five DESs are arranged in

Table 4.11.
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Table 4.9: Salt ratio effect on the viscosity and conductivity (At 293.15 K).

DES Saltratio p (cP) S (ns/cm)
[ChCI:DEG]  30.49 52.49 2670
[DAC:DEG] 32.55 56.09 1940
[TBAB:DEG] 60.3 203.9 325
[BTPC:DEG] 34.36 124.8 466
[MTPB:DEG] 45.7 141.3 618

Table 4.10: Viscosity- temperature model parameters

DES Lo (Ep RY) R?
[ChCI:DEG] 7x1073 2654.02 0.97
[DAC:DEG] 3x1073 2908.94 0.98
[TBAB:DEG] 4x1074 3892.81 0.99
[BTPC:DEG] 6x107 3599.62 0.99

[MTPB:DEG] 3x1074 3784.48 0.98

Table 4.11: Conductivity- temperature model parameters.

DES S. (EsR™) R?

[ChCI:DEG]  6x10° -1584.26 0.98
[DAC:DEG] 6x10° -1697.13 0.99
[TBAB:DEG] 1x10’ -3010.37 0.99
[BTPC:DEG] 2x10° -2461.27 0.98

[MTPB:DEG] 2x10’ -2960.37 0.98
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Figure 4.8:Viscosities for DEG based DESs as a function of temperature.
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Figure 4.9: Conductivities for DEG based DESs as a function of temperature.
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4.1.2.5 Surface tension

The surface tension is one of the important properties that affects the reactivity of
DESs and it is one of the crucial liquid characterization that is required in many industries.
Figure 4.10, represents the surface tension of the studied DESs as function of temperature.
At 293.15 K, the highest surface tension value was 66.98 mN m™! for [MTPB:DEG],
while the lowest surface tension value was 48.49 mN m ! for [ChCl:DEG]. At 353.15 K,
the surface tension of [MTPB:DEG], [ChCl:DEG] and [DAC:DEG] were almost the
same with a value of 33.0 mN m™!. Comparatively, at 313.15 K, the surface tension of
[ChCL:DEG] (42.82 mN m™') was higher than that of [ChCl: 2,2,2-trifluoroacetamide]
(35.9 mN m™!) (Abbott, Capper, & Gray, 2006a). Meanwhile, at room temperature
[ChCI:DEG] had a surface tension value (48.49 mN m™') lower than that of [zinc
chloride:ethylene glycol] (56.9 mN m™!) (Zhang, De Oliveira Vigier, et al., 2012a) and
that of [ChCl:malonic acid] (65.7 mN m!)(Smith, Abbott, & Ryder, 2014b) .

As expected, the trend of the surface tension-temperature is similar to that of
viscosity-temperature, since both of the properties are highly dependent on the strength
of the molecular interaction that rules the formation of DES mixture (Zhang, De Oliveira
Vigier, et al., 2012a). As can be simplified from Figure 4.10, when the temperature
increases, the surface tension of DES decreases because of the reduced effects of the
cohesive forces between the surface molecules which is resulted from the vibrant motion
of molecules due to the thermal expansion (Mjalli et al., 2014b). The surface tension-
temperature relationship was linearly fitted according to the following equation:
oc=a+bT (4.9)

where o is the surface tension, T is the temperature in K, and a and b are constants.

The model parameters along with the regression coefficient values (R2) are shown in

Table 4.12.
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Table 4.12: Surface tension- temperature model parameters

DES a b R?

[ChCL:DEG] 115.0892 -0.2297 0.98
[DAC:DEG] 233.3722 -0.5631 0.94
[TBAB:DEG] 170.1202 -0.3932 0.95
[BTPC:DEG] 238.0510 -0.5840 0.95
[MTPB:DEG] 249.7380 -0.6098 0.95
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Figure 4.10: Surface tension for Di-ethylene glycol based deep eutectic solvents

as a function of temperature.
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4.2 Application of DESs-functionalized carbon nanotubes for organic
pollutant removal from aqueous solution.

4.2.1 Characterization of DES-functionalized CNTs

4.2.1.1 Primary Screening

The characterization process was merely conducted for the adsorbents with the highest
removal efficiencies. This was determined based on the results from a separate primary
screening study which was carried out for the two examined pollutants (2,4-DCP and
MO). The primary screening for 2,4-DCP was performed using 18 different adsorbents
and the results is visualized by Figure 4.11. It is noticeable that all adsorbents treated with
KmnOs/ KmnO4 + DESs exhibited the lowest removal efficiency for 2,4-DCP. Four
adsorbents (i.e. P-CNTs, S-CNTs, PChCI-CNTs and SChCI-CNTs) recorded the highest
removal efficiency for 2,4-DCP and they were selected for further characterization and
adsorption studies.

Furthermore, Figure 4.12 represents the primary screening conducted for 12 different
adsorbents to select the ones with the highest efficiency for the removal of MO from
aqueous solution. It is also obvious that after modifying carbon nanotubes with KmnO4/
or KmnO4 + DESs, the removal of MO was shapely diminished which may be ascribed
to the adsorbent surface charge. The adsorbents treated with [ChCI:EG] DES and
[DAC:EG] DES showed the highest removal efficiency therefore, they were chosen for

further characterization and adsorption studies.
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Figure 4.11: Primary screening of
adsorbents for 2,4-DCP removal from
water.

Adsorbents

Al . P-CNTs

A2 . K-CNTs
A3 S-CNTs
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Al3 SMTPB-CNTs
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Al7 KBTPC-CNTs
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Figure 4.12: Primary screening of adsorbents
for MO removal from water.

Adsorbents

Al : P-CNTs

A2 : PChCI-CNTs

A3 : Pn,n-CNTs

A4 : PMTPB-CNTs

A5 : K-CNTS

A6 : KChCI-CNTs

A7 : Kn,n-CNTs

A8 : KMTPB-CNTs

A9 : S-CNTs
A10 : SChCI-CNTs
All : Sn,n-CNTs

Al2 : SMTPB-CNTs



4.2.1.2 Raman spectroscopy

Raman spectroscopy has valuably played a key role in the study and characterization
of various carbon based nanostructures. Thus, in this study Raman spectroscopy was
carried out to identify and compare the changes occurred in the structure of pristine CNTs
after each treatment.

As can be noticed from Figure 4.13 that for all concerned samples there are two
obvious sharp peaks detected at ~1350 and ~ 1590 cm™! wavelength. The peak at 1300-
1400 cm™!is the D band which is a defect-induced mode caused by sp3-hybridized carbon
atoms in the sidewall of CNT (Bahretal., 2001; Ying et al., 2003) and is often attributed
to the existence of amorphous and disordered carbon in the CNT samples (Datsyuk et al.,
2008; Ferrari et al., 2006). While peaks at 1550-1680 cm™! is the G band which is a
common tangential mode to all sp2 carbon systems and it is raised from the stretching of
C-C bond in graphitic materials (Dresselhaus et al., 2010). Moreover, D', is also a defect
or disorder induced Raman feature presented by a weak shoulder of the G-band, can be
clearly found in P-CNTs and PChCI-CNTs at 1609 cm ™! and 1612 cm™' wavelength,
respectively. Whereas for S-CNTs, SChCI-CNTs and Pn,n-CNts, D' cannot be detected
demonstrating a better quality of these adsorbents . Another Raman feature is the radial
breathing mode (RBM), which is considered important in identifying the tube
diameter(Dresselhaus et al., 2010). However, RBM was too weak to be detected for all
concerned CNTs adsorbents and that proves the large diameter of their tubes (Datsyuk et
al., 2008).

Furthermore, Raman spectroscopy can be a symptomatic characterization of the
degree of carbon-containing defects of adsorbents by calculating the ratio of D band to G
band intensities (Ip/Ig) (Tsai & Chen, 2003). The values of Ip/Ig for all adsorbents are
listed in Table 4.13. It is evident from the Table 4.13 that Ip/Ig for P-CNTs has been

increased from 1.11 to 1.20 after treatment with [ChCI:EG] DES and that gives an
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indication of new sp3-hybridized functional groups formation on the P-CNTs surface
(AlOmar, Alsaadi, Hayyan, Akib, & Hashim, 2016). It is also apparent from Table 4.13
that the Ip/Ig value of P-CNTs has decreased after treatment with HoSO4 and [DAC:EG]
which suggests that the modified adsorbents (S-CNTs and Pn,n-CNTs) has less carbon-
containing defects and more graphitized structures (Lu et al., 2008). However, the value
of Ip/Ig of S-CNTs has increased slightly after treatment with [ChCI:EG] which may be

due to the increased level of covalent functionalization on the surface of SChCI-CNTs.

Table 4.13: Intensities and location of Raman spectroscopy bands.

Adsorbent D band G band D' band In/Ic
Wave | Intensity | Wave | Intensity Wave | Intensity
No. No. No.
P-CNTs 1349 | 1942 1589 1710 1609 | 1558 1.11
S-CNTs 1358 | 1114 1592 1056 1.05
PChCI-CNTs 1353 | 1023 1594 | 846 1612 | 741 1.2
SChCI-CNTs® 1353 | 1131 1588 1044 1.08
Pn,n-CNTs 1350 | 2085 1586 1888 1.10
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Figure 4.13: Raman spectroscopy for a) D band and G band and b) D' band shift.




4.2.1.3 Surface Chemistry analysis (FTIR)

Fourier transform infrared (FTIR) spectroscopy is a prevalent method to investigate
the surface chemistry in term of functional groups. It is worth mentioning that the
adsorption efficiency of any adsorbent depends on the chemical reactivity of its surface
and the various forms of oxygen containing functional groups. Being that, FTIR was
essentially used in this study to confirm the functionalization of CNTs by inspecting the
formation of new functional groups. Figure 4.14 displays the FTIR spectra for all
examined adsorbents. Obviously, there is a significant change in the spectrum of P-CNTs
after treatment with acid and DESs which confirms their capability as functionalization
agents of adding new and abundant functional groups onto the surface of P-CNTs. The
strong absorbance peak at ~ 3460 cm ™! for all functionalized CNTs is assigned to O—H
stretching bond (hydroxyl groups) (Coates, 2000a). However, O—H may overlap with
N—H stretching bond in the region of (3500-3000) cm ™! (Das, Maiti, & Khatua, 2015).
The emergence of peaks at ~ 3750 cm™! after functionalization are assigned to C—H
stretching bond. Furthermore, Asymmetric and symmetric stretching of CH» groups are
highly detectable at ~ 2900 cm ' and ~ 2800 cm ™!, respectively (Machado et al., 2011a).
All adsorbents showed an obvious peak around 2350 cm ™! indicative of aromatic sp2 C—H
stretching vibration (Maiti & Khatua, 2013). Moreover, the production of carbonyl
groups (C=0) and carboxyl groups (~COOH) onto P-CNTs after functionalization is
symbolized by the presence of peaks at ~ 1400 and ~ 1650 cm™' (Sheng, Shao, et al.,
2010). The increased intensity of these oxygen containing functional groups after
treatment with DESs indicating their abundance onto the external and the internal
surfaces of functionalized CNTs pores which provides more adsorption sites (Lu, Chung,
& Chang, 2006) and thereby enhances the adsorption capacity of DESs functionalized
CNTs. Additionally, the dispersion of functionalized CNTs in aqueous solution was

improved due to the hydrophilic traits of the aforementioned functional groups (Yang et
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al., 2009). Peaks in the region between (800-600) cm ! are assigned to C-C1 bond for all

[ChCL:EG] treated adsorbents (AlOmar, Alsaadi, Hayyan, Akib, Ibrahim, et al., 2016).

The main source of =CH> and C—H functional groups onto DES functionalized CNTs

could be the constituents of the used DESs, either from salt and/ or HBD (Abo-Hamad et

al., 2017). Moreover, Functionalization of P-CNTs with H>SO4 produced different bonds

containing sulfur such as C—S stretching (700-600) cm ' and SO» symmetric stretching

(1153) cm™! (Stuart). Table 4.14 summarizes some of expected functional groups onto

studied adsorbents.

Table 4.14: Some of the predicted functional groups on the surface of the
studied adsorbents

Expected functional groups

Involving adsorbents

C—H stretching

C=0

C=C—C Aromatic ring stretch

S—S stretching

C-S stretching

SOz symmetric and asymmetric stretching
S=0 stretching

O—-CH3

C-Cl

N—H stretching Third overtone

ALL

ALL

ALL

SChCI-CNTs, S-CNTs.

SChCI-CNTs, S-CNTs.

SChCI-CNTs, S-CNTs.

SChCI-CNTs.

P-CNTs, S-CNTs, SChCI-CNTs.
PChCI-CNTs, SChCI-CNTs.
PChCI-CNTs, SChCI-CNTs, Pn,n-CNTs.
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Figure 4.14: FTIR spectrums for pristine and functionalized CNTs




4.2.14 Thermogravimetric analyses (TGA)

To investigate the oxidation behavior of the studied adsorbents, thermal gravimetric
analysis was performed under air flow rate of 50 mL/min at a temperature range of (25-
800) °C with a heating rate of 10 °C/min. It is noteworthy that higher activation energies
are required for oxidizing well graphitized carbons (Datsyuk et al., 2008). On the other
hand more active sites are available on the amorphous or disordered carbons,
consequently dropping off their activation energies for oxidation (Hou et al., 2001).
Figure 4.15 shows the thermogravimetric analyses (TGA) curves for all adsorbents. The
combustion profiles of all samples propose that P-CNTs possess the highest thermal
stability and purity compare to the other functionalized CNTs. Furthermore, three regions
can be observed for each adsorbent TGA curve. The first region is attributed to the loss
of adsorbed water and it is remarked by the initial gradual weigh loss of 1% for P-CNTs,
S-CNTs, SChCI-CNTs and PChCI-CNTs, and 7% for Pn,n-CNTs at around 150 °C. The
weight of all samples declines constantly until the onset combustion temperature is
reached at 526.6 °C, 510.06 °C, 530.28 °C, 516.9 °C and 403.8 °C for P-CNTs, PChCl-
CNTs, S-CNTs, SChCI-CNTs and Pn,n-CNTs, respectively. Subsequently the second
region starts where a steep drop occurs due to the decarboxylation of carboxylic
functional groups and the elimination of hydroxyl functional groups onto the walls of
CNTs (Grandi et al., 2006; Tang, Dou, & Sun, 2006). The final stage begins at
temperature higher than 500 °C where the weight loss of the samples is caused by the
thermal oxidation of the remaining amorphous carbon (Hou et al., 2001). It can be noticed
from TGA profiles, that the combustion rate for DES-functionalized CNTs, especially for
Pn,n-CNTs, was relatively higher than that for P-CNTs. This can be assigned to the role

of the used DESs by adding new oxygen and carbon containing functional groups onto
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P-CNTs as shown by FTIR analysis. The purity of all samples was affirmed by the zero

percentage of residues left at the end of their thermal oxidation.

Figure 4.15: TGA curves for pristine and functionalized CNT's

4.2.1.5 Zeta potential

Zeta potential was measured by discrete dispersion of 2.5 mg of each adsorbent in 5
mL of deionized water. The arrangements of the results are presented in Figure 4.16. S-
CNTs, PChCI-CNTs, SChCI-CNTs and Pn,n-CNTs possessed more negative surface
charges than P-CNTs due to the presence of more oxygen-containing groups such as
carbonyl, carboxyl and hydroxyl groups as revealed in FTIR spectra (Fan et al., 2012; Lu
& Chiu, 2008). The significant variation in the absolute value of zeta potential for P-
CNTs after functionalization depends on the influence of hydrophilicity or

hydrophobicity properties of various kind of functional groups formed on the surface of
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P-CNTs. The treatment of P-CNTs either with acid or DES has increased its zeta potential
absolute value which enables the formation of a stable water suspension, and increases
the functionality degree of the functionalized CNTs (Kharissova, Kharisov, & de Casas
Ortiz, 2013), by offering an acceptable contact between the adsorbents and the adsorbates

in the aqueous solution.

Figure 4.16: The order of zeta potential valus for pristine and functionalized
CNTs

4.2.1.6 BET surface area

The surface area for all studied adsorbents were evaluated using BET method. Table
4.15 shows the surface area, pore volume and diameter for all adsorbents. It is noticeable
that the surface area of P-CNTs has remarkably increased after functionalization with
acid or/and DES. This significant increase in the surface area of Functionalized CNTs
can be attributed to the removal of impurities on its surface by HoSO4 or by [ChCL:EG]
and [DAC:EG]. As a result, the adsorption capacity for the functionalized CNTs was

much higher than that of P-CNTs.
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Table 4.15: BET surface area, pore volume and diameter of all adsorbents.

Property P-CNTs S-CNTs PChCI-CNTs SChCI-CNTs Pn,n-CNTs
BET Surface  123.54  226.11  197.8 193.10 169.7
Area (m%/g)
Total pore 0.62 1.45 1.19 1.22 1.27
volume (cm?/g)
Average Pore  20.49 256.84  241.28 25421 300.9
Diameter (A)

42.1.7 TEM and FESEM

Figure 4.17 and Figure 4.18 depict the TEM and FESEM images for pristine and
functionalized CNTs. It is obvious that there is no significant destruction in the structure
of CNTs, which proposes that the functionalization with DES is a non-destructive
functionalization which ensures the electrical and the mechanical properties of CNTs and
enhances the interfacial properties between CNTs and the pollutants. Furthermore, after
acid treatment, more agglomeration-like behavior was observed and DES has a

significant cleaning effect by removing the agglomeration produced by acid.
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(d)

(b) (e)

(©) )

Figure 4.17: SEM images for: (a) P-CNTs, (b) PChCI-CNTs, and (c) Pn,n-
CNTs; and TEM images for: (d) P-CNTs, (e) PChCI-CNTs, and (f) Pn,n-CNTs.
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(a) (c)

(b) (d)

Figure 4.18: SEM images for: (a) S-CNTs and (b) SChCI-CNTs; and TEM
images for: (¢) S-CNTs, (d) and (e) SChCI-CNTs.

136



4.2.2 Adsorption of 2,4-DCP
The studies of 2,4-DCP adsorption was performed and compared on four different

adsorbents which showed the highest removal efficiency in the primary screening studies,

and they are : P-CNTs, PChCI-CNTs, S-CNTs and SChCI-CNTs.

4.2.2.1 Response surface methodology (RSM)
(a) Analysis of variance (ANOVA)

The analysis of variance (ANOVA) was used to justify the adequacy of the models
adopted for one response for all adsorbent which is the removal efficiency. A subset of
the model with fewer terms was selected to ensure the significance of the models for a
good representation of the experimental data (Wéchter & Cordery, 1999). The reduced
cubic model analysis (ANOVA) of removal efficiency % response for P-CNTs and for
S-CNTs is listed in Table 4.16. Regarding PChCI-CNTs and SChCI-CNTs their reduced
cubic model (ANOVA) of removal efficiency % is listed in Table 4.17. The models F-
values for all absorbents confirmed that all models are statistically significant. There is
only a 1.05%, 0.62%, chance that the a “Model F-value” can occur due to the noise for
the removal efficiency response of PChCI-CNTs and SChCI-CNTs, respectively. The
desirable value of signal to noise ratio should be greater than 4 and it is measured by the
“Adeq Precision”. Based on that, for all adsorbents, the models showed a ratio value
greater than 4 which indicates an adequate signal.

The relatioship between the independent variables and the removal effeciency % for
all adsorbents is expressed by the following quadratic equations:

2,4-DCP R % of P-CNTs = 72.17 - 26.244 + 10.298+ 20C - 11.34AB - 2.47AC -
2.17BC-29.214%-4.275°-10.11¢% (4.10)

2,4-DCP R % of S-CNTs = 71.88 - 29.154 + 6.058 + 1.28C- 7.37AB +1.14 AC -
1.96 BC- 29.9542-5.198°-11.33(? (4.11)
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2,4-DCP R % of PChCI-CNTSs = 66.23 — 25.614 + 7.72B— 0.37C— 9.904B — 2.94AC
— 2.03BC— 22.964% — 6.0452 —
12.38¢2 (4.12)
2,4-DCP R % of SChCI-CNTs = 73.50 — 18.654 + 2.388— 1.21C— 7.05AB + 2.00AC

—3.69BC— 26.664°—-1.415°—-16.37C? (4.13)

where A, B, C represents pH, Dosage (mg) and contact time (min). The predicted
values of removal effeciency % calculated from ANOV A model equations along with the
actual values for all adsorbents are listed in Table 4.18.

Furthermore, the predicted values were plotted versus the experimental data for the
examined adsorbents (Figure 4.19). It can be observed that the experimental data are close
to the predicted data suggested by the apporved models. The correlation coefficient R?
value for removal effeciency response for all studied adsorbents is greater than 0.98 and

that confirms the competence of the models adopted for the studied adsorbents.
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Table 4.16: Reduced cubic model analysis of variance (ANOVA) for 2,4-DCP removal (%) by P-CNTs and S-CNTs.

P-CNTs S-CNTs
Sumof | df | Mean F- p-value prob > | Sum of | df Mean F-value | p-value prob >

Source* squares square | value F squares square F
Model 12522.18 |9 | 1391.35 | 80.02 | 0.0021 12863.17 |9 | 1429.24 29.69 0.0089
A 5608.55 1 |5608.55 |322.58 | 0.0004 692220 |1 |6922.20 143.80 0.0012
B 863.48 1 | 863.48 49.66 | 0.0059 298.26 1 ]298.26 6.20 0.0886
C 0.42 1 1042 0.024 | 0.8870 16.37 1 | 1637 0.34 0.6008
AB 1028.32 1 |1028.32 |59.14 |0.0046 434.54 1 |434.54 9.03 0.0575
AC 48.88 1 |48.88 2.81 0.1922 10.43 1 [10.43 0.22 0.6733
BC 37.73 1 |37.73 2.17 0.2371 30.80 1 ]30.80 0.64 0.4822
A? 1211.23 1 [ 1211.23 | 69.66 | 0.0036 127292 |1 |1272.92 26.44 0.0143
B? 25.83 1 |25.83 1.49 0.3100 38.23 1 |38.23 0.79 0.4385
C? 173.06 1 | 173.06 9.95 0.0511 224.89 1 |224.89 4.67 0.1194

Adj R-Squared** 0.98 | Pred R-Squared 0.91 | Adj R-Squared** 0.95 Pred R-Squared  0.82

C.V. % 10.43 Std. Dev 417 | C.V. % 18.80 Std. Dev 6.94

*A: pH, B: adsorbent dosage and C: contact time; ** The "Pred R-Squared" is in reasonable agreement with the "Adj R-Squared".
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.Table 4.17: Reduced cubic model analysis of variance (ANOVA) for 2,4-DCP removal (%) by PChCI-CNTs and SChCI-CNTs.

Source* PChCI-CNTs SChCI-CNTs
Sum of | df | Mean F- p-value prob > | Sumof | df Mean | F-value | p-value prob >
squares square | value F squares square
Model 10503.64 |9 | 1167.07 |26.38 |0.0105 7375.88 |9 819.54 | 37.76 0.0062
A 534395 |1 |5343.95 |120.79 | 0.0016 2834.06 | 1 2834.06 | 130.59 |0.0014
B 485.38 1 | 48538 10.97 | 0.0453 46.28 1 46.28 2.13 0.2403
C 1.40 1 |1.40 0.032 | 0.8701 14.71 1 14.71 0.68 0.4706
AB 783.79 1 | 783.79 17.72 | 0.0245 397.44 1 397.44 18.31 0.0234
AC 69.06 1 ]69.06 1.56 0.3001 32.04 1 32.04 1.48 0.3112
BC 32.94 1 3294 0.74 0.4517 108.77 1 108.77 | 5.01 0.1111
A? 748.44 1 |748.44 16.92 | 0.0260 1009.14 |1 1009.14 | 46.50 0.0065
B? 51.76 1 |51.76 1.17 0.3586 2.84 1 2.84 0.13 0.7417
C? 259.21 1 [259.21 5.86 0.0941 453.44 1 453.44 | 20.89 0.0196
Adj R-Squared** 0.95 | Pred R-Squared 0.77 | Adj R-Squared** 0.96 | Pred R-Squared 0.76
C.V. % 18.78 | Std. Dev 6.65 C.V. % 11.58 | Std. Dev 4.66

*A: pH, B: adsorbent dosage and C: contact time; ** The "Pred R-Squared" is in reasonable agreement with the "Adj R-Squared"
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Table 4.18: List of the actual and predicted values for 2,4-DCP removal response.

Run P-CNTs S-CNTs PChCI-CNTs SChCI-CNTs
order Actual Predicted Actual Predicted Actual Predicted | Actual Predicted
value value value value value value value value
1 29.36 28.34 38.53 38.84 28.44 28.25 39.45 37.8
2 1.85 348 -9.63 -7 -0.62 2.7 8.02 10.6
3 74.31 75.94 66.97 69.6 64.22 67.54 61.47 64.04
4 5.56 5.74 -7.41 -5.71 1.85 2.4 9.26 8.64
5 37.61 38.03 44.04 43.04 37.61 37.44 37.61 38.75
6 432 3.29 3.7 1.77 3.09 0.14 21.6 19.55
7 77.98 76.95 67.89 65.95 71.56 68.61 52.29 50.24
8 -4.76 -3.14 -5.19 -4.8 -8.84 -8.28 0.68 2.84
9 19.14 16.72 15.56 12.78 19.14 17.65 30.25 28.19
10 67.35 72.17 66.33 71.88 63.27 66.23 69.39 73.5
11 80.61 78.2 75.51 72.74 69.39 6791 76.53 74.47
12 64.29 61.86 66.33 59.07 61.22 54.23 61.22 58.35
13 62.24 62.26 57.14 61.63 47.96 53.48 55.1 55.92




Figure 4.19: Predicted values vs actual values for 2,4-DCP removal response.

(b) The interactive effects of selected independent parameters on the adsorption of 2,4-
DCP

The removal efficiency % of all used adsorbents over different combinations of
independent variables were presented by three-dimension view of response surface plot
as a function of two independent parameters (Figure 4.20 and Figure 4.21). The initial
concentration of 2,4-DCP was constant for all cases with a value of 10 mg/L. It is obvious
that for all adsorbents, the removal efficiency (%) increased gradually with the increasing
of contact time until the systems reached equilibrium. Table 4.19 shows some constrains
and different importance levels which were set for optimization of four goals (i.e. contact
time, pH, adsorbent dosage and R% of 2,4-DCP) to select the optimum conditions for

2,4-DCP adsorption onto the studied adsorbents. The effect of pH was remarkably
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noticeable on the removal efficiency as it effects the properties of both adsorbate and
adsorbents. Adsorption of 2,4-DCP was clearly weakened with increasing of pH. This
can be explained by the deprotonation of some surface functional groups resulting in more
negatively charged adsorbents surface (Gupta, Ali, & Saini, 2006). As well as, high pH
leads to more dissociation of 2,4-DCP molecules into CsH3Cl,O™ form, subsequently
increasing the electrostatic repulsion and lowering the adsorption capacity (Ma et al.,
2010). Moreover, 2,4-DCP adsorption was enhanced with the decreasing of initial pH and
the removal efficiency reached to a ma ximum at pH 3.87 and 5.14 for PChCI-CNTs and
SChCI-CNTs, respectively (Table 4.20). This can be attributed to the presence of 2,4-
DCP in non-dissociated form and the surface of the adsorbent is highly protonated at
acidic pH value, leading to easy adsorption process by high electrostatic attraction
between the adsorbent and the adsorbate (Darvishi Cheshmeh Soltani et al., 2015).
Meanwhile, the dose of adsorbate has an obvious effect on 2,4-DCP removal efficiency.
The figures exhibit that the removal efficiency increased along with the increasing of
adsorbent dose which can be ascribed to the increase of surface area and the availability

of more adsorptive sites for the removal of 2,4-DCP.

Table 4.19: Constraints for optimization process based on CCD for 2,4-DCP

adsorption.
Name Goal Lower limit | Upper limit | Importance
A In range 2 10 -
B Minimize 5 15 1
C In range 20 60 -
P-CNTs 1.8 80.6
R% | PChCI-CNTs | Maximize 1.85 71.5 5
S-CNTs 3.7 75.5
SChCI-CNTs 0.68 76.53

A: pH, B: adsorbent dosage (mg) and C: contact time (min)
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Table 4.20: Optimum adsorption conditions suggested by DOE software for 2,4-

DCP adsorption.
pH Dose Contact time Predicted
Adsorbent (mg) (min) Removal (%)
P-CNTs 4.11 9.68 41.65 77.0919
S-CNTs 4.22 8.23 41.56 74.8842
PChCI-CNTs 3.87 9.35 41.42 71.5545
SChCI-CNTs 5.14 5.00 41.25 71.0324
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Figure 4.20: Surface response representation of removal (%) of 2,4-DCP
interaction with adsorbent dose and pH by fixing contact time to the optimum
value for: (a) P-CNTs, (b) PChCI-CNTs, (¢) S-CNTs, and (d) SChCI-CNTs.
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Figure 4.21: Surface response representation of removal (%) of 2,4-DCP

interaction with contact time and pH by fixing adsorbent dosage to the optimum

value for: (a) P-CNTs, (b) PChCI-CNTs, (¢) S-CNTs, and (d) SChCI-CNTs.

4.2.2.2 Kinetics study

To analyze the adsorption equilibrium time and describe the uptake of 2,4-DCP on the

concerned adsorbents, the adsorption kinetic was investigated. The amount of 2,4-DCP

onto pristine / functionalized at time (¢); q: (mg g'!) was calculated using the following

means of expression:

— (Co—Cp)V

t w

145




where Co and C; are 2,4-DCP stock solution concentrations at initial and pre-
determined time ¢ (mg L"), respectively, V is the volume of the stock solution (L) and W
is the dry weight of the added pristine / functionalized CNTs (g).

Two kinetics models, which are: Pseudo-first order kinetic model and Pseudo-second
order kinetic model (Figure 4.22 and Figure 4.23), were applied to the experimental data.
It is obvious from Table 4.21 that the calculated g, values of Pseudo-first order kinetic
did not agree with the experimental q,values, while for Pseudo-second order kinetic the
calculated values of g, agree with the experimental q, values. Not to mention, for all
examined adsorbents the correlation coefficient (R?) values of Pseudo-second order
model was (0.99) which is much higher than that of Pseudo-first order model (0.69-0.80).
Therefore, the adsorption of 2,4-DCP on pristine/ functionalized CNTs is not a first order
reaction and it is ideally obeying the Pseudo-second order kinetic model. Similar kinetics
were found to be well fitted for the adsorption of 2,4-DCP onto activated carbon fiber
(Wang, Feng, & Yu, 2007), and onto Mn-modified activated carbon prepared from
Polygonum orientale Linn (Wang et al., 2011). The applicability of Pseudo-second order
kinetic model to describe the adsorption of 2,4-DCP in this study indicates that the
adsorption process rate was controlled by chemisorption involving valence forces through
exchange or sharing electrons (Vimonses et al., 2009) which suggests the possibility of
adsorbate and adsorbent involvement in the adsorption mechanism (Pavan et al., 2008).

For further identification of adsorption mechanism, weber and Morris (Weber &
Morris, 1962) proposed an empirically found functional relationship based on a theory
by which the rate of uptake changes proportionally with ¢"? rather than with contact time
t, specifically called intraparticle diffusion (Tan, Ahmad, & Hameed, 2009) and it can be

expressed as below :

1
q: = Katz + C (4.15)
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Where C is the intercept and K, (g mg! min®3) is the intraparticle diffusion rate
constant and it can be obtained from the slope of q: versus t*° (Figure 4.24). The
intraparticle diffusion model suggests three adsorption regions. The first region is the
boundary layer diffusion where the adsorption occurs instanteneously from the bulk
solution to the adsorbent external surface. The second one is the intraparticle diffusion
region where the adsorption takes place gradually and the adsorbate difuses further on the
adsorption sites. The third region exisits when the equillibrium stage starts when the
adsorbate are adsorbed on the active sites and the intraparticle diffuion slows down due
to the very low 2,4-DCP concentration left in the the solution (Cheung, Szeto, & McKay,
2007). The intraparticle diffusion is the only rate-controlling step if the regression of q;

versus %

passes through the origin. So as can be observed from Figure 4.24 the linear
plot for all adsorbents did not pass through the origin which proposes that along with the
intraparticle diffusion some other mechanisms are involved in the rate limiting process
and the boundary layer diffusion dominated the adsorption process to some point. The
increase in C value is an indication to the increased thickness and effect of the bounndry
layer on the rate controlling step (Shaarani & Hameed, 2010; Tan, Ahmad, & Hameed,
2009). As can be seen from Table 4.21 SChCI-CNTs has the greatest intercept value

among other adsorbents which suggests the more contribution of the adsorbent surface

in 2,4-DCP adsorption process.
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Table 4.21: linearized equations of all studied kinetics models and their parameters and correlation coefficients for 2,4-DCP adsorption.

Kinetics Equations Parameters Adsorbents

P-CNTs S-CNTs PChCI-CNTs SChCI-CNTs’

Pseudo-first order In(q. — q;) =Ingq, — kqt R? 0.69 0.80 0.69 0.79
Ki 0.01 0.01 0.01 0.01
e 9.34 13.23 16.13 22.96
t 1 + t R? 0.99 0.99 0.99 0.99
Pseudo-Second order "~ ™ 2T o K> 0.0065 0.0041 0.0023 0.002
e 38.01 39.57 41.92 61.69
Intraparticle 2 R? 0.82 0.74 0.79 0.85
diffusion 9c = Katz +C Kd 0.796 1114 1.69 1.92
Qe 26.19 2291 16.76 32.67

(e (experimental) 37.5 38.82 40.22 60




Figure 4.22: Pseudo-first order kinetic model for 2,4-DCP adsorption.

Figure 4.23: Pseudo-second order kinetic model for 2,4-DCP adsorption.
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Figure 4.24: intraparticle diffusion kinetic model for 2,4-DCP adsorption.

4.2.2.3 Isotherms study

Three isotherm models (i.e. Langmuir, Freundlich and Temkin) were applied to all the
studied adsorbents in order to investigate the interaction between the adsorbent and the
adsorbate until the equilibrium point is reached (Zhang, Zhang, et al., 2010). The
correlation coefficient R? was calculated to establish the most appropriate isotherm model
to describe the adsorption process. The plot of each model is presented in Figure 4.25,
Figure 4.26 and Figure 4.27. As well as the constants of all models and all correlation
factors are summarized in Table 4.22. As can be observed, the values of Ry and n of
Langmuir and Freundlich adsorption isotherms, respectively, confirmed the adsorption
favorability of 2,4-DCP by all studied adsorbents under experimental conditions
(Mahmoud et al., 2012; Namasivayam, Jeyakumar, & Yamuna, 1994). However,

Langmuir isotherm yielded the better fit for all adsorbents with high correlation
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coefficient R? ranged from 0.95 to 0.99, as compared to Freundlich isotherm. This is an
indication of a monolayer adsorption of 2,4-DCP onto the homogeneous surface of the
tested adsorbents. On the other hand, compared to the other adsorbents, the higher R? of
Freundlich model for the two adsorbents of PChCI-CNTs and SChCI-CNTs suggests that
different active sites with various affinities to 2,4-DCP molecules can cause the
adsorption to take place onto the heterogeneous surface of these two adsorbents and
according to n value (>1) the adsorptive behavior is dominated as a physical adsorption
process (Ozcan, Erdem, & Ozcan, 2005). Furthermore, the value of R was found to be
decreasing as the initial concentration of 2,4-DCP increased, proving again the
applicability of Langmuir isotherm for the 2,4-DCP adsorption and the favorable
adsorption of 2,4-DCP at higher initial concentration. Table 4.23 provides the
comparisons of the adsorption isotherms and the maximum monolayer adsorption
capacity of 2,4-DCP on several adsorbents. As compared to previous works, in this study
the CNTs adsorbent modified with H2SO4 and [ChCL:EG] shown a significant maximum

adsorption capacity of 390.35 mg g
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Figure 4.25: Langmuir isotherm model for 2,4-DCP adsorption.

Figure 4.26: Freundlich isotherm model for 2,4-DCP adsorption.
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Figure 4.27: Temkin isotherm model for 2,4-DCP adsorption.
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Table 4.22: linearized equations of all studied isotherm models and their parameters and correlation coefficients for 2,4-DCP adsorption.

Isotherms Equations Parameters Adsorbents
P-CNTs S-CNTs PChCI-CNTs SChCI-CNTs®

Langmuir | Ce _ 1 4 (i) c Qm (mg gh) 73.47 82.94 120.59 390.53
qe K Qnm Qm € K; (L mgfl) 3.26 4.41 12.18 27.46

RL 0.057 0.043 0.016 0.007

R? 0.99 0.99 0.95 0.98

Freundlich Ing. = InK» + lln c n 3.49 3.00 2.58 1.62
Qe FTn € Kr (L mg_l) 23.35 21.58 20.99 22.63

R? 0.87 0.83 0.90 0.97

TemkKkin ge = Bylnk; + B;InC, B, 12.35 15.27 20.95 30.84

k. (L mgfl) 5.76 3.17 1.75 0.02

R? 0.91 0.92 0.89 0.96




Table 4.23: comparison between the maximum adsorption capacity of DES
treated CNTs and some reported adsorbent for 2,4-DCP removal.

Adsorbent Qm (mg/g) REF
SChCI-CNTs' 390.53 Present work
PChCI-CNTs 120.59 Present work
MWCNT 19.61 (Xu et al., 2012)
MWCNT-OH 20 .9 (Kusmierek, Sankowska, & Swiatkowski,
2013)
MWCNTs-Fe3Os-Fe 7.1 (Xu, Liu, et al., 2016)
CB-V carbon black 72.2 (Kus$mierek, Szala, & Swiatkowski, 2016b)
Carbonaceous adsorbent 277.7 (Gupta, Ali, & Saini, 2006)
Commercial AC (Prolabo) 256 4 (Hamdaoui & Naffrechoux, 2007a)
AC from banana stalk 196.3 (Salman, Njoku, & Hameed, 2011)
AC from apricot stone shells 339 (Daifullah & Girgis, 1998)
AC from date stones 238.10 (Hameed, Salman, & Ahmad, 2009)
Coconut coir pith carbon 19.12 (Namasivayam & Kavitha, 2005)
Palm pith carbon 19.16 (Sathishkumar et al., 2007)

4.2.24 Mechanisms

The adsorption of 2,4-DCP onto the studied adsorbents was highly dependent on the
characteristics of the adsorbents, the operational conditions, as well as on the molecular
properties of 2,4-DCP. The oxygen-containing groups on functionalized CNTs, played
an important role in the adsorption of 2,4-DCP by enhancing the dispersion of CNTs in
water and defining the interaction between 2,4-DCP and the adsorbents surface by acting
as acids or bases, which can adsorb 2,4-DCP through donor-acceptor complex formation.
The molecular size of 2,4-DCP and its pKa value influenced its affinity towards CNTs
surface. The adsorption of 2,4-DCP onto CNTs might be achieved through n-w interaction
which is resulted from the interaction between the electron in the aromatic rings of 2,4-
DCP and the graphene layer of CNTs and it might encompass charge-transfer, polar
electrostatic components and dispersive force (Jung et al., 2001). Not to mention,
controlling solution pH proved to have a remarkable implication on the adsorption

mechanism. Since the phenolic compounds behave as weak acids in aqueous solution

(Demirak et al., 2011), the pH of the solution has a strong effect on the dissociation of
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hydrogen ion from 2,4-DCP. The anionic form of 2,4-DCP is the predominant form when
the solution pH is high, whereas the molecular form dominates in acidic solutions
(Nadavala et al., 2009). For all cases of adsorbents used to remove 2,4-DCP from water,
it was found that the optimum pH required to obtain the highest removal efficiency is less
than the pKa value of 2,4-DCP, which approve that the adsorption mechanism was
governed by the synergetic effects of n-n interaction (Luboch et al., 2005; Wang, Chen,

etal., 2007).

4.2.3 Adsorption of methyl orange
According to the highest removal efficiency obtained from the primary screening for
MO removal from water, the adsorption performance of three different adsorbents (i.e. P-

CNTs, PChCI-CNTs and Pn,n-CNTs) is comprehensively examined in this section.

4.2.3.1 Response surface methodology (RSM)
(a) Analysis of variance (ANOVA)

The regression and the graphical analysis of the acquired data were accomplished by
the Design Expert (DE) V7.0. software. The conditions for MO removal were optimized
using response surface methodology (RSM), and the adsorption experiments were
conducted according to the central composite design (CCD) matrix selected by the
software. The study involved the use of analysis of variance (ANOVA) to analyze the
variation in one response variable, which is removal efficiency % (R %) measured under
conditions defined by three discrete factors (pH (2-10), dose (5-15) mg, and contact time
(20-60) min.

By the application of RSM, an empirical relationship between R% and the three input
variables can be obtained and presented by the following regression equations for P-

CNTs, PChCI-CNTs and Pn,n-CNTs, accordingly:
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MO R% of P— CNTs = 58.85 — 10.304 + 24.19B + 5.25C + 1.17AB — 2.69AC
+ 0.71BC + 0.614%? — 2.55B% — 0.88(? (4.16)

MO R% of PChCl— CN = 78.76 — 14.50A + 23.48B + 7.62C + 7.90AB — 1.10AC
— 4.50BC + 4.12A? — 8.99B% — 7.66(? (4.17)

MO R% of Pn,n — CNTs = (5.68 — 1.054 + 2.19B + 0.44C + 0.054B —

0.16AC + 0.67A% — 0.73B2)°5 (4.18)

where A, B, and C represents pH, contact time , and adsorbent dosage, respectively.

Table 4.24 shows the evaluation results of the R% regression model in term of
ANOVA. The significance of ANOVA modelling for R% model of P-CNTs, PChCl-
CNTs and Pn,n-CNTs was confirmed by the model F-values which were 173.99, 91.5
and 58.69 respectively. There is only 0.06%, 0.17% and 0.01 % chance that a "Model F-
Value" of P-CNTs, PChCI-CNTs and Pn,n-CNTs could occur due to noise. The strength
of the model and the sufficiency of its response prediction were determined by the value
of the correlation coefficient (R?). The R? value of the model for all studied adsorbents
was higher than 0.98 which proved that the model was well fitted and explained most of
the total variables. Moreover, for each adsorbent model, the value of the predicted R? was
high and in reasonable agreement with the value of the adjusted R2. This supports the
good correlation between the values predicted by the model and the actual values
observed from the experiments (Figure 4.28 and Table 4.25), consequently proving the
adequacy of the regression model to explain the relationship between the R% response
and the three defined variables (Garg et al., 2008). Furthermore, it can be seen from Table
4.24, the value of the coefficient of variation (CV) for all adsorbents was low indicating
a good accuracy of the experiments (Amini et al., 2008) and confirming the reliability of

the model to be used for further analysis.
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Table 4.24: Reduced cubic model analysis of variance (ANOVA) for MO removal (%) by P-CNTs, PChCI-CNTs and Pn,n-CNTs.

P-CNTs PChCI-CNTs Pn,n-CNTs
Sum of | df | Mean F-value | p-value | Sumof | df | Mean | F-value | p-value | Sumof | df | Mean | F-value | p-value
Source* | squares square prob > F | square square prob > F | square square prob >F
S s
Model | 6493.46 |9 721.50 173.99 0.0006 80779 |9 897.54 |91.50 0.0017 51.73 7 7.39 42.90 0.0004
0
A 864.43 1 864.43 208.46 0.0007 17122 |1 1712.2 | 174.56 | 0.0009 9.24 1 9.24 53.63 0.0007
6 6
B 4767.08 |1 4767.08 | 1149.57 | <0.0001 §4490.7 |1 4490.7 | 457.83 | 0.0002 40.31 1 40.31 234.07 | <0.0001
3 3
C 276.05 1 276.05 66.57 0.0039 580.80 |1 580.80 | 59.21 0.0046 1.93 1 1.93 11.21 0.0204
AB 11.01 1 11.01 2.65 0.2017 499.28 |1 499.28 | 50.90 0.0057 0.020 1 0.020 0.12 0.7482
AC 57.94 1 57.94 13.97 0.0334 9.77 1 9.77 1.00 0.3919 0.21 1 0.21 1.25 0.3148
BC 4.08 1 4.08 0.98 0.3944 162.18 |1 162.18 | 16.53 0.0268
A? 0.54 1 0.54 0.13 0.7431 24.04 1 24.04 245 0.2154 0.66 1 0.66 3.83 0.1078
B? 9.20 1 9.20 2.22 0.2331 114.63 |1 114.63 | 11.69 0.0419 0.79 1 0.79 4.57 0.0857
C? 1.30 1 1.30 0.31 0.6143 99.31 1 99.31 10.12 0.0500
Adj R-Squared 0.99 | Pred R-Squared 0.97 Adj R-Squared | Pred R-Squared 0.95 [ Adj R-Squared 0.96 | Pred R-Squared 0.88
0.98
CV.% 3.52 Std. Dev 2.04 CV.% 4.46 Std. Dev 3.13 CV.% 1725 Std. Dev 0.42

86G1

*A: pH, B: adsorbent dosage and C: contact time; ** The "Pred R-Squared" is in reasonable agreement with the "Adj R-Squared".



Table 4.25: List of the actual and predicted values for MO removal response.

Run P-CNTs PChCI-CNTs Pn,n-CNTs*

order | Actual | Predicted | Actual | Predicted | Actual | Predicted
1 35.47 36.10 53.61 54.13 4.26 3.87
2 18.07 18.53 6.12 7.13 1.95 2.10
3 80.24 80.70 93.28 94.29 7.96 8.26
4 67.35 67.83 77.90 78.89 6.68 6.49
5 51.11 50.56 76.92 76.17 4.82 5.08
6 22.77 22.23 34.36 33.58 2.68 2.65
7 98.55 98.02 99.09 98.31 9.64 9.47
8 75.08 74.38 87.62 87.33 6.87 7.04
9 48.87 49.17 69.31 68.38 5.40 5.30
10 59.46 58.85 76.90 78.76 5.15 5.68
11 80.19 80.49 94.18 93.25 7.25 7.15
12 54.74 52.72 67.00 63.48 5.28 5.24
13 60.91 63.23 76.13 78.72 6.52 6.12

Figure 4.28: Predicted values vs actual values for MO removal response.
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(b) The interactive effects of selected independent parameters on the adsorption of MO

Figure 4.29 shows the interaction effects of pH and contact time on MO R% of all
adsorbents at constant adsorbent dosage, while Figure 4.30 represents the interaction
effects of pH and adsorbent dosage on MO R% of adsorbent at constant contact time. It
is noticeable that the variation in the MO removal at different solution pH values reveals
the importance of pH factor on the adsorption process. The adsorption of MO onto the
used adsorbents increased as the pH value came close to acidic. This can be justified by
two assumptions: (1) changes in the charge of the adsorbent surface , and (2) Dissociation/
ionization of the dye molecule (Yao et al., 2011). On the other hand, the R% increased
along with the increase of contact time until the adsorption reached equilibrium. As well
as, it is obvious that the R% of MO is influenced by the adsorbent dosage, as the dosage
increased the R% increased due to the availability of more surface area of the adsorbent
and in consequence, more adsorption sites are available to capture MO from water. (Wu,
2007; Yao et al., 2010). The optimum experiment conditions for MO% removal (Table
4.26) was selected by setting several constrains and different importance levels for
optimization of four goals, namely the contact time, pH, adsorbent dosage and R% of MO

as shown in Table 4.27.

Table 4.26:Optimum adsorption conditions suggested by DOE software for MO

adsorption.
pH Dose Contact time Predicted
Adsorbent (mg) (min) Removal (%)
P-CNTs 2 11.91 60.00 85.51
PChCI-CNTs 2 7.45 51.50 89.6
Pn,n-CNTs 2 9.77 60.00 62.34
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Table 4.27: Constraints for optimization process based on CCD for MO

adsorption.

Name

Goal

Lower limit

Upper limit

Importance

A

In range

2

10

B Minimize 5 15 2
C In range 20 60 -

P-CNT

R% | PChCI-CNTs

Maximize

Pn,n-CNTs

18.07

98.55

6.12

99.09

1.95

9.6

A: pH, B: adsorbent dosage (mg) and C: contact time (min)

i
i
p e

T S

S,
i Tp
T e
S
R

S,
SRR,
e,
e
St
SRR
R

2

AT et

Ty T ey
e e
SRR =
Sl e R

T e

) R L
st s
e e
AT o S
e = T,
ERiE S ey

A e

T

e

e

e

s
e

S

T
A

Removal (%)
Removal (%)

Ry

o e
i
i o

S

e
e i
“.“\“.\“\-.g{;gg““:!%&s‘ iy
R

40.00

C: Contact ime™*® 4.00

A: pH

C: Contact time®"° \/ A: pH

20.00 2000 200

2.00

]
[

tn
B
-
o

Removal (%)
o

na
&=

R e
R
e

60.00

10.00

A,
S
ShE

50.00 8.00

40.00

C: Contact time™ ™

20.00 2.00

Figure 4.29: Surface response representation of MO removal (%) interaction with
pH and contact time by fixing adsorbent dosage to the optimum value for a) P-
CNTs, b) PChCI-CNTs and ¢) Pn,n-CNTs.
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(@) (b)

(c)

Figure 4.30: Surface response representation of MO removal (%) interaction
with pH and adsorbent dosage by fixing contact time to the optimum value for a)
P-CNTs, b) PChCI-CNTs and c¢) Pn,n-CNTs.
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4.2.3.2 Kinetics studies

In order to acquire a better understanding of the adsorption kinetic behavior of MO
onto PCNTs, PChCI-CNTs and Pn,n-CNTs, four of the well-known kinetic models were
used to analyze the experimental data, i.e. pseudo-first order, pseudo-second order and
intraparticle diffusion kinetic model. The kinetic experiments for each adsorbent were
conducted at the optimum conditions selected by DOE, with agitation speed of 180 rpm
and MO initial concentration of 40 mg/L. A contact time of 6 h was used to ensure that
the adsorption process reached equilibrium

Figure 4.31, Figure 4.32 and Figure 4.33 show the plots of kinetic models for all
examined adsorbents. All related equations and parameters are listed in Table 4.28. The
value of the correlation coefficient (R?) is an indication of the suitability of each model.
It is obvious that the adsorption rate for all adsorbents can be well described by pseudo-
second order with R? value (> 0.99) higher than that of Pseudo-first order. This suggests
that the chemisorption is a significant rate-determining step and also suggests the
involvement of the adsorbent and the adsorbate in the adsorption process through sharing
of electrons or valence forces (Arshadi et al., 2016; Ho & McKay, 1999). Similar kinetic
model fitting was observed for the adsorption behavior of different anionic dyes onto
various kinds of adsorbents (Dulman & Cucu-Man, 2009; Porkodi & Kumar, 2007;
Zhuannian et al., 2009). For further explanation of the adsorption kinetics, the
intraparticle diffusion model (ID) was investigated to analyze the diffusion mechanism
during the adsorption process. It is well known that the only condition that approves the
involvement of ID in the adsorption process and confirms its role as a sole rate-controlling

t!2 passes through the origin (Ai, Zhang, &

step is to obtain a linear plot of q: versus
Meng, 2011; Arami, Limaee, & Mahmoodi, 2008). As seen from Figure 4.33 the ID plot

of each adsorbent was not linear over whole time range and did not pass through the

origin. This indicates the participation of ID in the adsorption process but it was not the

163



only rate controlling step, as well as the boundary layer diffusion, to some degree, is the
dominant step in MO adsorption process (Cheung, Szeto, & McKay, 2007). It can be
noticed from Figure 4.33 that all adsorbents showed linear film diffusion region followed
by linear intraparticle diffusion region, proving that the adsorption process is influenced
by more than one process (Ugurlu, 2009). The first region corresponds to the stage of
rapid diffusion of MO molecules through the solution and their adsorption by the exterior
surface of the adsorbents (Ahmad et al., 2017). Whereas the second linear section occurs
when the first adsorption stage reaches saturation and the molecules of MO gradually
diffuse through the pores of the adsorbents and adsorbed by the adsorbents interior surface
(A1, Zhang, & Meng, 2011). Moreover, the value of C is represented by the intercept and
it refers to the thickness of the boundary layer. The increase in C value is a sign of a
thicker boundary layer and its higher effect in the adsorption process (Mahmoud et al.,
2012). Pn,n-CNTs adsorbent attained the highest C value, conforming the more

involvement of the adsorbent surface in the adsorption of MO.

Figure 4.31: Pseudo-first order kinetic model for MO adsorption.
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Figure 4.32: Pseudo-second order kinetic model for MO adsorption

Figure 4.33: Intraparticle diffusion kinetic model for MO adsorption.
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Table 4.28: linearized equations of all studied kinetics models and their
parameters and correlation coefficients for MO adsorption.

Kinetics Equations Parameters Adsorbents

P-CNTs PChCI-CNTs  Pn,n-CNTs

Pseudo-first In(q, —q;) =Ingq, R? 0.95 0.97 0.95
order —kjt Ki 0.016 0.018 0.0124
Qe 142.59 298.12 162.967
t 1 t R? 0.99 0.99 0.99
Pseudo- 0 a4 Ka 417x10  3.1x10° 0.00011
Second -5
order Qe 166.79 316.20 205.69
Intraparticle 1 R? 0.98 0.96 0.94
diffusion ¢~ Kat?2+C Ka 727 14.82 8.33
C 9.61 9.74 324
ge (experimental) 110.93 232.16 189.68

4.2.3.3 Isotherms studies

Three isotherm models (i.e. Langmuir, Freundlich and Temkin) were used to
investigate the behavior of MO adsorption onto P-CNTs, PChCI-CNTs and Pn,n-CNTs.
The linearized plots for the four studied isotherms are presented in Figure 4.34, figure
4.35 and Figure 4.36 and the linearized equations the models and related parameters are
listed in Table 4.29. Although the correlation coefficient (R?) value of both Freundlich
and Temkin isotherm models, Langmuir isotherm model acquired the highest R? value
with “a range of (0.97-099)” which confirms the reliability of this model to explain the
adsorption behavior of MO on each adsorbent. This suggests the occurrence of a
monolayer adsorption of MO at the homogeneous sites on the adsorbent surface, as well
as, no more adsorption occurs when these sites are saturated with MO molecules. The
value of the adsorption capacity (Qm) is clearly increased after the functionalization of
CNTs with DES to reach 310.2 (mg g ') for PChCI-CNTs. The dimensionless constant

Rr is known as separation factor and considered a basic feature to determine the
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favorability of Langmuir isotherm model. Table 4.29 reveals that Langmuir isotherm
model is highly favorable with (0 <Ry < 1) for all adsorbents.

Regarding Freundlich isotherm model, R? value was higher than 0.9 for all adsorbents,
which assumes the presence of non-equivalent binding sites in the heterogeneous surface
energy system (Mahmoud et al., 2012). The value of the slope (1/n) decides the intensity
of MO adsorption onto the heterogeneous surface and it was stated that the closer its value
to zero, the more heterogeneous the system is (Yao et al., 2011). Whereas, n value
determines the status of the adsorption chrematistics, and as it can be seen from Table
4.29, the n value for all adsorbents was greater than 1 which represents a suitable
adsorption condition (Mahmoud et al., 2012).

On the other hand, Temkin isotherm was carried out to estimate the effect of adsorbent-
adsorbate interactions on the adsorption process and it is characterized by the uniform
distribution of binding energies (Ghaedi, Hassanzadeh, & Kokhdan, 2011). The value of
B1 represents the heat of adsorption while the value of K represents the equilibrium
binding constant and they are listed in Table 4.29. In general, the interpretation of the
experimental results showed that, Langmuir isotherm is the best model which can
describe the adsorption of MO on all concerned adsorbent. Table 4.30 shows a
comparison of maximum monolayer adsorption capacity of MO on different reported

adsorbents.
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Figure 4.34: Langmuir isotherm model for MO adsorption.

Figure 4.35: Freundlich isotherm model for MO adsorption.
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Figure 4.36: Temkin isotherm model for MO adsorption.

Table 4.29: linearized equations of the examined isotherm models along with
their parameters and correlation coefficients.

Isotherms  Equations Parameters Adsorbents

P-CNTs PChCI-CNTs Pn,n-CNTs

Langmuir C, 1 4 (L)C R? 0.97 0.99 0.99
. Ko, \g )% Qumggh) 11045 3102 263.14

K, (Lmg") 3.8 3.45 473
Rr 0.043 0.049 0.036

Freundlich Ing, = InKy + 1 InC R’ 0.92 0.93 0.95

e Fip e n 2.14 1.87 1.68

Ky (Lmg!) 2310  65.99 44.9

Temkin ge = B;Ink,+B;InC, R® 0.93 0.96 0.96
B, 24.7 64.21 54.68

k, Lmg")  2.16 3.41 2.51
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Table 4.30: comparison between the maximum adsorption capacity of DES
treated CNTs and some reported adsorbents for MO removal.

Adsorbent Qmax (mg/g) Reference
P-CNTs 110.45 Present work
PChCI-CNTs 310.2 Present work
Pn,n-CNTs 263.14 Present work
De-oiled soya 16.7 (Mittal et al., 2007)
Banana peel 21 (Annadurai, Juang, & Lee, 2002)
Orange peel 20.5 (Annadurai, Juang, & Lee, 2002)
MWCNTs produced by CVD using the 35.4-64.7 (Yao et al., 2011)
carbon from acetylene cracking
Silver nanoparticle loaded on activated 55.54 (Karimi, Mousavi, & Sadeghian,
carbon 2012)
m-CS/ A-Fe2O3/MWCNTs 66.09 (Zhu et al., 2010)
Hypercrosslinked polymeric adsorbent 70.9 (Huang, Huang, et al., 2008)
Iron(IT) cross-linked chitin-based gel beads 107.5 (Li, Du, et al., 2010)
Calcined layered double hydroxides 200 (Ni etal., 2007)
Phragmites australis activated carbon 217 (Chen et al., 2010)
mesoporous carbon 294.1 (Mohammadi et al., 2011)
Lapindo volcanic mud 333.33 (Jalil et al., 2010)
Pinecone derived activated carbon 404.4 (Samarghandi et al., 2010)
A-Fe>03/S10, nanocomposites 476 (Deligeer, Gao, & Asuha, 2011)

4.2.3.4 Mechanism

To understand and illustrate the mechanism of MO adsorption mechanism onto P-

CNTs, PChCI-CNTs and Pn,n-CNTs, a simple glance was taken onto the role of solution

pH and onto the assumption of ID kinetic model. It was clear that controlling the value of

solution pH played a remarkable role in MO adsorption process through defining the

interaction between the adsorbent and the adsorbate. It is worth mentioning that based on

the value of solution pH, MO can be presented in two different chemical structure,

expressed as (Chen et al., 2010):

As already mentioned, the removal efficiency of the studied adsorbents was low at

high pH value and it increased as pH value decreased until it reached its maximum value
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at pH 2. Such phenomena may attribute to the number of negatively charged sites onto
the surface of DES functionalized CNTs due to the added oxygen-containing groups.
Under alkaline conditions, the decrease in MO removal is because of: (1) the competition
between the abundant OH ions and anionic dye in the solution (Yao et al., 2011); (2)
The electrostatic repulsion between MO anionic molecules and the adsorbent as the
number of negatively charged sites are increased onto the adsorbent surface (Hamdaoui
& Naffrechoux, 2007b; Jalil et al., 2010). Further, the higher MO adsorption under acidic
condition may attribute to the electrostatic attraction between the anionic molecules of
MO and the neutralized negatively charged sites resulted from the abundance of H" ions
(Mittal et al., 2007) . On the other hand, ID model assumed that the adsorption of MO
can involve two main steps: (1) film diffusion by which MO adsorption occurs onto the
surface of the adsorbent; (2) intraparticle or pore diffusion by which MO molecules
adsorbed onto the interior surface of the adsorbent. Moreover, the results revealed the
involvement of other mechanisms in MO adsorption process along with intraparticle
diffusion, as well as it was found that the boundary layer diffusion was the controlling

step to some extent.
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CHAPTER 5: CONCLUSION AND RECOMMENDATIONS
5.1 Conclusion

In this study five types of salts and two types of HBDs were used to prepare two new
systems of DESs. Screening studies for salt to HBD ration was carried out to determine
the most stable molar ration for each prepared DESs. A comprehensive investigation of
the physical properties for the studied DESs were conducted including freezing point,
density, viscosity, conductivity, surface tension and FTIR. Thereafter, the capability of
DESs as novel functionalization agents was ascertained through the selection of two
DESs to functionalize pristine CNTs (P-CNTs), primarily acidified CNTs with H2SO4 (S-
CNTs) and oxidized CNTs with KMnO4 (K-CNTs). Later, DES-functionalized CNTs
were used as novel adsorbents for the removal of two organic pollutants from water (i.e
2,4-DCP and MO). An elementary screening for batch adsorption studies was conducted
to select the adsorbent with the highest removal efficiency to proceed with further
characterizations. The characterization for the selected adsorbents included BET surface
area, Raman spectroscopy, FTIR, TGA, SEM, TEM, and zeta potential. The optimum
removal conditions were detected through optimizations studies by using RSM-CCD
experimental design. The removal efficiency was chosen as the only response and
ANOVA was used to develop its empirical equation. Moreover, four kinetic models and
four isotherm models were studied for each selected adsorbent. The key findings of this

work can be summarized as following:
1. The synthesis process of each studied DES involved changing its compositions
ratio by fixing the ratio of salt and changing the ratio of HBD from 1 to 10 as
a result 100 DESs samples were produced. The first ratio by which DES is
presented in stable and homogeneous liquid phase was selected to be the
optimum ratio and based on that only ten DESs were chosen for further studies

of their physical properties. The unsuccessful salt to HBD ratio resulted in the
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formation of participates and crystals within DES mixture which led to the
appearance of many phases, during synthesizing and storing of DESs such as
solid and semi-solid phases. This phenomenon was explained by the
insufficient amount of HBD to build a hydrogen bonding with the halide anion
of the abundant salt concentration. All selected DESs were compatible with the
general definition of DESs that describes DES of having a freezing point lower
that of its individual constituents.

The Physical properties of the ten selected DESs were obtained at temperature
range of (20-80) °C, then all data were simply correlated and fitted to adequate
models. Both surface tension and density data decreased with the increase of
temperature and their temperature trends were fitted linearly. The temperature
trend for the conductivity and viscosity was exponential growth and
exponential decay, respectively, and both trends were successfully fitted to
Arhenius-like model. Additionally, the FTIR analysis revealed that the
chemical structure of both salt and HBD has an explicit effect on the DESs
structure. Furthermore, it was concluded that varying the temperature, or/and
the DESs individual components, or/and the ratio of salt to HBD are of a
considerable concern to obtain a eutectic mixture with adaptable physical
characterizations to a specific type of application, which consequently
contributes in widening the horizon of DESs employments as ILs alternatives.
EG based DESs were used as samples to study the possibility of using DESs
as functionalization gent for CNTs. Three types of CNTs (i.e. P-CNTs, K-
CNTs and S-CNTs) were simply sonicated with each of the selected DES and
used as novel adsorbent for the removal of two organic pollutants, namely, 2,4-
DCP and MO. The characterization studies for the new adsorbents were

performed for the adsorbents that showed the highest removal efficiency for
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both studied pollutants. The characterization studies proved the functionality
of DESs as functionalization agents by significantly purifying CNTs, adding
more oxygen containing groups, enhancing CNTs dispersion, and increasing
CNTs surface area with conserving their unique structure.

. Based on screening studies, four adsorbents (P-CNTs, S-CNTs, PChCI-CNTs
and SChCI-CNTs) were found to have the highest removal efficiency for 2,4-
DCP from water. The Optimization studies conducted by RSM-CCD
experimental design revealed that the adsorption of 2,4-DCP was highly
dependent on the pH solution, and on the surface charge of the adsorbents, the
optimum pH for all adsorbents was found to be less than pka value of 2,4-DCP
(>7.4). The 2,4-DCP adsorption kinetics for all examined adsorbents were well
described by pseudo-second order model. The equilibrium adsorption data was
best presented by Langmuir isotherm model indicating a monolayer adsorption
on a homogeneous surface with a highest maximum adsorption capacity of
390.53 mg/g obtained for SChCI-CNTs.

. Twelve DESs-CNTs combinations were applied as new adsorbents for MO
removal from aqueous solution. Three adsorbents (P-CNTs, PChCI-CNTs and
Pn,n-CNTs) showed the highest removal efficiency and their optimal removal
conditions for MO removal were achieved at pH 2.0, adsorbent dosage > 10.0
mg and contact time > 60 min. Pseudo-second order perfectly explained MO
adsorption system. The adsorption data were excellently fitted by Langmuir
isotherm with the maximum adsorption capacity of 310.2 mg/g and 263.14

mg/g for PChCI-CNTs and Pn,n-CNTs respectively.

174



5.2

Recommendations

In summary, the result of this work is very promising and it is suggesting a prominent

approach in CNTs functionalization area and in water remediation domain. Many

recommendations can be concluded from the different steps of the experimental work

which can lead to a better performance or future research work. These proposed

recommendations can be summarized as following:

1.

Further research is recommended to use metal salts or organic salts to
synthesize new types of DESs and study their characteristics to encourage their
applications on both laboratory and industrial scales.

The concept of using DESs as functionalization agents for MWCNTs can
comprehend other types of nanomaterials such as SWCNTs, graphene,
titanium dioxide, iron oxides, etc.

Due to the distinguished performance of the novel DESs-CNTs adsorbents in
the removal of MO and 2,4-DCP, the investigation should cover the removal
of other types of hazardous organic pollutants and bio-pollutants.

Adsorption processes can be further developed by: (a) Performing a column
study to explore the breakthrough conditions, (b) Desorption study is necessary
to determine the recyclability of the adsorbent composite, or/ and (c) A
competitive study is required to analyze the behavior of each adsorbent in the
presence of other organic pollutants or heavy metal ions.

In addition to adsorption processes, other techniques including membrane
processes, photocatalysis and sensing systems can be used for further

investigations of the applicability of the novel DES-CNTs combinations.
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