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ABSTRACT

The potential of banana stem fiber (BSF) and its modifications as a low cost
adsorbent for Hg(II) adsorption was evaluated. In this study, three types of adsorbents
were prepared; chemically treated BSFs, grafted BSFs and amine functionalized
grafted BSFs. Chemically-treated BSFs were modified by HCI and NaOH
pre-treatments. Grafted BSFs were prepared by grafting methacrylic acid (MAA) onto
BSF using B-radiation, microwave-radiation and conventional chemical initiation
grafting methods. Subsequently, the grafted BSF was further functionalized using
three types of amine, namely ethylenediamine (EDA, primary amine), N,N’-
methylenebisacrylamide (MBA, secondary amine) and triethylamine (TEA, tertiary
amine). Prior to adsorption, all the adsorbents were activated in vacuo at 373 K. The
adsorbents were characterized using X-ray diffraction (XRD), Fourier transform
infrared (FTIR) spectroscopy, nitrogen physisorption, thermogravimetric analysis
(TGA), field emission scanning electron microscopy-energy dispersive X-ray
(FESEM-EDX), electron spin resonance (ESR) spectroscopy and pHzpc. Results of the
study showed that HCI pre-treatment on BSF increased the cellulose accessibility,
while activation process generated a large amount of structural defects on the BSF.
Moreover, BSF grafted via -radiation (BSF-) was proved to have a higher grafting
yield, which led to a higher Hg(II) adsorption capacity. In addition, the introduction of
amines into BSF-f significantly enhanced the Hg(II) uptake due to the stronger affinity
towards Hg(Il) ions. The functionalization of ethylenediamine onto BSF-B (EDA-
BSF) showed the highest Hg(II) adsorption capacity followed by MBA-BSF and TEA-
BSF. These results indicate that the position of amine functional groups on BSF plays
an important role in the adsorption process. Fitting of the adsorption data with the non-
linear Langmuir isotherms produced the maximum adsorption capacity of 372, 484
and 843 mg g for activated BSF-HCI, BSF-B and EDA-BSF, respectively. Besides,
activation of BSF-HCI altered the activation energy from 3.5 to 76.9 kJ mol™!, which
showed the increasing of Hg(II) chemisorption. On the other hand, the adsorption of
Hg(II) onto BSF- and EDA-BSF were mainly via ion-exchange process, where their
activation energy falls in the range of 13.7 to 19.2 kJ mol™. It should be noted that
BSF-HCI, BSF-p and EDA-BSF adsorbents were effectively regenerated with 0.1 M
HCI solution and exhibited good recyclability and reusability for a few cycles of
Hg(Il) adsorption. Furthermore, BSF-B and EDA-BSF possessed an excellent
adsorption capacity for cationic heavy metals (Hg**, Pb** and Cd*"), offering potential
applications in the recovery of cationic heavy metals from multi-metal aqueous
systems. This study demonstrates an inexpensive yet effective material such as BSF
from agricultural waste, has a great potential as adsorbent for the removal and recovery
of Hg(II) ions from aqueous solutions.
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ABSTRAK

Potensi serat batang pisang (BSF) dan pengubahsuaiannya sebagai penjerap kos
rendah untuk penjerapan Hg(II) telah dinilai. Dalam kajian ini, tiga jenis penjerap telah
disediakan; BSF yang dirawat secara kimia, cangkukan BSF dan pemfungsian amina pada
cangkukan BSF. BSF terawat secara kimia telah diubahsuai dengan pra-rawatan HCI dan
NaOH. Cangkukan BSF telah disediakan dengan mencantum asid metakrilik (MAA) ke
atas BSF menggunakan kaedah sinaran-f, sinaran gelombang mikro dan pemulaan
cantuman kimia konvensional. Kemudian, cangkukan BSF telah difungsi selanjutnya
dengan menggunakan tiga jenis amina, iaitu etilenadiamina (EDA, amina primer), N,N -
metilenabisakarilamida (MBA, amina sekunder) dan trietilamina (TEA, amina tertier).
Sebelum dilakukan penjerapan, kesemua penjerap telah diaktitkan in vacuo pada 373 K.
Penjerap telah dicirikan menggunakan kaedah pembelauan sinar-X (XRD), spektroskopi
inframerah transformasi Fourier (FTIR), fizijerapan nitrogen, analisis termogravimetri
(TGA), mikroskopi elektron pengimbasan pancaran medan-penyebaran tenaga sinar-X
(FESEM-EDX), spektroskopi resonans putaran elektron (ESR) dan pH,,. Keputusan
kajian menunjukkan bahawa pra-rawatan HCIl ke atas BSF meningkatkan ketercapaian
selulosa, manakala proses pengaktifan menghasilkan sejumlah besar kecacatan pada
struktur BSF. Selain itu, BSF yang telah dicangkukkan melalui sinaran-f3 (BSF-f) terbukti
mempunyai hasil cangkukan yang lebih tinggi yang membawa kepada kapasiti penjerapan
Hg(Il) yang lebih tinggi. Tambahan lagi, kemasukan amina dalam BSF-B meningkatkan
pengambilan Hg(II) dengan ketara disebabkan oleh tarikan yang lebih kuat terhadap ion
Hg(Il). Pemfungsian etilenadiamina ke atas BSF-f (EDA-BSF) menunjukkan kapasiti
penjerapan Hg(Il) tertinggi diikuti oleh MBA-BSF dan TEA-BSF. Keputusan ini
menandakan bahawa kedudukan kumpulan berfungsi amina di BSF memainkan peranan
yang penting dalam proses penjerapan. Pemadanan data penjerapan menggunakan
isoterma Langmuir bukan linear menghasilkan kapasiti penjerapan maksimum iaitu
masing-masing 372, 484 dan 843 mg g untuk BSF-HCI yang diaktifkan, BSF-p dan
EDA-BSF. Selain itu, pengaktifan BSF-HCI mengubah tenaga pengaktifan dari 3.5 kepada
76.9 kJ mol’, yang menunjukkan peningkatan pengkimierapan Hg(Il). Sebaliknya,
penjerapan Hg(Il) pada BSF-B dan EDA-BSF adalah tertumpu melalui proses pertukaran
ion di mana tenaga pengaktifannya tergolong dalam lingkungan 13.7 hingga
19.2 kJ mol™. Perlu diperhatikan bahawa penjerap BSF-HCI, BSF-B dan EDA-BSF dapat
dijanakan semula secara berkesan dengan menggunakan larutan HCl 0.1 M dan
mempamerkan kitaran semula dan kebolehgunaan yang baik untuk beberapa kitaran
penjerapan Hg(Il). Tambahan pula, BSF-$ dan EDA-BSF memiliki kebolehan penjerapan
yang sangat baik untuk logam berat kationik (Hg?*, Pb** dan Cd*"), yang menawarkan
potensi penggunaan dalam pemulihan logam berat kationik dari sistem akueus berbilang
logam. Kajian ini menunjukkan bahawa bahan yang murah lagi berkesan seperti BSF
daripada sisa pertanian mempunyai potensi besar sebagai bahan penjerap bagi
penyingkiran dan pemulihan Hg(Il) dari larutan akueus.



CHAPTER

TABLE OF CONTENT

TITLE

DECLARATION
DEDICATION
ACKNOWLEDGEMENT
ABSTRACT

ABSTRAK

TABLE OF CONTENTS
LIST OF TABLES

LIST OF FIGURES

LIST OF SCHEME

LIST OF ABBREVIATIONS
LIST OF SYMBOLS
LIST OF APPENDICES

INTRODUCTION
1.1 Research Background

1.2 Problem Statement and Hypothesis

1.3 Objectives of Study
1.4 Scopes of Study

1.5 Significance of Study
1.6 Thesis Outline

vil

PAGE

ii
il

v

vi
vil
xil
X1v

Xviil
XiX
xxi

XX1i1



viil

LITERATURE REVIEW 12

2.1 Overview of Mercury 12
2.2 Treatment Technologies 14
2.3 Adsorption 18
2.4 Agricultural Waste Materials 19
2.5 Cellulose Substrates 21
2.6 Modification of Cellulose 23
2.6.1 Direct Chemical Modification 24
2.6.1.1 Esterification 24

2.6.1.2 Halogenation 25

2.6.1.3 Acidic Treatment 26

2.6.2 Grafting Monomer 26
2.6.2.1 Chemical Initiation Grafting 28

2.6.2.2 Microwave Radiation Grafting 30

2.6.2.3 Photochemical Grafting 30

2.6.2.4 High Energy Radiation Grafting 31

2.7 Subsequent Functionalization 32
2.8 Mechanism of Adsorption 33
2.9 Adsorption of Equilibrium 34
2.9.1 Two Parameters Isotherm 35
2.9.2 Three Parameters Isotherm 37

2.10 Adsorption Kinetic Study 38
2.10.1 Pseudo-First Order 39
2.10.2 Pseudo-Second Order 40
2.10.3 Intraparticle Diffusion 41
2.11 Thermodynamic Study 42
METHODOLOGY 45
3.1 Preface 45

3.2 Chemicals, Materials and Instrumentations 47



33

34

3.5
3.6

Preparation of Adsorbents

3.3.1 Preparation of Treated BSF

3.3.2 Preparation of Grafted BSF
3.3.2.1 Grafting by B-radiation method
3.3.2.2 Grafting by Microwave-

Radiation Method
3.3.2.3 Grafting by Conventional
Chemical Initiation Method

3.3.3 Preparation of Amine Functionalized on
Grafted BSF

Characterization of Adsorbents

3.4.1 Determination of Cellulose,
Hemicellulose and Lignin Contents

3.4.2 X-Ray Diffraction (XRD) Analysis

3.4.3 Fourier Transform Infrared (FTIR)
Spectroscopy

3.4.4 Surface Area Analysis

3.4.5 Thermal Gravimetric Analysis (TGA)

3.4.6 Electron Spin Resonance (ESR)
Spectroscopy

3.4.7 Field Emission Scanning Electron
Microscopy-Energy Dispersive X-Ray
(FESEM-EDX)

3.4.8 Determination of pHzpc

Preparation of Metal Stock Solution

Adsorption of Hg(II) onto Adsorbents

3.6.1 Effect of pH

3.6.2 Isotherms Study

3.6.3 Kinetics Study

3.6.4 Thermodynamics Study

48
49
49
49
50

50

51

52
52

53
53

54
54
54
54
55

55
56
56
57
57
58
58

iX



3.7 Reuse and Regeneration of Adsorbents

3.9 Adsorption of Hg(Il) in Multi-Metals Aqueous

System

RESULTS AND DISCUSSION

4.1 Preface

4.2 Preparation and Characterization of Adsorbents

43

4.4
45

4.2.1

422
423
424
425
4.2.6
4.2.7

Crystallinity, Phase and Structural
Studies

Vibrational Spectroscopy

Study of Textural Properties
Thermal Properties

Surface Defects Determination
Topological Properties

Surface Charge of Adsorbents

Adsorption Studies

43.1

432
433
4.3.4
4.3.5
4.3.6
4.3.6

Effect of Chemical Pre-treatments on
BSF

Effect of Grafting Modification Methods
Effect of Amine functionalization

Effect of pH

Equilibrium Isotherms Studies

Kinetics Studies

Thermodynamic Studies

Regeneration and Reusability Studies

Effect of Hg(II) Adsorption in the Presence of

Other Metal Ions

CONCLUSION

5.1 Conclusion

59
59

61
61
61
62

65
69
72
75
78
80
81
81

82
86
88
90
98
102
107
110

113
113



xi

5.2 Recommendations for Future Work 115

REFERENCES 116
Appendices A - B 134-136



TABLE NO.

2.1

2.2

3.1
3.2
33
4.1

4.2
4.3

4.4

4.5

4.6

4.7

LIST OF TABLES

TITLE

Treatment technologies for the removal of heavy
metals and its advantages and disadvantages (O’

Connel et al., 2008)

Adsorption of Hg onto various agricultural waste

adsorbents

List of chemicals

List of Instruments

List of adsorbents

Chemical composition of BSF-raw, BSF-NaOH and
BSF-HCI

Peak area of C=0O form Gaussian curve fitting

The textural properties of the BSF, grafted BSF and
amine functionalized on grafted BSF adsorbents
Thermogravimetric data of BSF, grafted BSF and

amine functionalized on grafted BSF

Isotherm parameters for Hg(II) adsorption onto BSF-
HCI, BSF-B40 and EDA-BSF

Comparison with other adsorbents

Parameters of kinetic and intraparticle diffusion study
for the Hg(II) adsorption on activated BSF-HCI, BSF-
B4o and EDA-BSF at different temperatures

17

20

47
48
48
62

68
71

74

95

96
101

xii

PAGES



4.8

Thermodynamic parameters for the Hg(II) adsorption
on activated BSF-HCI, BSF-B4 and EDA-BSF at

different temperatures

105

xiil



FIGURE NO.

2.1
2.2

23

2.5
3.1
3.2

4.1

4.2

43

4.4

4.5

LIST OF FIGURES

TITLE

Schematic representation of cellulose structure

Schematic of goals of pretreatment on lignocellulosic

material (Mosier et al., 2005)

Methods for synthesis of graft copolymers (Kang et
al., 2015)

Plausible mechanism of adsorption (Sud ef al., 2008)
Research flow chart

Schematic procedure for the preparation of amine

functionalized on grafted BSF

XRD patterns of (a) BSF-raw, (b) BSF-NaOH and (c)
BSF-HCl

XRD patterns of (a) BSF-HCI, (b) BSF-f, (c) BSF-
MW, (d) BSF-C and (e) Hg loaded on BSF-f

XRD patterns of (a) BSF-B, (b) EDA-BSF, (c) MBA-
BSF, (d) TEA-BSF and (e) Hg-EDA-BSF

(A) FTIR spectra of (a) BSF-raw, (b) BSF-NaOH and
(c) BSF-HCI and (B) FTIR spectra of (a) fresh BSF-
HCI, (b) Hg adsorbed on fresh BSF-HCI, (c) activated
BSF-HCI and (d) Hg adsorbed on activated BSF-HC1

FTIR spectra of (a) BSF-HCI, (b) BSF-B, (c) BSF-
MW, (d) BSF-C and (e) Hg loaded on BSF-

22
24

28

34
46
52

63

64

65

66

67

Xiv

PAGES



4.6

4.7

4.8

4.9
4.10

4.11

4.12

4.13

4.14

4.15

4.16

4.17

4.18

4.19

4.20

Gaussian curve-fitting peaks of C=0 for BSF based

adsorbents

FTIR spectra of (a) BSF-f, (b) EDA-BSF, (c) MBA-
BSF, (d) TEA-BSF and (e) Hg-EDA-BSF

(A) N2 adsorption-desorption isotherm and (B) pore
size distribution of all adsorbents

TG curves of activated BSF-HCI1 and Hg-BSF-HCI
TG curves of BSF, BSF-, BSF-MW and BSF-C

TG curves of BSF-B, EDA-BSF, MBA-BSF and TEA-
BSF

ESR spectra of fresh BSF-HCI, activated BSF-HCI
and Hg loaded on activated BSF-HCI

(A) ESR spectra of BSF based adsorbents and their (B)
variations in the intensity of the ESR signal at g=1.98
ESR spectra of BSF-, EDA-BSF, MBA-BSF and
TEA-BSF

FESEM images of (A) activated BSF-HCI, (B) BSF-
B, (C) EDA-BSF, (D) Hg adsorbed on activated BSF-
HCI, (E) Hg adsorbed on BSF-f and (F) Hg adsorbed
on EDA-BSF

EDX analysis of Hg adsorbed on (A) activated BSF-
HCI, (B) BSF-B and (C) EDA-BSF

Isoelectric point (pHzpc) of (A) activated BSF-HCI, (B)
BSF-B40 and (C) EDA-BSF

Effect of pre-treatment and activation of BSF on the
adsorption of Hg(II)

Effect of adsorbed dose of B-radiation on the degree
of grafting and Hg(I1) adsorption capacity

Effect of microwave power on the degree of grafting

and Hg(II) adsorption capacity

68

69

70

72
73
75

76

77

78

79

80

81

82

84

85

XV



4.21

4.22

423
4.24

4.25

4.26

4.27

4.28

4.29

4.30

431

4.32

Effect of chemical initiator concentration on the

degree of grafting and Hg(II) adsorption capacity

Effect of different amine precursors on Hg(II)

adsorption
Effect of EDA concentration on Hg(II) adsorption

Effect of pH on Hg(II) adsorption onto (A) activated
BSF-HCI, (B) BSF-B40 and (C) EDA-BSF

Non-linear plots of isotherm models for Hg(II)
adsorption onto (A) fresh BSF-HCI and (B) activated
BSF-HCI

Non-linear plots of isotherm models for Hg(II)
adsorption onto (A) BSF-B40 and (B) EDA-BSF

Non-linear plots of kinetics models for Hg(Il)
adsorption onto (A) activated BSF-HCI, (B) BSF-B4o
and (C) EDA-BSF

Intra-particle diffusion model for Hg(II) adsorption
onto (A) activated BSF-HCI, (B) BSF-B4 and (C)
EDA-BSF

Plot of In K. versus 1/T for estimation of
thermodynamic parameters for the adsorption of
Hg(Il) onto (A) fresh BSF-HCI, (B) activated BSF-
HCI, (C) BSF-B40 and (D) EDA-BSF

Plot of In k versus 1/T for estimation of activation
energy for the adsorption of Hg(Il) onto (A) fresh
BSF-HCI, (B) activated BSF-HCI, (C) BSF-B40 and
(D) EDA-BSF

Regeneration of activated BSF-HCl for Hg(Il)

adsorption

(A) Regeneration of BSF-B40 for Hg(I1) adsorption and
(B) FTIR spectra for (a) BSF-B4o, (b) Hg loaded on

86

87

88
&9

91

94

99

100

103

106

108

109

Xvi



4.33
4.34

4.35

BSF-B40, (¢c) BSF-P4o after desorbed and (d) Hg loaded

on BSF-B4 after six cycles
Regeneration of EDA-BSF for Hg(II) adsorption

Performance of BSF-Bs4o for various heavy metal

pollutants in single, binary and quaternary mixtures

Performance of EDA-BSF, MBA-BSF and TEA-BSF
on single (pattern bar) and multi-metals (solid bar)

aqueous systems

110
111

112

xvii



xviii

LIST OF SCHEME
SCHEME NO. TITLE PAGES
2.1 A simplified mechanism for the graft polymerisation 29

of cellulose in the presence of K;S>;Og as a free

radical polymerisation catalyst (Roy et al., 2008)



BET
BJH

BSF
BSF-C
BSF-HCI
BSF-MW
BSF-NaOH
BSF-B

Cd

DG

EDA
EDA-BSF
EDX

ESR
FESEM
FG

FTIR
FDT

Hg

IDT

IPA
IUPAC
MAA
MBA
MBA-BSF
MP-AES
MPSD

LIST OF ABBREVIATIONS

Brunauer Emmet Teller
Barrett, Joyner, and Halenda

Banana Stem Fibers

Xix

Grafted BSF by Conventional Chemical Initiation Method

BSF treated with Hydrochloric Acid

Grafted BSF by Microwave-Radiation Method
BSF treated with Sodium Hydroxide

Grafted BSF by pB-Radiation Induced Method
Cadmium

Degree of Grafting

Ethylenediamine

Functionalization of EDA on BSF-8

Energy Dispersive X-Ray

Electron Spin Resonance

Field Emission Scanning Electron Microscopy
Functional Groups

Fourier Transform Infrared

Final Decomposition Temperature

Mercury

Initial Decomposition Temperature

Isopropyl Alcohol

International Union of Pure and Applied Chemistry
Methacrylic Acid
N,N-methylenebisacrylamide
Functionalization of MBA on BSF-f3
Microwave Plasma-Atomic Emission Spectrometer

Marquadt's Percent Standard Deviation



MW

Pb

TEA
TEA-BSF
TGA
XRD
ZpPC

Microwave

Lead

Triethylamine

Functionalization of TEA on BSF-
Thermal Gravimetric Analysis
X-Ray Diffraction

Zero Point of Charge

XX



LIST OF SYMBOLS

Grafting percentage

Redlich-Peterson constant
Redlich-Peterson constant

Concentration at equilibrium time (mg L)
Final Concentration (mg L)

Thickness of the boundary layer (mg g min"'/?)
Initial concentration (mg L)

Concentration at time # of reaction (mg L)
Activation energy (kJ mol™)

Redlich-Peterson exponent

Pseudo-first order rate constant (min™')
Pseudo-second order rate constant (g mg ' min™!)
Freundlich constant (L' mg(!-17p) g1)
intraparticle diffusion constant (mg g ' min'?)
Langmuir constant (L mg™)

Temkin constant

Molecular Weight (g mol™)

Heterogenity factor

Final pH

Initial pH

pH at Zero Point of Charge

Adsorption uptake at equilibrium conditions (mg g™')
Maximum adsorption capacity (mg g!)

Adsorption uptake at time ¢ (mg g™!)

Gas constant (8.314 ] mol™! K™!)

Dimensionless equilibrium constant

Absolute temperature (K)

xxi



4G°
AH°
48°

Time (min)

Volume of solution (L)
Weight of grafted BSF (g)
Weight of ungrafted BSF (g)
Crystallinity index (%)
Gibbs free energy (kJ mol™)
Enthalpy (kJ mol™)

Entropy (J mol' K1)

xxii



xxiii

LIST OF APPENDICES

APPENDIX TITLE PAGES

A Standard calibration curves 134

List of publication and proceedings 136



CHAPTER 1

INTRODUCTION

1.1 Research Background

Heavy metals are very toxic toward living organisms, even if only present in
low concentration. This arises from their enormous potential to accumulate in the
environment and in the food chain. Among those heavy elements mercury is the most
toxic and non-biodegradable metal that brings no beneficial effects on human (Sun et
al., 2013; Syversen and Kaur, 2012). Mercury can be entered to the environment by
several sources, resulting in contamination of atmospheric and aquatic systems. The
presence of mercury in the aquatic environment is known to cause severe health
problems in both animals and humans. Mercury and its compounds act as dangerous
and insidious poisons, with the possibility of adsorption not only through the
gastrointestinal tract but also through the skin and lungs. After adsorption, mercury
circulates in the blood and is stored in the liver, kidneys, brain, spleen and bone,
thereby leading to several health problems such as paralysis, serious intestinal and
urinary complexations, and dysfunction of the central nervous system and, in more
severe cases of intoxications, death. The soluble compounds of mercury are
particularly toxic because their adsorption is very fast. Ingesting a dose of less than 0.5
g can prove to be fatal (Wajima et al., 2011). Although mercury is being less and less
used in process industry, its overall emissions are still a serious health hazard and in
the last 20 years, anthropogenic sources were found to be comparable to natural
sources, accounting for around 2000 tonnes per year. In the last 50 years, largest part
of the mercury contamination arise from gaseous emissions of fossil fuel combustion,

industrial processes (mainly chloro-alkali productions, pharmaceutical and cosmetic



preparations, electrical instruments) and municipal solid waste treatment plants

(Ismaiel ef al., 2015; Wang et al., 2004).

Mercury is included in the list of priority pollutants by all environmental
agencies worldwide. To reduce mercury pollution phenomena in waters, severe
environmental regulations were applied all over the world to define the maximum
allowable concentration of mercury in liquid emissions. In the United States of
America, the permitted discharge limit of wastewater for total mercury is 10 pg L™
and the limit for drinking water is 2 pg L!. On the other hand, in Japan the established
values are much more restrictive with corresponding limits of 5 ug L' and 0.5 pg L,
respectively. The World Health Organization (WHO) recommends a maximum uptake
of 0.3 mg per week and 1 ug L' as the maximum acceptable concentration of mercury

in drinking water (Wajima ef al., 2011).

The conventional techniques for Hg(Il) removal from wastewater include
chemical precipitation (Gonzalez-Mufioz et al., 2006), solvent extraction (Deligdz et
al., 2008), membrane separation (Pejic et al, 2009), ion-exchange (Oehmen et al.,
2014) and adsorption (Anirudhan et al, 2008). Apart from being economically
expensive, some of these techniques have disadvantages of incomplete metal removal,
high reagent and energy requirements, and generation of toxic sludge or other waste
products (Zhang et al., 2010; Lisha et al., 2008; Mangold et al., 2014; Pejic et al.,
2009). Among these techniques, adsorption is the most useful and economical
technique that has been widely used for the treatment of trace-Hg(II)-contaminated
wastewater (Huang et al., 2009). Adsorption is a well-known equilibrium separation
process and an effective method for water decontamination applications and has been
found to be superior to other techniques for water reuse in terms of initial cost,
flexibility and simplicity of design, ease of operation and insensitivity to toxic
pollutants. This technique also does not result in the formation of harmful substances
and the organic sorbents can be used as fuel for power generation or as ferment

substrate (Achak et al., 2009).

A large number of different adsorbent materials containing a variety of

attached chemical functional groups have been reported for this purpose. Activated



carbon, ion exchange resins and other adsorbents have been used for the adsorptive
removal of Hg(Il) from wastewater. Nonetheless, the cost and regeneration of
adsorbents are the key factors influencing their application in practice, especially for
the treatment of large volume of wastewater. So, it is necessary to develop low-cost,
efficient and reusable adsorbents for the adsorptive removal of Hg(Il). In general, an
adsorbent is assumed to be ‘low-cost’ when it requires little processing, is abundant in
nature or is a by-product or waste material from other industries. A wide range of
adsorbent based on low cost agricultural by-products been used for removing Hg(II)
from wastewaters which included rice straw (Rocha et al., 2009), sugarcane bagasse
(Hoi and Martincigh, 2013), coconut coir pith (Anirudhan et al., 2008), saw dust
(Meena et al., 2008) and banana pith (Pillai ez al., 2013; Nada et al., 2010). In recent
years, lignocellulosic fibers have attracted the attention of many research groups that
are considering their use for industrial purposes and the reinforcement of polymers.
These fibers have many advantages compared to glass fibers, such as low density and
low cost, and they are recyclable and biodegradable. Moreover, there is a high
production of fibrous plants in tropical countries such as Malaysia and some of them,
for instance, banana, are agricultural crops. The use of banana fibers is of particular
interest because they originate from agricultural waste, being extracted from the
pseudo stem which would be abandoned in the farming practice for natural
decomposition after the harvesting of the fruits (Merlini ez al., 2011). Banana is one of
the largest consumed fruit in the world and therefore, creates one of the major agro-

waste problems.

Banana stem fiber (BSF) is principally composed of cellulose, hemicellulose
and lignin (Gabhane et al., 2014). These biopolymers have abundant and specific
functional group such as hydroxyl (OH) groups (Liu ef al., 2006), which have affinities
for heavy metal ions. The cellulosic surface becomes partially negatively charged
when immersed in water and, therefore, possess coulumbic interaction with cationic
species in water (Laszlo and Dintzis 1994; McKay et al., 1987; Weixing et al., 1998).
Although shown to be effective adsorbent for a wide range of solutes, particularly
divalent metals cations, crop residues suffer from at least two major drawback: low
exchange or sorption capacity, and poor physical stability (partial solubility) (Laszlo

and Dintzis, 1994). In order to overcome these problems, chemical modification and/or



activation of the raw adsorbents are required (Kumar, 2013). Consequently, more
active binding sites are provided, better ion-exchange properties are obtained, and new
functional groups are formed. There is less report available on the chemical
modification of banana stem to enhance the quality and acceptability of banana stem
product. Previously, Anirudhan et al. (2007) synthesized a strong cation exchange
resin which was fabricated through the hydrolysis of graft copolymer of banana stem
(BS) with acrylonitrile for removal of Hg(II) from aqueous solution. However, the
maximum adsorption capacity obtained is still low compared to other available

adsorbent with 90.88 mg g™

One of the widely used methodologies for the preparation of adsorbent material
is the graft polymerization technique followed by functionalization; resulting surface
modification. Graft copolymerization is a well-established and commonly used
technique for modification of polymer surface and it is an important tool in order to
modify the physical or chemical properties of polymers (Wojnarovits et al., 2010). In
graft copolymer synthesis, there are various techniques that have been used to activate
or initiate the backbone of cellulose polymer. Conventional chemical free radical
initiators (Anirudhan and Shainy, 2015), high energy radiation (gamma rays or
electron beam) (Goel et al., 2015), UV rays in the presence of photo sensitizers or
microwave radiation are used for this purpose (Kang et al., 2015; Singh et al., 2010).
Conventional chemical free radical initiators essentially require an inert atmosphere
and control of the percentage grafting and reproducibility is quite low (Mishra et al.,
2011). Microwave-based synthesis of graft copolymers has the inherent advantage of
being fast, simple, highly reproducible and providing a great degree of control over
percentage grafting. However, Mishra et al. (2011) reported that grafting reaction
initiated by a combination of microwave radiation and conventional method will yield
grafted products with a higher percentage of grafting. Thus, in the microwave-based
synthesis method, it is also necessary to utilize a chemical free radical initiator to
enhance the formation of radical sites on the backbone of cellulose. Among different
innovative techniques used for the production of sorption-active materials, the
application of economical and ecologically clean radiation technologies is now under
the attention of researches. In particular, the utilization of the B-radiation-induced graft

polymerization technique allows the inert polymeric matrix and the chains of a



monomer with desirable functional groups to be introduced, or the chains of a

precursor-monomer to be grafted, which can be subsequently modified.

Further functionalization of various adsorbents for the removal of heavy metal
ions from water or wastewater has attracted great research interest in recent years due
to the advantages of achieving high efficiency and good selectivity. Among the various
studies, amine-functionalized adsorbents are perhaps the most common, arising from
the strong chelation properties of amine to heavy metals, specifically Hg ions due to
stronger affinity toward Hg ions. Researchers have reported the functionalization of
polymeric materials with amine-groups increased the chelation between metal ions and
adsorbent surface, resulting in enhanced Hg(Il) uptake (Ma et al., 2009a; Ma et al.,
2009b; Atia et al., 2007).

However, as the best to our knowledge, detailed studies on introduction of
amine functional groups onto banana stem fibers via radiation method as well as their
subsequent application to Hg(II) adsorption is still scanty. Therefore, the aim of this
study is to prepare amine functionalized on grafted BSFs and to explore their
feasibility for removal of Hg(Il) ions from aqueous solution. Herein, we report the
preparation of BSF by chemical treatment and activation process. The graft
modification on treated BSF by several free radical generation methods was also
performed. Then, further functionalization of grafted BSF with a series of amine
functional groups was conducted to enhance the performance on adsorption of Hg(Il).

Lastly, the potential of the adsorbents on practical applications were studied.

1.2 Problem Statement and Hypothesis

Mercury and its derivatives are considered as priority pollutants due to their
neurological toxicity, volatility, persistence, and bioaccumulation through food chain,
which pose a great threat to both human health and organism security (Miretzkya and
Cirelli, 2009). The main anthropogenic path way through which Hg(II) enters the water

bodies is through wastes from industrial processes like chloralkali, paper and pulp, oil



refinery, mining, electroplating, paint, pharmaceutical and battery manufacturing.
Consequently, removal of mercury ions from wastewaters is a very important issue.
For this reason, various technological methods are available, including lime softening,
chemical precipitation, coagulation, reverse osmosis, ion exchange and membrane
filtration (Shamsijazeyi and Kaghazchi, 2010). However, the application of such
processes is often restricted because of technical and/or economic constraints. Thus,
among these techniques, adsorption is the most useful and economical technique that

has been widely used for the treatment of heavy metals.

Activated carbon, ion exchange resins and other adsorbents have been used for
the adsorptive removal of Hg(I) from wastewater. Nonetheless, the cost and
regeneration of adsorbents are the key factors influencing their application in practice,
especially for the treatment of large volume of wastewater. So, it is necessary to
develop low-cost, efficient and reusable adsorbents for the adsorptive removal of
Hg(Il) (Huang et al., 2009). Therefore, the search for a low-cost and easily available
adsorbent has led to the investigation of materials of biological origin as potential

metal adsorbents.

The low cost agricultural by product having lignocellulosic materials were
found to have good adsorption capacity due to substances inherently associated with
cellulose such as lignin, tannin and pectin, which contains polyphenolic and aliphatic
hydroxyl groups (Demirbas ef al., 2008; Ngah and Hanafiah, 2008; Sud et al., 2008).
However, these materials have several disadvantages due to low exchange or sorption
capacity, and poor physical stability (partial solubility). Thus, several chemical
modifications have been thought in order to improve the physical and chemical
properties and also increase the adsorption potential. Simple and inexpensive acids or
bases treatment were commonly used to increase the capacity of lignocellulosic fibers
to remove heavy metals. However, the adsorption capacity is still low and needs

further modification to improve the exchange/sorption properties.

One of the widely used methodologies for the preparation of adsorbent material
is the graft polymerization technique followed by functionalization process; resulting

in surface modification. Combination of these techniques is possible for tuning the



chemical composition of the well-defined cellulosic copolymers by appropriately
selecting the reactive agents for use in many emerging fields; especially in adsorption.
Unfortunately, the detail studies on the introduction of amine functional groups onto
treated BSF via radiation method as well as their subsequent application to Hg(II)
adsorption is still scanty. Therefore, it is desirable to explore the effect of chemical
and activation treatment on BSF, graft modification on treated BSF by several free
radical generation methods and functionalization of grafted BSF with a series of amine
functional groups, which play a significant roles in enhancing the Hg(II) adsorption

capacity.

Amine functionalized on grafted BSF is expected to enhance adsorption
activity in term of the adsorption capacity, rate of adsorption and its selectivity towards
wide range of heavy metals. The chemical pre-treatment along with the activation
process was estimated to increase cellulose accessibility and structural defect sites
which will enhanced the Hg(Il) adsorption capacity. The graft copolymerization of
BSF with methacrylic acid (MAA); having -COOH functional groups, by using an
environmental benign radiation-induced grafting process will transformed BSF into a
high capacity and strong cationic polymeric adsorbent. Lastly, the functionalization
with amine functional groups on the grafted BSF was expected to increase the

chelation properties and selectivity due to the stronger affinity toward Hg ions.

1.3 Objectives of Study

The objectives of this study are:

1. To prepare and characterize chemically treated banana stem fibers (BSF), grafted

BSF and amine functionalized on grafted BSF adsorbents.

2. To determine the effect of chemical pre-treatment, grafting modification methods
and amine functionalization on BSF towards their performance on Hg(Il)

adsorption.



1.4

To study the equilibrium isotherms, kinetics, and thermodynamics of all the

adsorbents on Hg(II) adsorption.

To study the potential of adsorbents for practical application in wastewater

treatment.

Scopes of Study

The scope of this study consists of four parts, which are:

1.

Preparation and characterization of banana stem fibers (BSF), grafted BSF and

amine functionalized on grafted BSF adsorbents.

BSFs were prepared by chemical pre-treatment using acid and base media and
were denoted as BSF-HCI and BSF-NaOH, respectively. Then BSF was
copolymerized with MAA using various free radical generation methods (B-
radiation, microwave-radiation and conventional chemical initiation which
denoted as BSF-B, BSF-MW and BSF-C, respectively). In B-radiation method, the
irradiation dose used was 20 to 80 kGy (Dong et al., 2016; Kaur et al., 2013).
Meanwhile in microwave-radiation method, the microwave power usage was in
the range of 300 to 800 W (Likhita et al.,, 2014; Kumar ef al., 2013). Lastly, for
conventional chemical initiator, potassium peroxodisulphate (K2S20s) was used
and the concentration was varied from 0.02x107 to 0.09x10 mol L (Xing and
Wang 2009; Liu and Sun, 2008; Donia ef al., 2012). Further functionalization of
amine on grafted BSF were prepared by B-radiation grafting of MAA onto BSF,
followed by functionalization with ethylenediamine (EDA-BSF, primary amine),
N,N’-methylenebisacrylamide (MBA-BSF, secondary amine) and triethylamine
(TEA-BSF, tertiary amine).

All the adsorbents were characterized using X-ray diffraction (XRD), Fourier

transform infrared spectroscopy (FTIR), N2 physisorption, thermal gravimetric



analysis (TGA), Electron spin resonance (ESR) and field emission scanning
electron microscopy with energy dispersive X-ray (FESEM/EDX). The functional

and surface chemistry of the grafted fibers were analyzed.

2. Determination of the effect of chemical pre-treatment, grafting modification
methods and amine functionalization on BSF towards the performance on Hg(II)

adsorption.

The performances of all of the adsorbents were executed towards the adsorption of
Hg(II) in aqueous solution. The adsorption process is carried out in a batch system
under varying pH (2-11), contact time (5-300 min), initial Hg(II) concentration (5-200
mg L) and temperature (303-333 K). The range of pH used should be significant for
the adsorption process. At low pH, low affinity for Hg(II) ions were anticipated, due
to competition with H" ions for the active sites. However, at higher pH values,
precipitation of Hg(Il) were favorable (Gupta et al, 2014). Anirudhan and Shainy
(2015) conducted the Hg(II) adsorption for 240 min, whereas Sun et al. (2013) needed
480 min for the Hg(II) adsorption to reach equilibrium. The contact time was varied
based on the type of adsorbent used. An initial Hg(II) concentration up to 500 mg L!
were used by Gupta et al. (2014). The adsorption data were then evaluated in the
equilibrium isotherm studies. Generally, the temperature used were in the range of 303
to 333 K. Higher temperature values were not recommended due to high cost in
adsorption process. Prior to adsorption, the adsorbents were activated (vacuo pre-
treatment at 373 K). Microwave Plasma-Atomic Emission Spectrometer (MP-AES)
was used to determine the level of Hg(Il) content in the aqueous solution after

treatment.

3. Study the isotherm, kinetic and thermodynamic behaviors of adsorbents on the

adsorption of Hg(II).

The equilibrium data were analyzed using non-linear regression method of two-
and three-parameter isotherm models in order to examine the relationship between

adsorption and aqueous concentration at equilibrium. The two-parameter isotherm
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models were Langmuir, Freundlich and Temkin; whereas the three-parameter model
was Redlich-Peterson. In order to clarify the adsorption kinetics of Hg(II) onto the
adsorbents, three conventional kinetic models, namely Lagergren pseudo-first order,
Ho pseudo-second order and Weber and Morris Intraparticle diffusion models have
been used. Lastly, the adsorption enthalpy (AH®), entropy (AS°) and Gibbs free energy
(AG®) were calculated using the thermodynamic functions. Activation energy (Ea.) was

calculated based on the Arhenius equation.

4. Study the potential of adsorbents for practical application in wastewater.

The potential of the best adsorbent was studied for adsorption of multi-metal
aqueous system which contained of four types of toxic heavy metals, including
mercury, lead, cadmium and arsenic. For economic purpose, the reusability and
regeneration of the adsorbents were investigated to indicate the robustness of the

adsorbents towards the adsorption process.

1.5  Significance of Study

This study is conducted to prepare low cost based-adsorbents derived from
banana stem fibers (BSF) for adsorption of Hg(II). The adsorbents were characterized
and the adsorptive ability of the adsorbents were studied in details to elucidate the
relationship of their physicochemical properties with the performance. Besides, the
modification of BSF for further enhanced Hg(II) adsorption capacity was investigated.
It is well known that BSF possesses abundant source of cellulose, which is prone to
various chemical modifications. Thus, it is worth to explore the surface modification
on BSF for efficient Hg(Il) adsorption. From this study, efforts have been made to
convert this agricultural waste into an inexpensive yet effective material for water

treatment technologies.
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1.6 Thesis outline

This thesis was divided into five chapters. In Chapter 1, an introduction is given
about the toxicity of Hg(II) which caused severe problems to human and environment
and the importance of heavy metals removal. The conventional removal techniques of
Hg(II) were also mentioned. Besides that, the potential of low cost agricultural wastes
as adsorbent was highlighted. The problem of the current research was stated to give
the clear objectives of the present study, while the scopes of study cover the research

work done to meet these objectives.

Chapter 2 which is the literature review covers the details on previous studies
that have been done in order to get the clear view in the type of adsorbent used,
modification of adsorbent and their adsorption ability towards heavy metals, especially

Hg(1I).

Chapter 3 or experimental methodology describes in details on the materials
and chemical reagents used in the present work, the procedure for adsorbent
preparation, characterization and adsorption studies which includes experimental setup

and analysis calculation.

Chapter 4 discusses the experimental results performed in this study. First part
explains the physicochemical properties of all adsorbents by XRD, N> physisorption,
FTIR, TGA, FESEM-EDX and ESR. Next, their performances towards adsorption of
Hg(II) were observed. In this section, the effect of pH, initial Hg(II) concentration and
temperature were studied, in line with the equilibrium isotherm, kinetic and
thermodynamic view of the adsorption. The last part is the regeneration study and the

capability study of the adsorbents towards various heavy metals.

Finally, Chapter 5 consists of the conclusions about the study. The

recommendation for future studies were also given in this final chapter.



REFERENCES

Abdelwahab, N. A., Ammar, N. S., and Ibrahim, H. S. (2015). Graft copolymerization
of cellulose acetate for removal and recovery of lead ions from wastewater.
International Journal of Biological Macromolecules. 79: 913-922.

Abidin, M. A., Jalil, A. A., Triwahyono, S., Adam, S. H., and Kamarudin, N. N.
(2011). Recovery of gold (III) from an aqueous solution onto a durio zibethinus
husk. Biochemical Engineering Journal. 54: 124-131

Achak, M., Hafidi, A., Ouazzania, N., Sayadic, S. and Mandi, L. (2009). Low cost
biosorbent “banana peel” for the removal of phenolic compounds from olive
mill wastewater: Kinetic and equilibrium studies. Journal of Hazardous
Materials. 166: 117-125.

Aksu, Z. (2002). Determination of the equilibrium, kinetic and thermodynamic
parameters of the batch biosorption of nickel(I) ions onto Chlorella vulgaris.
Process Biochemical. 38: 89-99.

Al-Ghouti, M. A., Li, J., Salamh, Y., Al-Laqtah, N., Walker, G., and Ahmad, M. N.
(2010). Adsorption mechanisms of removing heavy metals and dyes from
aqueous solution using date pits solid adsorbent. Journal of Hazardous
Materials. 176: 510-520.

Alila, S., Ferraria, A. M., do Rego, A. M. B., and Boufi, S. (2009). Controlled surface
modification of cellulose fibers by amino derivatives using N, N'-
carbonyldiimidazole as activator. Carbohydrate Polymers. 77: 553-562.

Aliouche, D., Sid, B., and Ait-Amar, H. (2006). Graft-copolymerization of acrylic
monomers onto cellulose. Influence on fibre swelling and absorbency. Annales
de chimie. Lavoisier. 31: 527-540.

Anirudhan, T. S., and Rauf, T. A. (2013). Adsorption performance of amine
functionalized cellulose grafted epichlorohydrin for the removal of nitrate from
aqueous solutions. Journal of Industrial and Engineering Chemistry. 19: 1659-

1667.



117

Anirudhan, T. S., and Shainy, F. (2015). Effective removal of mercury(Il) ions from
chlor-alkali industrial wastewater using 2-mercaptobenzamide modified
itaconic acid-grafted-magnetite nanocellulose composite. Journal of Colloid
and Interface Science. 456: 22-31.

Anirudhan, T. S., Divya, L., and Ramachandran, M. (2008). Mercury(II) removal from
aqueous solutions and wastewaters using a novel cation exchanger derived
from coconut coir pith and its recovery. Journal of Hazardous Materials. 157:
620-627.

Anirudhan, T. S., Senan, P., and Unnithan, M. R. (2007). Sorptive potential of a
cationic exchange resin of carboxyl banana stem for mercury(Il) from aqueous
solutions. Separation and Purification Technology. 52: 512-519.

Anirudhan, T. S., Tharun, A. R., and Rejeena, S. R. (2011). Investigation on poly
(methacrylic acid)-grafted cellulose/bentonite superabsorbent composite:
synthesis, characterization, and adsorption characteristics of bovine serum
albumin. /ndustrial & Engineering Chemistry Research. 50: 1866-1874.

Arthur, J. C., Hinojosa, O., and Bains, M. S. (1968). ESR study of reactions of
cellulose with- OH generated by Fe**/H:0,. Journal of Applied Polymer
Science. 12: 1411-1421.

Asasian, N., Kaghazchi, T. and Soleimani, M. (2012). Elimination of mercury by
adsorption onto activated carbon prepared from the biomass material. Journal
of Industrial and Engineering Chemistry. 18: 283-289.

Atia, A. A., Donia, A. M., El-Enein, S. A., and Yousif, A. M. (2007). Effect of chain
length of aliphatic amines immobilized on a magnetic glycidyl methacrylate
resin towards the uptake behavior of Hg(II) from aqueous solutions. Separation
Science and Technology. 42: 403-420.

Bailey, S. E., Olin, T. J., Bricka, R. M., and Adrian, D. D. (1999). A review of
potentially low-cost sorbents for heavy metals. Water Research. 33: 2469-
2479.

Barakat, M. A., and Schmidt, E. (2010). Polymer-enhanced ultrafiltration process for
heavy metals removal from industrial wastewater. Desalination, 256: 90-93.

Basha, S., Murthy, Z. V. P., and Jha, B. (2009). Sorption of Hg(II) onto Carica papaya:
experimental studies and design of batch sorber. Chemical Engineering

Journal. 147: 226-234.



118

Baysal, Z., Cinar, E., Bulut, Y., Alkan, H., and Dogru, M. (2009). Equilibrium and
thermodynamic Studies on biosorption of Pb(I) onto Candida albicans
biomass. Journal of Hazardous Materials. 161: 62-67.

Bektas, N., Agim, B. A., and Kara, S. (2004). Kinetic and equilibrium studies in
removing lead ions from aqueous solutions by natural sepiolite. Journal of
Hazardous Materials. 112: 115-122.

Blazquez, G., Calero, M., Herndinz, F., Tenorio, G., and Martin-Lara, M. A. (2010).
Equilibrium biosorption of lead(II) from aqueous solutions by solid waste from
olive-oil production. Chemical Engineering Journal. 160: 615-622.

Blue, L. Y., Van Aclstyn, M. A., Matlock, M., and Atwood, D. A. (2008). Low-level
mercury removal from groundwater using a synthetic chelating ligand. Water
Research. 42:2025-2028.

Bose-O’Reilly, S., Lettmeier, B., Gothe, R. M., Beinhoff, C., Siebert, U., and Drasch,
G. (2008). Mercury as a serious health hazard for children in gold mining areas.
Environmental Research. 107: 89-97.

Celekli, A., Yavuzatmaca, M., and Bozkurt, H. (2009). Kinetic and equilibrium studies
on the adsorption of reactive red 120 from aqueous solution on Spirogyra
majuscula. Chemical Engineering Journal. 152: 139-145.

Chen, C. J., Wey, Y. M. and Liu, S. Z. (2001). Adsorption mechanism of heavy metals
on sorbents during incineration. Journal Environmental Engineering. 63: 127-
133.

Chen, S., Yue, Q., Gao, B., Li, Q., and Xu, X. (2011). Preparation and characteristics
of anion exchanger from corn stalks. Desalination. 274: 113-119.

Cheung, W. H., Szeto, Y. S., and Mckay, G. (2007). Intraparticle diffusion processes
during acid dye adsorption onto chitosan. Bioresource Technology. 98: 2897-
2904.

Chowdhury, M. N. K., Ismail, A. F., Beg, M. D. H., Hegde, G., and Gohari, R. J.
(2015). Polyvinyl alcohol/polysaccharides hydrogel graft materials for arsenic
and heavy metal removal. New Journal of Chemistry. 39: 5823-5832.

Clarkson, T. W., Magos, L., and Myers, G. J. (2003). The toxicology of mercury-
current exposures and clinical manifestations. New England Journal of

Medicine. 349: 1731-1737.



119

Deligoz, H., and Erdem, E. (2008). Comparative studies on the solvent extraction of
transition metal cations by calixarene, phenol and ester derivatives. Journal of
Hazardous Materials. 154: 29-32.

Demirbas, A. (2008). Heavy metal adsorption onto agro-based waste materials: a
review. Journal of Hazardous Materials. 157: 220-229.

Ding, Z., Yu, R., Hu, X., and Chen, Y. (2014). Adsorptive removal of Hg(II) ions from
aqueous solutions using chemical-modified peanut hull powder. Polish Journal
of Environmental Studies. 23:1115-1121.

Dong, J., Hu, J., and Wang, J. (2013). Radiation-induced grafting of sweet sorghum
stalk for copper(Il) removal from aqueous solution. Journal of Hazardous
Materials. 262: 845-852.

Dong, Z., Liu, J., Yuan, W., Y1, Y., and Zhao, L. (2016). Recovery of Au (III) by
radiation synthesized aminomethyl pyridine functionalized adsorbents based
on cellulose. Chemical Engineering Journal. 283: 504-513.

Donia, A. M., Atia, A. A., and Abouzayed, F. I. (2012). Preparation and
characterization of nano-magnetic cellulose with fast kinetic properties
towards the adsorption of some metal ions. Chemical Engineering Journal.
191: 22-30.

Donia, A. M., Yousif, A. M., Atia, A. A., and Abd El-Latif, H. M. (2014). Preparation
and Characterization of Modified Cellulose Adsorbents with High Surface
Area and High Adsorption Affinity for Hg(Il). Journal of Dispersion Science
and Technology. 35: 380-389.

Dykes, G. M., Smith, D. K., and Caragheorgheopol, A. (2004). NMR and ESR
investigations of the interaction between a carboxylic acid and an amine at the
focal point of L-lysine based dendritic branches. Organic & Biomolecular
Chemistry. 2: 922-926.

Ezzeddine, Z., Batonneau-Gener, 1., Pouilloux, Y., Hamad, H., Saad, Z., and Kazpard,
V. (2015). Divalent heavy metals adsorption onto different types of EDTA-
modified mesoporous materials: Effectiveness and complexation rate.
Microporous and Mesoporous Materials. 212: 125-136.

Fakhri, A. (2015). Utilization of tungsten trioxide nanoparticles and nickel oxide
pillared montmorillonite nanocomposites for the adsorption of the drug

dexamethasone from aqueous solutions. RSC Advances. 5: 22199-22208.



120

Fanta, G. F., Burr, R. C., and Doane, W. M. (1987). Graft polymerization of
acrylonitrile onto wheat straw. Journal of Applied Polymer Science. 33(3):
899-906.

Farooq, U., Kozinski, J. A., Khan, M. A., and Athar, M. (2010). Biosorption of heavy
metal ions using wheat based biosorbents—a review of the recent literature.
Bioresource Technology. 101:5043-5053.

Foo, K. Y., Lee, L. K., and Hameed, B. H. (2013). Preparation of banana frond
activated carbon by microwave induced activation for the removal of boron
and total iron from landfill leachate. Chemical Engineering Journal. 223: 604-
610.

Foo, K.Y, and Hameed, B. H. (2010). Insights into the modeling of adsorption
isotherm systems. Chemical Engineering Journal. 156: 2-10.

Freundlich, H. (1906). Uber die adsorption in lésungen. Leipzig, Engelmann.

Gabhane, J., William, S. P., Gadhe, A., Rath, R., Vaidya, A. N., and Wate, S. (2014).
Pretreatment of banana agricultural waste for bio-ethanol production:
Individual and interactive effects of acid and alkali pretreatments with
autoclaving, microwave heating and ultrasonication. Waste Management. 3:
498-503.

Gautam, R. K., Gautam, P. K., Banerjee, S., Rawat, V., Soni, S., Sharma, S. K., and
Chattopadhyaya, M. C. (2015). Removal of tartrazine by activated carbon
biosorbents of Lantana camara: Kinetics, equilibrium modeling and
spectroscopic analysis. Journal of Environmental Chemical Engineering. 3:
79-88.

Gong, R., Cai, W., Li, N., Chen, J., Liang, J., and Cao, J. (2010). Preparation and
application of thiol wheat straw as sorbent for removing mercury ion from
aqueous solution. Desalination and Water Treatment. 21: 274-279.

Gonzalez-Mufioz, M. J., Rodriguez, M. A., Luque, S., and Alvarez, J. R. (2006).
Recovery of heavy metals from metal industry waste waters by chemical
precipitation and nanofiltration. Desalination. 200: 742-744.

Guimaraes, J. L., Frollini, E., Da Silva, C. G., Wypych, F., & Satyanarayana, K. G.
(2009). Characterization of banana, sugarcane bagasse and sponge gourd fibers

of Brazil. Industrial Crops and Products. 30: 407-415.



121

Gupta, A., and Gupta, D. C. (2015). Studies on uptake behaviour of Hg(II) and Pb(II)
by amine modified glycidyl methacrylate-styrene-N, N’-methylene bis-
acrylamide terpolymer. Reactive and Functional Polymers. 93: 23-29.

Gupta, A., Vidyarthi, S. R., and Sankararamakrishnan, N. (2014). Thiol functionalized
sugarcane bagasse-A low cost adsorbent for mercury remediation from
compact fluorescent bulbs and contaminated water streams. Journal of
Environmental Chemical Engineering. 2: 1378-1385.

Gupta, V. K. (2009). Application of low-cost adsorbents for dye removal-A review.
Journal of Environmental Management. 90: 2313-2342.

Gupta, V. K., and Rastogi, A. (2009). Biosorption of hexavalent chromium by raw and
acid-treated green alga Oedogonium hatei from aqueous solutions. Journal of
Hazardous Materials. 163: 396-402.

Haghseresht, F. and Lu, G. (1998). Adsorption characteristics of phenolic compounds
onto coal-reject-derived adsorbents. Energy Fuels. 12: 1100-1107.

Hanh, T. T., Huy, H. T., and Hien, N. Q. (2015). Pre-irradiation grafting of
acrylonitrile onto chitin for adsorption of arsenic in water. Radiation Physics
and Chemistry. 106: 235-241.

Hansson, S., Trouillet, V., Tischer, T., Goldmann, A. S., Carlmark, A., Barner-
Kowollik, C., and Malmstrom, E. (2012). Grafting efficiency of synthetic
polymers onto biomaterials: A comparative study of grafting-from versus
grafting-to. Biomacromolecules. 14: 64-74.

Ho, Y. S. and McKay, G. (1999). Pseudo-second order model for sorption processes.
Process Biochemistry. 34: 451-465.

Ho, Y.S., and Ofamaja, A.E. (2006). Kinetic studies of copper ion adsorption on palm
kernel fibre. Journal of Hazardous Materials. B 137: 1796-1802.

Hoi, L. W. S., and Martincigh, B. S. (2013). Sugar cane plant fibres: Separation and
characterisation. Industrial Crops and Products. 47: 1-12.

Hossain, M. A., Ngo, H. H., Guo, W. S., Nghiem, L. D., Hai, F. L., Vigneswaran, S.,
and Nguyen, T. V. (2014). Competitive adsorption of metals on cabbage waste
from multi-metal solutions. Bioresource technology. 160: 79-88.

Huang, L., Xiao, C., and Chen, B. (2011). A novel starch-based adsorbent for
removing toxic Hg(I) and Pb(Il) ions from aqueous solution. Journal of

Hazardous Materials. 192: 832-836.



122

Huang, X., Liao, X. and Shi, B. (2009). Hg(II) removal from aqueous solution by
bayberry tannin-immobilized collagen fiber. Journal of Hazardous Materials.
170: 1141-1148.

Huang, Z., Liang, X., Hu, H., Gao, L., Chen, Y., & Tong, Z. (2009). Influence of
mechanical activation on the graft copolymerization of sugarcane bagasse and
acrylic acid. Polymer Degradation and Stability. 94: 1737-1745.

Inglezakis, V. J., and Zorpas, A. A. (2012). Heat of adsorption, adsorption energy and
activation energy in adsorption and ion exchange systems. Desalination and
Water Treatment. 39: 149-157.

Irwan, G. S., Aoyama, Y., Kuroda, S. I, Kubota, H., and Kondo, T. (2004).
Characteristics of acrylic acid-grafted polyethylene prepared by photografting
using mixed solvents consisting of water and organic solvent. European
Polymer Journal. 40: 171-179.

Ismaiel, A. A., Aroua, M. K., and Yusoff, R. (2013). Palm shell activated carbon
impregnated with task-specific ionic-liquids as a novel adsorbent for the
removal of mercury from contaminated water. Chemical Engineering Journal.
225:306-314.

Jaafar, N. F., Jalil, A. A., Triwahyono, S., Muhid, M. N. M., Sapawe, N., Satar, M. A.
H., and Asaari, H. (2012). Photodecolorization of methyl orange over a-Fe;O3
supported HY catalysts: The effects of catalyst preparation and dealumination.
Chemical Engineering Journal. 191:112-122.

Jandura, P., Riedl, B., and Kokta, B. V. (2000). Thermal degradation behavior of
cellulose fibers partially esterified with some long chain organic acids. Polymer
Degradation and Stability. 70: 387-394.

Jenkins, D. W., and Hudson, S. M. (2001). Review of vinyl graft copolymerization
featuring recent advances toward controlled radical-based reactions and
illustrated with chitin/chitosan trunk polymers. Chemical Reviews. 101: 3245-
3274.

Jin, L., and Bai, R. (2002). Mechanisms of lead adsorption on chitosan/PV A hydrogel
beads. Langmuir. 18: 9765-9770.

Kaboorani, A., and Riedl, B. (2015). Surface modification of cellulose nanocrystals

(CNC) by a cationic surfactant. Industrial Crops and Products. 65: 45-55.



123

Kadirvelu, K., Kavipriya, M., Karthika, C., Vennilamani, N., and Pattabhi, S. (2004).
Mercury(Il) adsorption by activated carbon made from sago waste. Carbon.
42: 745-752.

Kamel, S., Hassan, E. M., and El-Sakhawy, M. (2006). Preparation and application of
acrylonitrile-grafted cyanoethyl cellulose for the removal of copper(Il) ions.
Journal of Applied Polymer Science. 100:329-334.

Kang, H., Liu, R., and Huang, Y. (2015). Graft modification of cellulose: Methods,
properties and applications. Polymer. 70: A1-Al6.

Kang, S. Y., Lee, J. U., Moon, S. H., and Kim, K. W. (2004). Competitive adsorption
characteristics of Co**, Ni**, and Cr’* by IRN-77 cation exchange resin in
synthesized wastewater. Chemosphere. 56: 141-147.

Karim, A. H., Jalil, A. A., Triwahyono, S., Kamarudin, N. H. N., and Ripin, A. (2014).
Influence of multi-walled carbon nanotubes on textural and adsorption
characteristics of in situ synthesized mesostructured silica. Journal of Colloid
and Interface Science. 421: 93-102.

Kaur, I., Kumari, V., Sharma, B., and Gupta, N. (2013). Characterization and
applications of PVF film grafted with binary mixture of methacrylic acid and
4-vinyl pyridine by gamma radiations: Effect of swift heavy ions. Applied
Radiation and Isotopes. 79: 118-130.

Kavakli, P. A., Seko, N., Tamada, M., and Giiven, O. (2007). Radiation-induced graft
polymerization of glycidyl methacrylate onto PE/PP nonwoven fabric and its
modification toward enhanced amidoximation. Journal of Applied Polymer
Science. 105: 1551-1558.

Khan, F. (2004). Photoinduced graft-copolymer synthesis and characterization of
methacrylic acid onto natural biodegradable lignocellulose fiber.
Biomacromolecules. 5: 1078-1088.

Kornacka, E. M., Przybytniak, G., Fuks, L., Walo, M., and Lyczko, K. (2014).
Functionalization of polymer surfaces by radiation-induced grafting for
separation of heavy metal ions. Radiation Physics and Chemistry. 94: 115-118.

Krug, R., Hunter, W. and Grieger, R. (1976). Enthalpy-entropy compensation. 1. Some
fundamental statistical problems associated with the analysis of van't Hoff and

Arrhenius data. The Journal of Physical Chemistry. 80: 2335-2341.



124

Kubota, H., Suka, I. G., Kuroda, S. I., and Kondo, T. (2001). Introduction of stimuli-
responsive polymers into regenerated cellulose film by means of photografting.
European polymer journal. 37: 1367-1372.

Kumar, A. S. K., Barathi, M., Puvvada, S., and Rajesh, N. (2013). Microwave assisted
preparation of glycidyl methacrylate grafted cellulose adsorbent for the
effective adsorption of mercury from a coal fly ash sample. Journal of
Environmental Chemical Engineering. 1: 1359-1367.

Kumar, K. V., and Sivanesan, S. (2007). Isotherms for Malachite Green onto rubber
wood (Hevea brasiliensis) sawdust: comparison of linear and non-linear
methods. Dyes and Pigments. 72: 124-129.

Kumar, U. (2006). Agricultural products and by-products as a low cost adsorbent for
heavy metal removal from water and wastewater: A review. Scientific Research
and Essays. 1: 033-037.

Kumar, U., and Bandyopadhyay, M. (2006). Sorption of cadmium from aqueous
solution using pretreated rice husk. Bioresource Technology. 97:104-109.

Kyzas, G. Z., Siafaka, P. L., Pavlidou, E. G., Chrissafis, K. J., and Bikiaris, D. N.
(2015). Synthesis and adsorption application of succinyl-grafted chitosan for
the simultaneous removal of zinc and cationic dye from binary hazardous
mixtures. Chemical Engineering Journal. 259: 438-448.

Lagergren, S. (1898). About the theory of so-called adsorption of soluble substances,
Kungliga Svenska Vetenskapsakademiens. Handlingar: 1-39.

Laidler, K.J., (1984). The development of the Arrhenius Equation. Journal of
Chemical Education. 61: 494-498.

Langmuir, 1. (1917). The Constitution and Fundamental Properties of Solids and
Liquids. Part II. Liquids. Journal of the American Chemical Society. 39: 1848-
1906.

Lasheen, M. R., Ammar, N. S., and Ibrahim, H. S. (2012). Adsorption/desorption of
Cd(I), Cu(Il) and Pb(II) using chemically modified orange peel: Equilibrium
and kinetic studies. Solid State Sciences. 14: 202-210.

Laszlo, J. A. and Dintzis, F. R. (1994). Crop residues as ion-exchange materials:
Treatment of soybean hull and sugarbeat fiber (pulp) with epichlorohydrin to
improve cation-exchange capacity and physical stability. Journal of Applied
Polymer Science. 52: 531-538.



125

Likhitha, M., Sailaja, R. R. N., Priyambika, V. S., and Ravibabu, M. V. (2014).
Microwave assisted synthesis of guar gum grafted sodium acrylate/cloisite
superabsorbent nanocomposites: Reaction parameters and swelling
characteristics. International Journal of Biological Macromolecules. 65: 500-
508.

Lisha, K. P., Maliyekkal, S. M., and Pradeep, T. (2010). Manganese dioxide
nanowhiskers: a potential adsorbent for the removal of Hg(Il) from water.
Chemical Engineering Journal. 160: 432-439.

Liu, C. F., Xu, F., Sun, J. X., Ren, J. L., Curling, S., Sun, R. C., Fowler, P., and Baird,
M. S. (2006). Physicochemical characterization of cellulose from perennial
ryegrass leaves (Lolium perenne). Carbohydrate Research. 341: 2677-2687.

Liu, S., and Sun, G. (2008). Radical graft functional modification of cellulose with
allyl monomers: Chemistry and structure characterization. Carbohydrate
Polymers. 71: 614-625.

Loganathan, P., Vigneswaran, S., and Kandasamy, J. (2013). Enhanced removal of
nitrate from water using surface modification of adsorbents-A review. Journal
of Environmental Management. 131: 363-374.

Lu, P., and Hsieh, Y. L. (2012). Preparation and characterization of cellulose
nanocrystals from rice straw. Carbohydrate Polymers. 87: 564-573.

Luo, S., Chen, S., Chen, S., Zhuang, L., Ma, N., Xu, T., Li, Q., and Hou, X. (2016).
Preparation and characterization of amine-functionalized sugarcane bagasse
for CO» capture. Journal of Environmental Management. 168: 142-148.

Ma, F., Qu, R., Sun, C., Wang, C., Ji, C., Zhang, Y., and Yin, P. (2009a). Adsorption
behaviors of Hg(Il) on chitosan functionalized by amino-terminated
hyperbranched polyamidoamine polymers. Journal of Hazardous Materials.
172: 792-801.

Ma, N., Yang, Y., Chen, S., and Zhang, Q. (2009b). Preparation of amine group-
containing chelating fiber for thorough removal of mercury ions. Journal of
Hazardous Materials. 171: 288-293.

Madrid, J. F., Nuesca, G. M., and Abad, L. V. (2014). Amine functionalized radiation-
induced grafted water hyacinth fibers for Pb**, Cu?**and Cr’" uptake. Radiation
Physics and Chemistry. 97: 246-252.

Mahmoud, D. K., Salleh, M. A. M., Karim, W. A. W. A., Idris, A., and Abidin, Z. Z.
(2012). Batch adsorption of basic dye using acid treated kenaf fibre char:



126

equilibrium, kinetic and thermodynamic studies. Chemical Engineering
Journal. 181: 449-457.

Mangold, J. E., Park, C. M., Liljestrand, H. M., and Katz, L. E. (2014). Surface
complexation modeling of Hg(Il) adsorption at the goethite/water interface
using the Charge Distribution Multi-Site Complexation (CD-MUSIC) model.
Journal of Colloid and Interface Science. 418: 147-161.

Manohar, D. M., Krishnan, K. A., and Anirudhan, T. S. (2002). Removal of
mercury(Il) from aqueous solutions and chlor-alkali industry wastewater using
2-mercaptobenzimidazole-clay. Water Research. 36: 1609-1619.

Masri, M., Reuter, F. W., and Friedman, M. (1974). Binding of metal cations by natural
substances. Journal of Applied Polymer Science. 18:675-681.

Matsuda, T., Nishimoto, D., Takahashi, K., and Kimura, M. (2014). Evaluation of
damage in InGaZnO4 induced by plasma using electron spin resonance
measurement. Japanese Journal of Applied Physics. 53: 03CB03.

McKay, G., El Geundi, M. and Nassar, M. M. (1987). Equilibrium studies during the
removal of dye stuffs from aqueous solutions using Bagasse pith. Water
Resource. 21: 1513-1520.

Meena, A. K., Kadirvelu, K., Mishra, G. K., Rajagopal, C., and Nagar, P. N. (2008).
Adsorptive removal of heavy metals from aqueous solution by treated sawdust
(Acacia arabica). Journal of Hazardous Materials. 150: 604-611.

Memon, J. R., Memon, S. Q., Bhanger, M. 1., El-Turki, A., Hallam, K. R., and Allen,
G. C. (2009). Banana peel: a green and economical sorbent for the selective
removal of Cr (VI) from industrial wastewater. Colloids and Surfaces B:
Biointerfaces. 70: 232-237.

Memon, J. R., Memon, S. Q., Bhanger, M. 1., Memon, G. Z., El-Turki, A., and Allen,
G. C. (2008). Characterization of banana peel by scanning electron microscopy
and FT-IR spectroscopy and its use for cadmium removal. Colloids and
Surfaces B: Biointerfaces. 66: 260-265.

Memon, S.Q., Memon, N., Shah, S.W., Khuhawar, M.Y., and Bhanger, M.L. (2007).
Sawdust -a green and economical sorbent for the removal of cadmium(Il) ions.
Journal of Hazardous Materials. B 139: 116-121.

Mergler, D., Anderson, H. A., Chan, L. H. M., Mahaffey, K. R., Murray, M.,
Sakamoto, M., and Stern, A. H. (2007). Methylmercury exposure and health



127

effects in humans: a worldwide concern. AMBIO: A Journal of the Human
Environment. 36: 3-11.

Merlini, C., Soldi, V., and Barra, G. M. (2011). Influence of fiber surface treatment
and length on physico-chemical properties of short random banana fiber-
reinforced castor oil polyurethane composites. Polymer Testing. 30: 833-840.

Merrifield, J. D., Davids, W. G., MacRae, J. D., and Amirbahman, A. (2004). Uptake
of mercury by thiol-grafted chitosan gel beads. Water research. 38: 3132-3138.

Miretzkya, P. and Cirelli, A. F. (2009). Hg(II) removal from water by chitosan and
chitosan derivatives: A review. Journal of Hazardous Materials. 167: 10-23.

Mishra, S., Sen, G., Rani, G. U., and Sinha, S. (2011). Microwave assisted synthesis
of polyacrylamide grafted agar (Ag-g-PAM) and its application as flocculant
for wastewater treatment. International Journal of Biological Macromolecules.
49: 591-598.

Mittal, H., Jindal, R., Kaith, B. S., Maity, A., and Ray, S. S. (2015). Flocculation and
adsorption properties of biodegradable gum-ghatti-grafted poly (acrylamide-
co-methacrylic acid) hydrogels. Carbohydrate Polymer. 115: 617-628.

Moad, G., and Solomon, D. H. (2005). The chemistry of radical polymerization.
Elsevier: Amsterdam.

Monteagudo, J. M., and Ortiz, M. J. (2000). Removal of inorganic mercury from mine
waste water by ion exchange. Journal of Chemical Technology and
Biotechnology. 75: 767-772.

Moubasher, M. H., Abdel-Hafez, S. H., and Mohanram, A. M. (1982). Direct
estimation of cellulose, hemicellulose and lignin. Journal of Agricultural
Research. 46-1467.

Murthy, Z. V. P., and Chaudhari, L. B. (2008). Application of nanofiltration for the
rejection of nickel ions from aqueous solutions and estimation of membrane
transport parameters. Journal of Hazardous Materials. 160: 70-77.

Nada, A. M. A., El-Gendy, A. A., and Mohamed, S. H. (2010). Banana leaves as
adsorbents for removal of metal ions from waste water. Carbohydrate
Polymers. 82: 1025-1030.

Naiya, T. K., Bhattacharya, A. K., Mandal, S. and Das, S. K. (2009). The sorption of
lead(IT) ions on rice husk ash. Journal of Hazardous Materials. 163: 1254-
1265.



128

Navarro, R. R., Sumi, K., Fujii, N., and Matsumura, M. (1996). Mercury removal from
wastewater using porous cellulose carrier modified with polyethyleneimine.
Water Research. 30: 2488-2494.

Ngah, W. W., and Hanafiah, M. A. K. M. (2008). Removal of heavy metal ions from
wastewater by chemically modified plant wastes as adsorbents: a review.
Bioresource Technology. 99: 3935-3948.

Ningthoujam, R. S., Lahiri, D., Sudarsan, V., Poswal, H. K., Kulshreshtha, S. K.,
Sharma, S. M., Bhushan, B., and Sastry, M. D. (2007). Nature of V" ions in
SnO;: EPR and photoluminescence studies. Materials Research Bulletin. 42:
1293-1300.

O’Connell, D. W., Birkinshaw, C., and O’Dwyer, T. F. (2008). Heavy metal
adsorbents prepared from the modification of cellulose: A review. Bioresource
Technology. 99: 6709-6724.

Oehmen, A., Vergel, D., Fradinho, J., Reis, M. A., Crespo, J. G., and Velizarov, S.
(2014). Mercury removal from water streams through the ion exchange
membrane bioreactor concept. Journal of Hazardous Materials. 264: 65-70.

Ofomaja, A. E. (2010). Intraparticle diffusion process for lead(II) biosorption onto
mansonia wood sawdust. Bioresource Technology. 101: 5868-5876.

Orlando, U. S., Baes, A. U., Nishijima, W., and Okada, M. (2002). Preparation of
chelating agents from sugarcane bagasse by microwave radiation as an
alternative ecologically benign procedure. Green Chemistry. 4: 555-557.

Palma, C., Contreras, E., Urra, J., and Martinez, M. J. (2011). Eco-friendly
technologies based on banana peel use for the decolourization of the dyeing
process wastewater. Waste and Biomass Valorization. 2: 77-86.

Pejic, B., Vukcevic, M., Kostic, M. and Skundric, P. (2009). Biosorption of heavy
metal ions from aqueous solution by short hemp fibers: effect of chemical
composition. Journal of Hazardous Materials. 164: 146-153.

Phetphaisit, C. W., Yuanyang, S., and Chaiyasith, W. C. (2016). Polyacrylamido-2-
methyl-1-propane sulfonic acid-grafted-natural rubber as bio-adsorbent for
heavy metal removal from aqueous standard solution and industrial
wastewater. Journal of Hazardous Materials. 301: 163-171.

Pillai, S. S., Deepa, B., Abraham, E., Girija, N., Geetha, P., Jacob, L., and Koshy, M.

(2013). Biosorption of Cd(Il) from aqueous solution using xanthated nano



129

banana cellulose: Equilibrium and kinetic studies. Ecotoxicology and
Environmental Safety. 98: 352-360.

Redlich, O. J. D. L., and Peterson, D. L. (1959). A useful adsorption isotherm. 7he
Journal of Physical Chemistry. 63: 1024-1024.

Rocha, C. G., Zaia, D. A. M., da Silva Alfaya, R. V., and da Silva Alfaya, A. A. (2009).
Use of rice straw as biosorbent for removal of Cu(Il), Zn(II), Cd(II) and Hg(II)
ions in industrial effluents. Journal of Hazardous Materials. 166: 383-388.

Roy, D., Semsarilar, M., Guthrie, J. T., and Perrier, S. (2009). Cellulose modification
by polymer grafting: a review. Chemical Society Reviews. 38: 2046-2064.

Ruslan, N. N., Triwahyono, S., Jalil, A. A., Timmiati, S. N., and Annuar, N. H. R.
(2012). Study of the interaction between hydrogen and the MoO3—ZrO:
catalyst. Applied Catalysis A: General. 413:176-182.

Salleh, N. F. M., Jalil, A. A., Triwahyono, S., Efendi, J., Mukti, R. R., and Hameed,
B. H. (2015). New insight into electrochemical-induced synthesis of NiAl,O
4/AlbOs: Synergistic effect of surface hydroxyl groups and magnetism for
enhanced adsorptivity of Pd(I). Applied Surface Science. 349: 485-495.

Samah, B., Mukhtar, H., and Maizatul, S. S. (2011). Effect of organic and inorganic
acid pretreatment on structural properties of rice husk and adsorption
mechanism of phenol. International Journal of Chemical Environmental
Engineering. 3: 1-9.

Sapawe, N., Jalil, A. A., Triwahyono, S., Shah, M. 1. A., Jusoh, R., Salleh, N. F. M.,
Hameed, B. H. and Karim, A. H. (2013). Cost-effective microwave rapid
synthesis of zeolite NaA for removal of methylene blue. Chemical Engineering
Journal. 229: 388-398.

Segal, L. G. J. M. A., Creely, J. J., Martin, A. E., and Conrad, C. M. (1959). An
empirical method for estimating the degree of crystallinity of native cellulose
using the X-ray diffractometer. Textile Research Journal. 29(10): 786-794.

Sekine, T., and Nakatani, K. (2002). Intraparticle diffusion and adsorption isotherm
for sorption in silica gel studied by single-microparticle injection and
microabsorption methods. Langmuir. 18: 694-697.

Shah, M. P., Reddy, G. V., Banerjee, R., Babu, P. R., and Kothari, I. L. (2005).
Microbial degradation of banana waste under solid state bioprocessing using
two lignocellulolytic fungi (Phylosticta spp. MPS-001 and Aspergillus spp.
MPS-002). Process Biochemistry. 40: 445-451.



130

Shamsijazeyi, H. and Kaghazchi, T. (2010). Investigation of nitric acid treatment of
activated carbon for enhanced aqueous mercury removal. Journal of Industrial
and Engineering Chemistry. 16: 852-858.

Sheltami, R. M., Abdullah, I., Ahmad, I., Dufresne, A., and Kargarzadeh, H. (2012).
Extraction of cellulose nanocrystals from mengkuang leaves (Pandanus
tectorius). Carbohydrate Polymers. 88: 772-779.

Shibi, I. G., and Anirudhan, T. S. (2002). Synthesis, characterization, and application
as a mercury(Il) sorbent of banana stalk (Musa paradisiaca)-polyacrylamide
grafted copolymer bearing carboxyl groups. Industrial & Engineering
Chemistry Research. 41: 5341-5352.

Shibi, I. G., and Anirudhan, T. S. (2006). Polymer-grafted banana (Musa paradisiaca)
stalk as an adsorbent for the removal of lead(II) and cadmium(II) ions from
aqueous solutions: kinetic and equilibrium studies. Journal of Chemical
Technology and Biotechnology. 81: 433-444.

Shukla, S. R., and Skhardande, V. D. (1992). Column studies on metal ion removal by
dyed cellulosic materials. Journal of Applied Polymer Science. 44: 903-910.

Sidik, S. M., Jalil, A. A., Triwahyono, S., Adam, S. H., Satar, M. A. H. and Hameed,
B. H. (2012). Modified oil palm leaves adsorbent with enhanced
hydrophobicity for crude oil removal. Chemical Engineering Journal. 203: 9-
18.

Singh, V., Singh, S. K., and Maurya, S. (2010). Microwave induced poly (acrylic acid)
modification of Cassia javanica seed gum for efficient Hg(II) removal from
solution. Chemical Engineering Journal. 160: 129-137.

Sips, R. (1948). On the structure of a catalyst surface. The Journal of Chemical
Physics. 16: 490-495.

Somasundaran, P., Mehta, S. C., Yu, X., and Krishnakumar, S. (2009). Colloid systems
and interfaces stability of dispersions through polymer and surfactant
adsorption. CRC Press, Boca Raton, FL. 155-196.

Song, W., Gao, B., Xu, X., Wang, F., Xue, N., Sun, S., and Jia, R. (2016). Adsorption
of nitrate from aqueous solution by magnetic amine-crosslinked biopolymer
based corn stalk and its chemical regeneration property. Journal of Hazardous

Materials. 304: 280-290.



131

Sud, D., Mahajan, G., and Kaur, M. P. (2008). Agricultural waste material as potential
adsorbent for sequestering heavy metal ions from aqueous solutions—A review.
Bioresource Technology. 99: 6017-6027.

Sun, J., Chen, Z., Ge, M., Xu, L., and Zhai, M. (2013). Selective adsorption of Hg(II)
by y-radiation synthesized silica-graft-vinyl imidazole adsorbent. Journal of
Hazardous Materials. 244: 94-101.

Suo, A., Qian, J., Yao, Y., and Zhang, W. (2007). Synthesis and properties of
carboxymethyl cellulose-graft-poly (acrylic acid-co-acrylamide) as a novel
cellulose-based superabsorbent. Journal of Applied Polymer Science. 103:
1382-1388.

Syversen, T., and Kaur, P. (2012). The toxicology of mercury and its compounds.
Journal of Trace Elements in Medicine and Biology. 26: 215-226.

Taha, G., Arifien, A., and El-Nahas, S. (2011). Removal efficiency of potato peels as
a new biosorbent material for uptake of Pb(Il) Cd(Il) and Zn(Il) from their
aqueous solutions. The Journal of Solid Waste Technology and Management.
37:128-140.

Tashiro, T., and Shimura, Y. (1982). Removal of mercuric ions by systems based on
cellulose derivatives. Journal of Applied Polymer Science. 27: 747-756.
Temkin, M. L. and Pyzhev, V. (1940). Kinetic of ammonia synthesis on promoted iron

catalyst. Acta Physicochimica URSS. 12: 327-356.

Thakur, V. K., Thakur, M. K., and Gupta, R. K. (2013). Graft copolymers from
cellulose: Synthesis, characterization and evaluation. Carbohydrate Polymers.
97: 18-25.

Tosh, B., and Routray, C. R. (2014). Grafting of Cellulose Based Materials: A Review.
Chemical Science Review and Letters. 10: 74-92.

Tran, V.S., Ngo, H. H., Guo, W., Zhang, J., Liang, S., Ton-That, C., and Zhang, X.
(2015). Typical low cost biosorbents for adsorptive removal of specific organic
pollutants from water. Bioresource Technology. 182: 353-363.

Triwahyono, S., Yamada, T., and Hattori, H. (2003). Effects of Na Addition, Pyridine
Preadsorption, and Water Preadsorption on the Hydrogen Adsorption Property
of Pt/S04*-ZrO2. Catalysis Letters. 85: 109-115.

Tuzen, M., Sari, A., Mendil, D., and Soylak, M. (2009). Biosorptive removal of

mercury(Il) from aqueous solution using lichen (Xanthoparmelia conspersa)



132

biomass: kinetic and equilibrium studies. Journal of Hazardous Materials. 169:
263-270.

Wajima, T. and Sugawara, K. (2011). Adsorption behaviors of mercury from aqueous
solution using sulfur-impregnated adsorbent developed from coal. Fuel
Processing Technology. 92: 1322-1327.

Wang, Q., Kim, D., Dionysiou, D. D., Sorial, G. A., and Timberlake, D. (2004).
Sources and remediation for mercury contamination in aquatic systems-a
literature review. Environmental Pollution. 131: 323-336.

Wang, Y. H., Lin, S. H., and Juang, R. S. (2003). Removal of heavy metal ions from
aqueous solutions using various low-cost adsorbents. Journal of Hazardous
Materials. 102: 291-302.

Weber, W. J. and Morris, J. C. (1963). Kinetics of adsorption on carbon from solution.
Journal of Sanitary  Engineering Division, American Society of Civil
Engineers. 89: 31-60.

Weixing, S., Xiangjing, X. and Gang, S. (1998). Chemically modified sunflower stalks
as adsorbent for colour removal from textile wastewater. Journal of Applied
Polymer Science. 71: 1841-1850.

Wojnarovits, L., Féldvary, C. M., and Takacs, E. (2010). Radiation-induced grafting
of cellulose for adsorption of hazardous water pollutants: A review. Radiation
Physics and Chemistry. 79: 848-862.

Yoshimura, T., Matsuo, K., and Fujioka, R. (2006). Novel biodegradable
superabsorbent hydrogels derived from cotton cellulose and succinic
anhydride: Synthesis and characterization. Journal of Applied Polymer
Science. 99: 3251-3256.

Yu, Z., Qi, T., Qu, J., Wang, L., and Chu, J. (2009). Removal of Ca(Il) and Mg(II)
from potassium chromate solution on Amberlite IRC 748 synthetic resin by ion
exchange. Journal of Hazardous Materials. 167: 406-412.

Zhang, Y., Qu, R, Sun, C., Wang, C., Ji, C., Chen, H. and Yin, P. (2010). Chemical
modification of silica-gel with diethylenetriamine via an end-group protection
approach for adsorption to Hg(Il). Applied Surface Science. 255: 5818-5826.

Zheng, L., Zhu, C., Dang, Z., Zhang, H., Yi, X., and Liu, C. (2012). Preparation of
cellulose derived from corn stalk and its application for cadmium ion

adsorption from aqueous solution. Carbohydrate Polymers. 90: 1008-1015.



133

Zhou, Y., Hu, X., Zhang, M., Zhuo, X., and Niu, J. (2013). Preparation and
characterization of modified cellulose for adsorption of Cd(II), Hg(II), and acid
fuchsin from aqueous solutions. Industrial & Engineering Chemistry Research.
52: 876-884.

Zhou, Y., Jin, Q., Hu, X., Zhang, Q., and Ma, T. (2012). Heavy metal ions and organic
dyes removal from water by cellulose modified with maleic anhydride. Journal
of Materials Science. 47: 5019-5029.

Zhu, J., Yang, J., and Deng, B. (2009). Enhanced mercury ion adsorption by amine-
modified activated carbon. Journal of Hazardous Materials. 166: 866-872.





