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Water contamination with boron is currently increasing due to its multiple
uses in various chemical industries and this poses threats to the environment and
human health. Removal of boron by ion exchange resin is the most suitable
technology but it is challenged by high cost of resins and slow kinetics. To
overcome this problem, a new fibrous adsorbent containing glucamine for removal
of boron from solutions was prepared by radiation induced graft copolymerization
(RIGC) of vinylbenzyl chloride (VBC) onto nylon-6 fibers followed by
functionalisation with N-methyl-D-glucamine (NMDG). The best combination of
grafting parameters required for achieving the highest degree of grafting (DG) was
determined. The density of glucamine loaded in the adsorbent was tuned by
optimisation of the reaction parameters using response surface methodology (RSM)
employing Box—Behnken design (BBD). The obtained adsorbent was characterized
using various materials and analytical research techniques (scanning electron
microscopy (SEM), Fourier transform infrared spectrometer (FTIR), X-ray
diffraction (XRD), differential scanning calorimetry (DSC), thermogravimetric
analysis (TGA) and mechanical tester) to confirm the incorporation of poly(VBC)
and glucamine groups and to evaluate the impact of preparation procedure on the
adsorbent’s physico-mechanical properties. The performance of the fibrous
adsorbent under various conditions pertaining to equilibrium isotherms, kinetics and
thermodynamics of boron adsorption from aqueous solutions were evaluated using
relevant models. The DG was found to be a function of reaction parameters and
could be tuned to 130% at 20 wt% VBC concentration in methanol, 300 kGy
absorbed dose, 30 °C and 3 h. The optimum parameters for achieving a glucamine
density of 1.7 mmol/g in the adsorbent are 10.6%, 81 °C, 47 min and 121% for
NMDG concentration, reaction temperature, reaction time and DG, respectively.
The deviation between the optimum experimental and predicted glucamine density is
found to be 1.2% suggesting the reliability of RSM in predicting the yield and
optimising the functionalisation reaction parameters. The boron adsorption
equilibrium followed Redlich-Peterson isotherm. Moreover, the adsorption is
governed by a film diffusion mechanism and occurs spontaneously. The results of
this study suggest that a new fibrous adsorbent having a higher adsorption capacity
and faster kinetics than commercial granular resin is obtained and has the potential
application in boron removal from aqueous solutions.
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Pencemaran air dengan boron pada masa ini semakin meningkat kerana
pelbagai kegunaan dalam pelbagai industri kimia dan ini menimbulkan ancaman
kepada alam sekitar dan kesihatan manusia. Penyingkiran boron dengan resin
pertukaran ion adalah teknologi yang paling sesuai tetapi ia dicabar oleh kos resin
yang tinggi dan kinetik yang perlahan. Untuk mengatasi masalah ini, penjerap
gentian baru yang mengandungi glukamina untuk penyingkiran boron dari larutan
telah dihasilkan dengan kaedah pengkopolimeran cangkuk aruhan sinaran. Vinil
benzil klorida (VBC) dicangkukkan ke atas gentian nilon-6 dan diikuti pengfungsian
dengan N-metil-D-glukamina (NMDG). Kombinasi parameter terbaik cangkukan
diperlukan untuk mencapai kadar cangkukan (DG) yang tertinggi telah ditentukan.
Ketumpatan glukamina dimuatkan ke atas gentian cangkukan ditalakan dengan
mengoptimumkan parameter reaksi menggunakan kaedah gerak balas permukaan
(RSM) reka bentuk Box-Behnken (BBD). Penjerap gentian yang diperoleh dicirikan
dengan menggunakan pelbagai bahan dan teknik penyelidikan analisis (mikroskop
pengimbasan elektron (SEM), spektrometer transformasi Fourier inframerah (FT-
IR), spektrometer pembelauan sinar-X (XRD), kalorimetri pengimbasan pembezaan
(DSC), analisis termogravimetri (TGA) dan penguji mekanikal) untuk mengesahkan
pembentukan poli(VBC) dan kumpulan glukamina serta menilai impak prosedur
penyediaan ke atas sifat fiziko-mekanikal penjerap. Prestasi penjerap gentian di
bawah pelbagai keadaan berhubung dengan keseimbangan isoterma, kinetik dan
termodinamik penyerapan boron dari larutan akueus telah dinilai dengan
menggunakan model berkaitan. Kadar cangkukan didapati berfungsi dengan
parameter reaksi dan boleh ditala kepada 130% pada kepekatan VBC 20% dalam
metanol, 300 kGy dos terserap, 30 °C dan 3 jam. Parameter-parameter yang
optimum untuk mencapai ketumpatan glukamina 1.7 mmol/g dalam penjerap adalah
masing-masing 10.6%, 81 °C, 47 minit dan 121% untuk kepekatan NMDG, suhu
tindak balas, masa tindak balas dan DG. Sisihan ketumpatan glukamina antara
eksperimen optimum dan ramalan didapati 1.2% mencadangkan kebolehpercayaan
RSM dalam meramal hasil dan mengoptimumkan parameter reaksi pengfungsian
NMDG. Keseimbangan penjerapan boron adalah mengikut isoterma Redlich-
Peterson. Selain itu, penjerapan boron dikawal oleh mekanisma lapisan difusi dan
boleh berlaku secara spontan. Hasil kajian ini mencadangkan bahawa penjerap
gentian terbaru mempunyai kapasiti penjerapan yang lebih tinggi dan kinetik lebih
cepat berbanding resin butiran komersial, diperoleh dan berpotensi untuk
diaplikasikan dalam penyingkiran boron daripada larutan akueus.
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Boron is widely distributed in the lithosphere and hydrosphere in a relatively
low concentration depending on the geological composition and geographical
location [1,2]. In nature, boron does not exist in an elemental state and elemental
boron also does not have any commercial importance. Particularly, boron is always
found bound to oxygen and other elements to form boric acid or borates (inorganic
salts) that have commercial importance. Almost 90% of boron consumption by
industry worldwide comprise of four borates minerals namely, colemanite, kernite,

tincal and ulecite [3].

Boron is very soluble and mobilised by natural weathering reactions of rocks
and soils containing borate minerals. Therefore, the natural occurring of boron and
its concentration found in various water bodies depend on location. For example,
boron concentration as high as 7 mg/L in surface water bodies has been reported in
Russian and Turkey as compared to average boron concentration of 0.5 mg/L in
other places. Boron concentration in the Mediterranean Sea can reach 9.6 mg/L as

compared to average boron concentration in seawater at 4-5 mg/L [4,5].

Complete removal of boron from food chains will result in boron deficiency
and a slightly higher consumption of boron leads to toxicity in the living organisms.

The range of boron deficiency and toxicity to the plants are very narrow [6,7]. For



example, irrigation waters with 0.5 mg/L boron can promote growth of plants, while

concentration at 1 mg/L causes toxicity and productivity of crop to reduce [8,9].

Boron is needed as micronutrients for human and animals. It is also required
for various metabolisms of macro nutrients in the organs. For example, the
deficiency of boron can cause reduction in the adsorption of calcium and magnesium
[10]. On the other hand, the consumption of boron at high concentration can lead to
toxicity and damage to the organs [11,12]. Due to the advese impact of boron to

living organisms, it is necessary to reduce the concentration of boron in waters.

Currently, research on boron removal from wastewater is receiving an
increasing attention to meeting the wastewater discharge standards set by
environmental authorities in various countries. Different techniques have been
utilized to treat a variety of streams with different boron contents. Conventional
methods do not significantly remove boron. Only ion exchange technology is found
to be the most effective and efficient method to remove boron from waters and
wastewaters to low desired levels [13-21]. Boron selective resins is the heart of ion
exchange process where boron adsorption takes place in a column that provides a
continuous mode of operation or otherwise resins are used on a batch basis in
continuous stirred tanks [22]. The batch adsorption study is used to study the
interaction of adsorbate and adsorbent. The data obtained is used to establish the

adsorption isotherm, kinetics, and thermodynamics of boron adsorption.

The performance limitations of commercial resins have triggered a research
interest for developing new alternative adsorbents with improved performance
marked by high adsorption capacity and fast adsorption kinetics. Considering the
physical form of the adsorbent/resins, adsorption of heavy metal ions on adsorbents

having fibrous structure was found to be more efficient than granular resins [23].

Radiation induced graft copolymerization (RIGC) is an effective polymer
modification technique that has received the most interest for developing adsorbents
for removal or recovery of metals from solutions [24]. This is because it versatility
in allowing polymeric materials of any forms (fiber, fabric and membrane) to be

modified with variety of function groups in large quantities [25]. Thus, substrate



polymer with strong physical and mechanical properties can be selected to prepare
adsorbents with desired ionic groups. Moreover, the use of RIGC in preparation of
adsorbents allows tuning the content of the functional groups through a facile

chemical route.

In principle, the RIGC is a reaction that starts by exposing a polymer
substrate to high-energy radiation such as y-rays (from Co-60) and accelerated
electrons (from electron beam accelerator (EB)) which leads to formation of radicals
(active sites). The reaction is initiated when monomer molecules are introduced
leading to formation of macroradicals, which propagate forming graft growing
chains [26]. There are three methods for RIGC to proceed with: pre-irradiation,
simultaneous and peroxidation methods. In pre-irradiation method, polymer
substrate is irradiated under vacuum or inert condition to produce free radicals,
which is trapped by freezing. The reaction proceeds on the irradiated polymer by
adding a monomer at an elevated temperature. In simultaneous method, the polymer
is irradiated together with the monomer leading to formation of free radicals on both
of them and the copolymerization reaction proceeds in a competition with
homopolymerization. Peroxidation method is similar to the pre-irradiation under
inert atmosphere but it differs in the irradiation step, which is normally carried in the

presence of air or oxygen.

The yield of grafting or the amount of monomer grafted onto the polymer
backbone is controlled by the reaction parameters such as irradiation dose, monomer
concentration, type of solvents, reaction temperature and time [26,27]. The degree
of grafting (DG) required to prepare a good adsorbent is ranged between 100-200 %
and this can be obtained by optimisation of the grafting reaction parameters [28]. If
the grafted monomer does not have function group, it forms an adsorbent precursor,
which can be chemically modified in a post grafting reaction to impart ionic moiety.
The selection of the functional group depends on the target ionic pollutants to be
removed. For example, the N-methyl-D-glucamine (NMDG) functional group is
selected for making boron-selective resins and adsorbents because of its strong

affinity towards boron ions in solutions [21,29].



The polymers used as substrate for RIGC can be divided into two categories.
First, synthetic polymers such as polyethylene (PE), polypropylene (PP) and nylon
are selected as substrates for various adsorbents due to their cheap cost, abundance
mechanical integrity and good reactivity in the grafting system [21,30]. Secondly,
natural polymers such as starch and chitosan have weak chemical and thermal
properties and therefore, they are less likely to be used for making adsorbents as their
structural backbone degrade and become unstable when exposed to radiation during

preparation and harsh chemical environment during application.

Among synthetic polymers nylon-6 fibers have excellent characteristics of
textural properties, mechanical strength, chemical and thermal stability [21,31].
Despite the exposure of nylon-6 fibers to a high irradiation dose and reaction with
various solvents during preparation procedure, they retain a great deal of their
physical and mechanical properties, which make them favorable for development of

adsorbents for water treatment and other environmental application.
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Boron is consumed by many industries and these activities contribute to the
increase in the concentration and complexity of boron found in surface water or
wastewater. In Malaysia, wastewater generated from ceramic industry contains a
high concentration of boron. Leachate from the integrated scheduled waste
treatment facility operated by Kualiti Alam Sdn Bhd also contains a high boron
concentration of up to 100 ppm. Due to the adverse health impact of boron to the
living things, the contamination of boron found in wastewater needs to be removed
and controlled to comply with the legislation requirement by Malaysian Department
of Environment (DOE) with the limit of 1 and 4 mg/L for effluent discharge
standards A and B, respectively (Environmental Quality Act, 1974).

Currently, commercial resins show high selectivity towards boron. However,
they have relatively low adsorption capacity and slow adsorption kinetics both of

which have adversely affected the performance of boron removal system and its



economy. In addition, the loss of capacity upon scaling up and after each
regeneration cycle, the limited surface areas, uncontrollable pore structures and
hydrophobicity characteristic of the resins have resulted in unsatisfactory
performance of the commercial resins. Therefore, development of new, highly boron
selective adsorbents, with high adsorption capacity and fast adsorption kinetics is
highly needed to effectively enhance the performance of the ion exchange process
for boron removal and eliminate the problems associated with commercial granular

resins.

Selective adsorbents having fibrous structure have been found to be more
efficient in ions removal compared to granular resins. Fibrous adsorbents with a
diameter of 50 pum and below could be obtained compared to commercial granular
resins, which have particle diameters of above 300 um. This gives faster adsorption
kinetic and higher boron uptake capacity upon using fibrous adsorbents. The fibrous
structure also could reduce the loss of applied pressure when the adsorbent is applied

in a column under high flow rate and pressure.

RIGC using electron beam irradiation provides an effective and convenient
method to graft monomer onto polymer substrates and subsequent NMDG
functionalisation to produce fibrous chelating adsorbent. Therefore the prepared
adsorbent using RIGC technique and subsequent functionalisation is expected to

offer better alternative for boron removal from solutions.

Radiation grafting of glycidyl methacrylate (GMA) onto polyethylene coated
polypropylene (PE-PP) non-woven fabric and grafting of GMA onto nylon fiber
were reported for preparation of fibrous boron-selective adsorbents. However, the
obtained adsorbents are fragile and lack of chemical stability especially when the
degree of grafting is higher than 100%. The former is caused by the highly
amorphous nature of the incorporated poly(GMA) whereas the latter takes place

during the adsorbent regeneration process.

To improve the stability of fibrous adsorbents, grafting of vinylbenzyl
chloride (VBC), a monomer that has higher chemical stability than aliphatic GMA

because of its aromatic structure, offers an alternative that can confer fibrous



substrates phenyl groups which can be easily activated with the boron selective

group using a mild reaction. Moreover, VBC has neither been grafted on nylon-6

fiber nor used for preparation of fibrous adsorbent for boron removal.
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The main objective of this study is to prepare, characterize and test a new

fibrous boron selective adsorbent for removal of boron from solutions using radiation

induced grafting and subsequent functionalisation with NMDG. The objective can

be divided into sub-objectives as follows:

il.

1il.

1v.

To investigate the effects of reaction parameters on the degree of

VBC grafted onto nylon-6 fibers.

To optimize the reaction parameters with respect to the density of

NMDG groups incorporated in the poly(VBC) grafted nylon-6 fibers.

To evaluate the properties of the obtained adsorbent and its
corresponding precursor using chemical and material research

techniques.

To assess the performance of the prepared adsorbent in a batch reactor
system and establish the relationship between the operating

parameters and the boron removal capacity.

To establish equilibrium isotherms, kinetics and thermodynamic
behaviors of boron adsorption onto the newly prepared fibrous

adsorbent in comparison with commercial resin.
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New boron-selective adsorbent is prepared using RIGC technique in 3-stages

i.e. irradiation, grafting and subsequent treatment with NMDG as depicted in Figure

1.1. The scope of work can be outlined as follows:

il.

1il.

iv.

Preparation of adsorbent precursor by RIGC of VBC onto nylon-6

under various grafting parameters including:

¢ Type of solvents, which included using methanol, ethanol, propanol,
butanol and pentanol as a diluents.

e Monomer concentration, which was varied in the range of 1-100%.

e Absorbed dose, which was varied in the range of 25-500 kGy.

e Reaction temperature, which was varied in the range of 5-70 °C.

e Reaction time, which was varied from 30 minutes to 48 hours.

The poly(VBC) grafted nylon-6 fibers were chemically modified
using NMDG solution in 1-4 dioxane to impart the ionic character to

the grafted fibers under different reaction parameters.

The chemical modification parameters that were investigated
included:

e Concentration of NMDG, which was varied in the range of 5-15%.
e The DG in the precursor was chosen in the range of 70—-130%.

e Reaction time, which was varied in the range of 10-60 minutes.

e Reaction temperature, which was varied in the range of 70-90 °C.

Determination of the physical and chemical properties of the newly

prepared adsorbent with reference to the original and poly(VBC)

grafted nylon-6 fibers. The investigated properties included:

e Morphology, which was observed using scanning electron
microscopy (SEM).

e Chemical composition, which was investigated using Fourier

transform infrared spectrometer (FT-IR).



e Structural properties, which was evaluated using X-ray diffraction
(XRD).

e Thermal properties, which was measured using differential scanning
calorimetry (DSC).

e Thermal stability, which was tested using thermogravimetric
analysis (TGA).

e Mechanical properties, which was measured using a universal

mechanical tester.

* Solvent
. * Monomer concentration
v
@ Grafting of VBC * Absorbed dose
onto nvlon-6 .
-’ * Reaction time
@ * Medinm temperature
Chemical * NMDG concentration
modification of * Feaction time
grafted nvlon-6 * Medium temperature
with NMDG * Degree of grafting
@ * Morphology
Characterization * Chemical composition
of nvlon-6, * Structural properties
grafted and * Thermal properties
adsorbent * Thenmal stability
@ * Mechanical properties
Testing the " Bffect Of,‘pH,
* Adsorption isotherms
performance of . .
* Adsorption kinetics
adsorbent .
* Thermodynamics:

DT r O[T The overall flow and scope of the study
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Vii.
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1X.

The performances of the prepared adsorbent with reference to the

commercial resin, Diaion CRB 03 were tested under same adsorption

conditions. The reaction parameters that were investigated included:

e Initial boron concentration, which was varied in the range of 20—
500 mg/L.

e Reaction temperature, which was varied from 20-40 °C.

e pH, which was varied in the range of 2—11.

Studying the boron adsorption equilibrium isotherms using Langmuir,

Freundlich and Redlich-Peterson models.

Investigation of the kinetics of boron adsorption by the newly
prepared adsorbent using two kinetic models: pseudo first-order and

pseudo second-order.

Determination of the boron adsorption mechanism on the new

adsorbent using Weber and Morris intra-particle diffusion model.

Studying the boron adsorption thermodynamic and determination of
its Gibb’s free energy change (AG°), enthalpy change (AH°) and
entropy change (AS°).
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The following contributions are made in the present study:

i

il

A new fibrous adsorbent containing glucamine capable of overcoming
the challenges facing the granular resin with respect of adsorption
capacity and kinetics was developed using a simplified RIGC

technique based on low cost nylon-6 fibers.

Grafting of VBC onto nylon-6 fiber using RIGC is reported for the

first time.
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iii. A quadratic statistical model for optimization of the reaction
parameters and the density of glucamine in the adsorbent is

developed.

iv. The method developed can be extended to prepare other adsorbents
based on grafting a number of acrylic and vinyl monomers onto

various synthetic polymeric and natural fibers.

V. The application of the adsorbent can also be extended to remove

others soluble pollutants.

LI UMY O

Chapter 1 contains background of water contamination with boron and
problem statement to justify the work conducted in this thesis. The objective of the
thesis, the scope of work and the contribution made are also covered. This was
followed by the objectives and the scopes of study. A comprehensive literature
review on commercial boron-selective resins and the use of RIGC techniques for
preparation of alternative polymeric adsorbents are described in chapter 2. This
chapter also includes a review of previous studies pertaining boron adsorption
equilibrium isotherms, kinetics and thermodynamics. Chapter 3 reveals all the
materials and methods used to prepare and test the new fibrous adsorbent together
with all equations used for calculations such as degree of grafting, density of
functionalisation, boron adsorption capacity, boron removal efficiency and others.
Chapter 4 contains the first part of the results and discussion and describes the
effects of various grafting parameters on the DG and instrumental characterization of
the adsorbent precursor with reference to the original nylon-6 fibers. Chapter 5
contains the second part of results and discussion. Particularly, it discusses the
results of the effects of various reaction parameters on the density of glucamine
incorporated in the adsorbent precursors. The results of various properties of the
obtained fibrous adsorbent are also discussed in comparison with the corresponding

poly(VBC) grafted precursor. Chapter 6 contains the third part of results and
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discussion, which represents the performance of the newly prepared radiation grafted
adsorbent with respect to adsorption capacity, equilibrium isotherms, kinetics and
thermodynamics. Chapter 7 presents the overall conclusions of this study and the

recommendations for future work.



10.

11.

ugoooogooo

Reeves, H. On the origin of the light elements. Annual Review of Astronomy
and Astrophysics, 1974. 12: 437-469.

Morgan, V. Boron Geochemistry. New York: Longman. 1980.

Crangle, R. D. 2011 Minerals Yearbook, Boron (Advance Release). U.S
Geological Survey. 2013.

Argust, P. Distribution of boron in the environment. Biological Trace
Element Research, 1998. 66: 131-143.

W.H.O. Boron in Drinking Water: Background document for development of
WHO guidelines for drinking water quality. Geneva, Switzerland: World
Health Organization. 2003.

Goldberg, H. E. A critical review of current hypotheses concerning the role
of boron in higher plants: suggestions for further research and
methodological requirements. Journal of Trace and Microprobe Techniques,
1997. 15: 51-91.

Mortvedt, J. J., Cox, F. R., Shuman, L. M. and Welch, R. M. Micronutrients
in agriculture. Second ed. Madison, WI: SSSA Book Ser. 4. 1991.
Cartwright, B., Zarcinas, B. A. and Spoucer, L. R. Boron toxicity in south
Australian barley crops. Australian Journal of Agricultural Research, 1986.
37:351-359.

Campbell, T. A., Rathjen, A. J., Paul, J. G. and Islam, A. K. M. R. Methods
for screening wheat for tolerance to boron. Euphytica, 1998. 100: 131-135.
Newnham, R. E. Essentiallity of boron for healthy bones and joints.
Environmental Health Perspectives, 1994. 102: 83-85.

Hubbard, S. A. and Sulivan, F. M. Toxicological effects of inorganic boron
compounds in animals: a review of the literature. The Journal of Trace

Elements in Experimental Medicine, 1996. 9: 165-173.



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

124

Murray, F. J. Issues in boron risk assessment: pivotal study, uncertainty
factors and ADIs. The Journal of Trace Elements in Experimental Medicine,
1996. 9: 231-243.

Beker, U., Cergel, A. and Recepoglu, O. Removal of boron from geothermal
power plant wastewater in Kizildere, Turkey. Energy Source, 1996. 18: 645-
654.

Bicak, N., Gazi, M. and Senkal, B. F. Polymer supported amino bis-(cis-
propan 2,3 diol) functions for removal of trace boron from water. Reactive
and Functional Polymers, 2005. 65: 143-148.

Boncukcuoglu, R., Yilmaz, A. E., Kocakerim, M. M. and Copur, M. An
empirical model for kinetics of boron removal from boroncontaining
wastewaters by ion exchange in a batch reactor. Desalination, 2004. 160:
159-166.

Jacob, C. Seawater desalination: Boron removal by ion exchange technology.
Desalination, 2007. 205: 47-52.

Yan, C., Yi, W., Ma, P, Deng, X. and Li, F. Removal of boron from refined
brine by using selective ion exchange resins. Journal of Hazardous
Materials, 2008. 154: 564-571.

Yilmaz, A. E., Boncukcuoglu, R., Yilmaz, M. T. and Kocakerim, M. M.
Adsorption of boron from boron-containing wastewaters by ion exchange in a
continuous reactor. Journal of Hazardous Materials, 2005. 117: 221-226.
Badruk, N., Kabay, M., Demircioglu, H., Mordogan, U. and Ipekoglu, U.
Removal of boron from wastewater of geothermal power plant by selective
ion exchange resins. 1. Batch sorption-elution studies. Separation Science
Technology, 1999. 34: 2553-2569.

Badruk, N., Kabay, M., Demircioglu, H., Mordogan, U. and Ipekoglu, U.
Removal of boron from wastewater of geothermal power plant by selective
ion exchange resins. II. Column sorption-elution studies. Separation Science
Technology, 1999. 34: 2981-2995.

Ikeda, K., Umeno, D., Saito, K., Koide, F., Miyata, E. and Sugo, T. Removal
of Boron Using Nylon-Based Chelating Fibers. Industrial and Engineering
Chemistry Research, 2011. 50: 5727-5732.



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

125

Nasef, M. M., Nallappan, M. and Ujang, Z. Polymer-based chelating
adsorbents for the selective removal of boron from water and wastewater: A
review. Reactive and Functional Polymers, 2014. 85: 54-68.

Chen, L., Yang, G. L. and Zhang, J. A study on the exchange kinetics of ion-
exchange fiber. Reactive & Functional Polymers, 1996. 29: 139-144.

Nasef, M. M. and Giiven, O. Radiation-grafted copolymers for separation and
purification purposes: Status, challenges and future directions. Progress in
Polymer Science, 2012. 37: 1597-1656.

Nasef, M. M. and Hegazy, E.-S. A. Preparation and applications of ion
exchange membranes by radiation-induced graft copolymerization of polar
monomers onto non-polar films. Progress in Polymer Science, 2004. 29: 499-
561.

Dargaville, T. R., George, G. A., Hill, D. J. T. and Whittaker, A. K. High
energy radiation grafting of fluoropolymers. Progress in Polymer Science,
2003. 28: 1355-1376.

Bhattacharya, A. and Misra, B. N. Grafting: a versatile means to modify
polymers techniques, factors and applications. Progress in Polymer Science,
2004. 29: 767-814.

Ma, H., Morita, K., Hoshina, H. and Seko, N. Synthesis of Amine-Type
Adsorbents with Emulsion Graft Polymerization of 4-Hydroxybutyl Acrylate
Glycidylether. Materials Sciences and Application, 2011. 2: 777-785.
Hoshina, H., Seko, N., Ueki, Y. and Tamada, M. Synthesis of graft adsorbent
with N-methyl-D-glucamine for boron adsorption. Journal of lon Exchange,
2007. 18: 236-239.

Sekine, A., Seko, N., Tamada, M. and Suzuki, Y. Biodegradable metal
adsorbent synthesized by graft polymerization onto nonwoven cotton fabric.
Radiation Physics and Chemistry, 2010. 79: 16-21.

Dadbin, S., Frounchi, M. and Goudarzi, D. Electron beam induced
crosslinking of nylon 6 with and without the presence of TAC. Polymer
Degradation and Stability, 2005. 89: 436-441.

Chong, M. F., Lee, K. P., Chieng, H. J. and Ramli, L. I. S. Removal of boron
from ceramic industry wastewater by adsorption—flocculation mechanism
using palm oil mill boiler (POMB) bottom ash and polymer. Water Research,
2009. 43: 3326-3334.



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

126

E.P.A. Health Effects Support Document for Boron. Washington, DC: U.S.
Environmental Protection Agency. 2008.

Garrett, D. E. Borates: Handbook of deposits, processing, properties and use.
New York: Academic Press. 1998.

E.P.A. Regulatory Determinations Support Document for Selected
Contaminants from the Second Drinking Water Contaminant Candidate List
(CCL 2). Washington, DC: U.S. Environmental Protection Agency. 2008.
Butterwick, L., DeOude, N. and Raymond, K. Safety assessment of boron in
aquatic and terrestrial environments. Ecotoxicology and Environmental
Safety, 1989. 17: 339-371.

Okay, O., Guclu, H., Soner, E. and Balkas, T. Boron pollution in the Simav
River, Turkey and various methods of boron removal. Water Research, 1985.
19: 857-862.

Hicks, K. B., Simpson, G. L. and Bradbury, A. G. W. Removal of boric acid
and related compounds from solutions of carbohydrate with a boron-selective
resin (IRA-743). Carbohydrate Research, 1986. 147: 39-48.

Dydo, P., Turek, M. and Trojanowska, J. The concept of utilizing a boron-
containing landfill leachate by means of membrane techniques. Environment
Protection Engineering, 2005. 31: 127-133.

Stumm, W. and Morgan, J. J. Aquatic Chemistry. Third ed. New York:
Wiley. 1996.

Penland, J. G. and Moseman, R. F. Chemical disposition of boron in animals
and humans. Environmental Health Perspectives, 1994. 102: 113-117.
Penland, J. G. Dietary boron, brain function and cognitive performance.
Environmental Health Perspectives, 1994. 102: 65-72.

Barranco, W. T. and Eckhert, C. D. Boric acid inhibits human prostate cancer
cell proliferation. Cancer Letters, 2004. 215: 21-29.

Cui, Y., Winton, M. 1., Zhang, Z. F., Rainey, C., Marshall, J., De-Kernion, J.
B. and Eckhert, C. D. Dietary boron intake and prostate cancer risk.
Oncology Reports, 2004. 11: 887-892.

Barranco, W. T., Hudak, P. F. and Eckhert, C. D. Evaluation of ecological
and in vitro effects of boron on prostate cancer risk (United States). Cancer

Causes and Control, 2007. 18: 71-77.



46.

47.

48.

49.

50.

51.

52.

53.

54.

35.

56.

57.

127

Nielsen, F. H., Gallagher, S. K., Johnson, L. K. and Nielsen, E. J. Boron
enhances and mimics some of the effects of estrogen therapy in
postmenopausal women. The Journal of Trace Elements in Experimental
Medicine, 1992. 5: 237-246.

Watson-Clark, R. A., Banquerigo, M. L., Shelly, K., Hawthorne, M. F. and
Brahn, E. Model studies directed toward the application of boron neutron
capture therapy to rheumatoid arthritis: boron delivery by liposomes in rat
collagen induced arthritis. Proceedings of the National Academy of Sciences
of the United States of America, 1998. 95: 2531-2534.

Linden, C. H., Hall, A. H., Kulig, K. W. and Rumack, B. H. Acute ingestions
of boric acid. Clinical Toxicology, 1986. 24: 269-279.

Nielsen, F. H. Boron in human and animal nutrition. Plant Soil, 1997. 193:
199-208.

Seiler, H. F. Handbook on Toxicity of Inorganic Compounds. New York:
Marcel Decker Inc. 1998.

Gupta, U. C., Jame, Y. W., Campbell, C. A. and Nicholaichuk, W. Boron
toxicity and deficiency: A review. Canadian Journal of Soil Science, 1985.
65: 381-409.

Yau, S. K. and Saxena, M. C. Variation in growth, development and yield of
durum wheat in response to high soil boron. I. Boron effects. Australian
Journal of Agricultural Research, 1997. 48: 945-949.

WHO Guidelines for Drinking Water Quality. 4th ed. Malta, Gutenberg:
World Health Organization. 2011.

Weinthal, E., Parag, Y., Vengosh, A., Muti, A. and Kloppmann, W. The EU
drinking water directive: the boron standard and scientific uncertainty.
European Environment, 2005. 15: 1-12.

Hassan, M. A. A., Hui, L. S. and Noor, Z. Z. Removal of boron from
industrial wastewater by chitosan via chemical precipitation. Journal of
Chemical and Natural Resources Engineering, 2009. 4: 1-11.

Yilmaz, A. E., Boncukcuoglu, R., Kocakerim, M. M. and Keskinler, B. The
investigation of parameters affecting boron removal by electrocoagulation
method. Journal of Hazardous Materials, 2005. 125: 160-165.

Yilmaz, A. E., Boncukcuoglu, R. and Kocakerim, M. M. An empirical model

for parameters affecting energy consumption in boron removal from boron-



58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

128

containing wastewaters by electrocoagulation. Journal of Hazardous
Materials, 2007. 144: 101-107.

Yilmaz, A. E., Boncukcuoglu, R., Kocakerim, M. M., Yilmaz, M. T. and
Paluluoglu, C. Boron removal from geothermal waters by electrocoagulation.
Journal of Hazardous Materials, 2008. 153: 146-151.

Sayiner, G., Kandemirli, F. and Dimoglo, A. Evaluation of boron removal by
electrocoagulation using iron and aluminum electrodes. Desalination, 2008.
230: 205-212.

Derek, P., Georgelll, W. L. and Donald, L. S. ATR-FTIR spectroscopic
studies of boric acid adsorption on hydrous ferric oxide. Geochimica et
Cosmochimica Acta, 2003. 67: 2551-2560.

Seki, Y., Seyhan, S. and Yurdakoc, M. Removal of boron from aqueous
solution by adsorption on Al203 based materials using full factorial design.
Journal of Hazardous Materials, 2006. 138: 60-66.

Oztiirk, N. and Kavak, D. Boron removal from aqueous solutions by batch
adsorption onto cerium oxide using full factorial design. Desalination, 2008.
223:106-112.

Ferreira, O. P., de Moraes, S. G., Duran, N., Cornejo, L. and Alves, O. L.
Evaluation of boron removal from water by hydrotalcite-like compounds.
Chemosphere, 2006. 62: 80-88.

Bouguerra, W., Mnif, A., Hamrouni, B. and Dhahbi, M. Boron removal by
adsorption onto activated alumina and by reverse osmosis. Desalination,
2008. 223: 31-37.

Celik, Z. C., Can, B. Z. and Kocakerim, M. M. Boron removal from aqueous
solutions by activated carbon impregnated with salicylic acid. Journal of
Hazardous Materials, 2008. 152: 415-422.

Polat, H., Vengosh, A., Pankratov, 1. and Polat, M. A new methodology for
removal of boron from water by coal and fly ash. Desalination, 2004. 164:
173-188.

Ozturk, N. and Kavak, D. Adsorption of boron from aqueous solutions using
fly ash: Batch and column studies. Journal of Hazardous Materials, 2005.
127: 81-88.



68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

129

Karahan, S., Yurdakog¢, M., Seki, Y. and Yurdakog¢, K. Removal of boron
from aqueous solution by clays and modified clays. Journal of Colloid and
Interface Science, 2006. 293: 36-42.

Cengeloglu, Y., Tor, A., Arslan, G., Ersoz, M. and Gezgin, S. Removal of
boron from aqueous solution by using neutralized red mud. Journal of
Hazardous Materials, 2007. 142: 412-417.

Marin, C. M. D. and Oron, G. Boron removal by the duckweed Lemna gibba:
A potential method for the remediation of boron-polluted waters. Water
Research, 2007. 41: 4579-4584.

Ayyildiz, H. F. and Kara, H. Boron removal by ion exchange membranes.
Desalination, 2005. 180: 99-108.

Banasiak, L. J. and Schéfer, A. I. Removal of boron, fluoride and nitrate by
electrodialysis in the presence of organic matter. Journal of Membrane
Science, 2009. 334: 101-109.

Melnik, L., Vysotskaja, O. and Komilovich, B. Boron behavior during
desalination of sea and underground water by electrodialysis. Desalination,
1999. 124: 125-130.

Oren, Y., Linder, C., Daltrophe, N., Mirsky, Y., Skorka, J. and Kedem, O.
Boron removal from desalinated seawater and brackish water by improved
electrodialysis. Desalination, 2006. 199: 52-54.

Turek, M., Bandura, B. and Dydo, P. Electrodialytic boron removal from
SWRO permeate. Desalination, 2008. 223: 17-22.

Turek, M., Dydo, P., Ciba, J., Trojanowska, J., Kluczka, J. and Palka-
Kupczak, B. Electrodialytic treatment of boron containing wastewater with
univalent permselective membranes. Desalination, 2005. 185: 1565-1571.
Ozturk, N., Kavak, D. and Kose, T. E. Boron removal from aqueous solution
by reverse osmosis. Desalination, 2008. 223: 1-9.

Prats, D., Chillon-Arias, M. F. and Rodriguez-Pastor, M. Analysis of the
influence of pH and pressure on the elimination of boron in reverse osmosis.
Desalination, 2000. 128: 269-273.

Yazicigil, Z. and Oztekin, Y. Boron removal by electrodialysis with anion-

exchange membranes. Desalination, 2006. 190: 71-78.



80.

81.

82.

83.

&4.

85.

86.

87.

88.

89.

90.

130

Melnyk, L., Goncharuk, V., Butnyk, 1. and Tsapiuk, E. Boron removal from
natural and wastewaters using combined sorption/membrane process.
Desalination, 2005. 185: 147-157.

Melnyk, L., Goncharuk, V., Butnyk, I. and Tsapiuk, E. Development of the
sorption-membrane “green” technology for boron removal from natural and
wastewaters. Desalination, 2007. 205: 206-213.

Dydo, P., Turek, M., Ciba, J., Trojanowska, J. and Kluczka, J. Boron removal
from landfill leachate by means of nanofiltration and reverse osmosis.
Desalination, 2005. 185: 131-137.

Turek, M., Dydo, P., Trojanowska, J. and Campen, A. Adsorption/co-
precipitation—reverse osmosis system for boron removal. Desalination,
2007. 205: 192-199.

Glueckstern, P. and Priel, M. Boron removal in brackish water desalination
systems. Desalination, 2007. 205: 178-184.

Kabay, N., Sarp, S., Yuksel, M., Kitis, M., Koseoglu, H., Arar, O., Bryjak,
M. and Semiat, R. Removal of boron from SWRO permeate by boron
selective ion exchange resins containing N-methyl glucamine groups.
Desalination, 2008. 223: 49-56.

Kabay, N., Yilmaz-Ipek, 1., Soroko, 1., Makowski, M., Kirmizisakal, O., Yag,
S., Bryjak, M. and Yuksel, M. Removal of boron from Balcova geothermal
water by ion exchange—microfiltration hybrid process. Desalination, 2009.
241: 167-173.

Wong, J. M. Boron control in power plant reclaimed water for potable reuse.
Environmental Progress, 1984. 3: 5-11.

Yilmaz, A. E., Boncukcuoglu, R. and Kocakerim, M. M. A quantitative
comparison between electrocoagulation and chemical coagulation for boron
removal from boron-containing solution. Journal of Hazardous Materials,
2007. 149: 475-481.

Glueckstern, P. and Priel, M. Optimization of boron removal in old and new
SWRO systems. Desalination, 2003. 156: 219-228.

Taniguchi, M., Fusaoka, Y., Nishikawa, T. and Kurihara, M. Boron removal

in RO seawater desalination. Desalination, 2004. 167: 419-426.



91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

131

Cengeloglu, Y., Arslan, G., Tor, A., Kocak, I. and Dursun, N. Removal of
boron from water by using reverse osmosis. Separation and Purification
Technology, 2008. 64: 141-146.

Koseoglu, H., Kabay, N., Yiiksel, M. and Kitis, M. The removal of boron
from model solutions and seawater using reverse osmosis membranes.
Desalination, 2008. 223: 126-133.

Oo, M. H. and Song, L. Effect of pH and ionic strength on boron removal by
RO membranes. Desalination, 2009. 246: 605-612.

Nadav, N. Boron removal from seawater reverse osmosis permeate utilizing
selective ion exchange resin. Desalination, 1999. 124: 131-135.

Simonnot, M.-O., Castel, C., Nicolai, M., Rosin, C., Sardin, M. and Jauffret,
H. Boron removal from drinking water with a boron selective resin: Is the
treatment really selective? Water Research, 2000. 34: 109-116.

Back, K.-W., Song, S.-H., Kang, S.-H., Rhee, Y.-W., Lee, C.-S., Lee, B.-].,
Hudson, S. and Hwang, T.-S. Adsorption kinetics of boron by anion
exchange resin in packed column bed. Journal of Industrial and Engineering
Chemistry, 2007. 13: 452-456.

Demirgivi, P. and Nasiin-Saygili, G. Removal of boron from waste waters by
Ion-Exchange in a batch system. World Academy of Science, Engineering
and Technology, 2008. 47: 95-98.

Na, J. W. and Lee, K. J. Characteristics of boron adsorption on strong base
anion exchange resin. Annals of Nuclear Energy, 1993. 20: 455-462.

Kabay, N., Yilmaz, 1., Yamac, S., Samatya, S., Yuksel, M., Yuksel, U., Arda,
M., Saglam, M., Iwanaga, T. and Hirowatari, K. Removal and recovery of
boron from geothermal wastewater by selective ion exchange resins. I.
Laboratory tests. Reactive and Functional Polymers, 2004. 60: 163-170.
Kabay, N., Yilmaz, 1., Yamac, S., Yuksel, M., Yuksel, U., Yildirim, N.,
Aydogdu, O., Iwanaga, T. and Hirowatari, K. Removal and recovery of boron
from geothermal wastewater by selective ion-exchange resins — II. Field
tests. Desalination, 2004. 167: 427-438.

Kabay, N., Sarp, S., Yuksel, M., Arar, O. and Bryjak, M. Removal of boron
from seawater by selective ion exchange resins. Reactive and Functional
Polymers, 2007. 67: 1643-1650.



102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

132

Kabay, N., Yilmaz, 1., Bryjak, M. and Yiiksel, M. Removal of boron from
aqueous solutions by a hybrid ion exchange-membrane process.
Desalination, 2006. 198: 158-165.

Power, P. P. and Woods, W. G. The chemistry of boron and its speciation in
plants. Plant and Soil, 1997. 193: 1-13.

Bicak, N., Bulutcu, N., Senkal, B. F. and Gazi, M. Modification of
crosslinked glycidyl methacrylate-based polymers for boron-specific column
extraction. Reactive and Functional Polymers, 2001. 47: 175-184.

Bicak, N. and Senkal, B. F. Sorbitol-modified poly (N-glycidyl styrene
sulfonamide) for removal of boron. Journal of Applied Polymer Science,
1998. 68: 2113-2119.

Li, X., Liu, R., Wu, S., Liu, J., Cai, S. and Chen, D. Efficient removal of
boron acid by N-methyl-d-glucamine functionalized silica—polyallylamine
composites and its adsorption mechanism. Journal of Colloid and Interface
Science, 2011. 361: 232-237.

Kaftan, O., Agikel, M., Eroglu, A. E., Shahwan, T., Artok, L. and Ni, C.
Synthesis, characterization and application of a novel sorbent, glucamine-
modified MCM-41, for the removal/preconcentration of boron from waters.
Analytica Chimica Acta, 2005. 547: 31-41.

Liu, H., Ye, X., Li, Q., Kim, T., Qing, B., Guo, M., Ge, F., Wu, Z. and Lee,
K. Boron adsorption using a new boron-selective hybrid gel and the
commercial resin D564. Colloids and Surfaces A: Physicochemical and
Engineering Aspects, 2009. 341: 118-126.

Wang, L., Qi, T., Gao, Z., Zhang, Y. and Chu, J. Synthesis of N-
methylglucamine modified macroporous poly(GMA-co-TRIM) and its
performance as a boron sorbent. Reactive & Functional Polymers, 2007. 67:
202-209.

Xu, L., Liu, Y., Hu, H., Wu, Z. and Chen, Q. Synthesis, characterization and
application of a novel silica based adsorbent for boron removal. Desalination,
2012. 294: 1-7.

Sabarudin, A., Oshita, K., Oshima, M. and Motomizu, S. Synthesis of cross-
linked chitosan possessing N-methyl-d-glucamine moiety (CCTS-NMDG)
for adsorption/concentration of boron in water samples and its accurate

measurement by ICP-MS and ICP-AES. Talanta, 2005. 66: 136-144.



112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

133

Wei, Y.-T., Zheng, Y.-M. and Chen, J. P. Design and fabrication of an
innovative and environmental friendly adsorbent for boron removal. Water
Research, 2011. 45: 2297-2305.

Wolska, J. and Bryjak, M. Preparation of polymeric microspheres for
removal of boron by means of sorption-membrane filtration hybrid.
Desalination, 2011. 283: 193-197.

Oztiirk, N. and Kése, T. E. Boron removal from aqueous solutions by ion-
exchange resin: Batch studies. Desalination, 2008. 227: 233-240.

Limousin, G., Gaudet, J. P., Charlet, L., Szenknect, S., Barthes, V. and
Krimissa, M. Sorption isotherms: a review on physical bases, modeling and
measurement. Applied Geochemistry, 2007. 22: 249-275.

El-Khaiary, M. I. Least-squares regression of adsorption equilibrium data:
comparing the options. Journal of Hazardous Materials, 2008. 158: 73-87.
Yilmaz, 1., Kabay, N., Yuksel, M., Holdich, R. and Bryjak, M. Effect of Tonic
Strength of Solution on Boron Mass Transfer by Ion Exchange Separation.
Separation Science and Technology, 2007. 42: 1013-1029.

Nishihama, S., Sumiyoshi, Y., Ookubo, T. and Yoshizuka, K. Adsorption of
boron using glucamine-based chelate adsorbents. Desalination, 2013. 310:
81-86.

Thakur, N., Kumar, S. A., Shinde, R. N., Pandey, A. K., Kumar, S. D. and
Reddy, A. V. R. Extractive fixed-site polymer sorbent for selective boron
removal from natural water. . Journal of Hazardous Materials, 2013. 260:
1023-1031.

Morisada, S., Rin, T., Ogata, T., Kim, Y.-H. and Nakano, Y. Adsorption
removal of boron in aqueous solutions by amine-modified tannin gel. Water
Research, 2011. 45: 4028-4034.

Zhang, T., Li, Q. R., Liu, Y., Duan, Y. L. and Zhang, W. Y. Equilibrium and
kinetics studies of fluoride ions adsorption on CeO2/A1203 composites
pretreated with nonthermal plasma. Chemical Engineering Journal, 2011.
168: 665-671.

Samatya, S., Tuncel, A. and Kabay, N. Boron Removal from Geothermal
Water by a Novel Monodisperse Porous Poly(GMA-co-EDM) Resin
Containing N-Methyl-D-Glucamine Functional Group. Solvent Extraction
and lon Exchange, 2012. 30: 341-349.



123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134

Gazi, M. and Bicak, N. Selective boron extraction by polymer supported 2-
hydroxylethylamino propylene glycol functions. Reactive and Functional
Polymers, 2007. 67: 936-942.

Zagorodni, A. A. lon exchange materials: properties and applications.
Amsterdam, London: Elsevier. 2007.

Ipek, 1. Y., Kabay, N., Yuksel, M., Kirmizisakal, O. and Bryjak, M. Removal
of Boron from BalCova-Izmir Geothermal Water by lon Exchange Process:
Batch and Column Studies. Chemical Engineering Communications, 2008.
196: 277-289.

Kose, T. E. and Ozturk, N. Boron removal from aqueous solutions by ion-
exchange resin: Column sorption—eclution studies. Journal of Hazardous
Materials, 2008. 152: 744-749.

Inukai, Y., Tanaka, Y., Matsuda, T., Mihara, N., Yamada, K., Nambu, N.,
Itoh, O., Doi, T., Kaida, Y. and Yasuda, S. Removal of boron(IlIl) by N-
methylglucamine-type cellulose derivatives with higher adsorption rate.
Analytica Chimica Acta, 2004. 511: 261-265.

Jyo, A., Aoki, S., Uchimura, M., Yamabe, K. and Sugo, T. Behavior of
chelating fibers having polyol groups in column mode adsorption of boric
acid. Analytical Sciences (Supplement), 2001. 17: 1211-1214.

Ting, T. M., Hoshina, H., Seko, N. and Tamada, M. Removal of boron by
boron-selective adsorbent prepared using radiation induced grafting
technique. Desalination and Water Treatment, 2013. 51: 2602-2608.

Russell, K. E. Free radical graft polymerization and copolymerization at high
temperatures. Progress in Polymer Science, 2002. 27: 1007-1038.

Hu, G. H., Flat, J. J. and Lambla, M. Free-radical grafting of monomers onto
polymers by reactive extrusion: Principles and applications. In: Al-Malaika,
S. Ed. Reactive Modifiers For Polymers. London, UK: Blackie Academic &
Professional. 1997.

Bhattacharya, A. and Ray, P. Basic Features and Techniques. In:
Bhattacharya, A., Rawlins, J. W. and Ray, P. Eds. Polymer Grafting and
Crosslinking. New Jersey: John Wiley & Sons, Inc. 2009.

Szwarc, M. Living polymers. Their discovery, characterization and
properties. Journal of Polymer Science Part A: Polymer Chemistry, 1998. 36:
IX-XV.



134.

135.

136.

137.

138.

139.

140.

141.

142.

135

Patten, T. E., Xia, J., Abernathy, T. and Matyjaszewski, K. Polymers with
very low polydispersities from atom transfer radical polymerization Science,
1996. 272: 866-868.

Wang, J. S. and Matyjaszewski, K. Controlled living radical polymerization -
Atom transfer radical polymerization in the presence of transition-metal
complexes. Journal of the American Chemical Society, 1995. 117: 5614-
5615.

Moad, G., Chiefari, J., Krstina, J., Postma, A., Mayadunne, R. T. A,
Rizzardo, E. and Thang, S. H. Living free radical polymerization with
reversible addition fragmentation chain transfer (the life of RAFT). Polymer
International, 2000. 49: 993-1001.

Chiefari, J., Chong, Y. K., Ercole, F., Krstina, J., Jeffery, J., Le, T. P. T.,
Mayadunne, R. T. A., Meijs, G. F., Moad, C. L., Moad, G., Rizzardo, E. and
Thang, S. H. Living free radical polymerization by reversible addition
fragmentation chain transfer: the RAFT process. Macromolecules, 1998. 31:
5559-5562.

Kumar, V., Bhardwaj, Y. K., Dubey, K. A., Chaudhari, C. V., Goel, N. K.,
Biswal, J., Sabharwal, S. and Tirumalesh, K. Electron beam grafted polymer
adsorbent for removal of heavy metal ion from aqueous solution. Separation
Science Technology, 2006. 41: 3123-3140.

Kawakita, H., Uezu, K., Tsuneda, S., Saito, K., Tamada, M. and Sugo, T.
Recovery of Sb(V) using a functional-ligand-containing porous hollow-fiber
membrane  prepared by radiation-induced graft polymerization.
Hydrometallurgy, 2006. 81: 190-196.

Ogawa, H., Sugita, K., Saito, K., Kim, M., Tamada, M., Katakai, A. and
Sugo, T. Binding of ionic surfactants to charged polymer brushes grafted
onto porous substrates. Journal of Chromatography A, 2002. 954: 89-97.
Kavakli, P. A., Kavakli, C., Seko, N., Tamada, M. and Giiven, O. Radiation-
induced grafting of dimethylaminoethylmethacrylate onto PE/PP nonwoven
fabric. Nuclear Instruments and Methods in Physics Research Section B:
Beam Interactions with Materials and Atoms, 2007. 265: 204-207.

Awual, M. R., Urata, S., Jyo, A., Tamada, M. and Katakai, A. Arsenate
removal from water by a weak-base anion exchange fibrous adsorbent. Water

Research, 2008. 42: 689-696.



143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

136

Shiraishi, T., Tamada, M., Saito, K. and Sugo, T. Recovery of cadmium from
waste of scallop processing with amidoxime adsorbent synthesized by graft-
polymerization. Radiation Physics and Chemistry, 2003. 66: 43-47.

Seko, N., Basuki, F., Tamada, M. and Yoshii, F. Rapid removal of arsenic(V)
by zirconium(IV) loaded phosphoric chelate adsorbent synthesized by
radiation induced graft polymerization. Reactive and Functional Polymers,
2004. 59: 235-241.

Choi, S. H., Park, S. Y. and Nho, Y. C. Electrochemical properties of
polyethylene membrane modified with carboxylic acid group. Radiation
Physics and Chemistry, 2000. 57: 179-186.

Kawai, T., Saito, K., Sugita, K., Kawakami, T., Kanno, J.-i., Katakai, A.,
Seko, N. and Sugo, T. Preparation of hydrophilic amidoxime ®bers by
cografting acrylonitrile and methacrylic acid from an optimized monomer
composition. Radiation Physics and Chemistry, 2000. 59: 405-411.

Basuki, F., Seko, N., Tamada, M., Sugo, T. and Kume, T. Direct synthesis of
adsorbent having phosphoric acid with radiation induced graft
polymerization. Journal of lon Exchange, 2003. 14: 209-212.

Okamura, D., Saito, K., Sugita, K., Tamada, M. and Sugo, T. Solvent effect
on protein binding by polymer brush grafted onto porous membranes.
Journal of Chromatography A, 2002. 953: 101-109.

Kuraga, J., Trobradovic, H., Jyo, A., Sugo, T., Tamada, M., Katakai, A. and
Kume, T. Behaviour of iminodiacetate fiber in column-mode adsorption of
Lead (II). Journal of lon Exchange, 2003. 14: 77-80.

Taniguchi, M., Pieracci, J., Samsonoff, W. A. and Belfort, G. UV-Assisted
Graft Polymerization of Synthetic Membranes: Mechanistic studies.
Chemistry Materials, 2003. 15: 3805-3812.

Yamagishi, H., Crivello, J. V. and Belfort, G. Development of a novel
photochemical technique for modifying poly(arylsulfone) ultrafiltration
membranes. Journal of Membrane Science, 1995. 105: 237-247.

He, D. and Ulbricht, M. Surface selective photo grafting on porous polymer
membranes via a synergist immobilization method. Journal of Materials
Chemistry, 2006. 16: 1860-1865.

Irwan, G. S., Kuroda, S., Kubota, H. and Kondo, T. Photografting of

methacrylic acid on polyethylene film: Effect of mixed solvents consisting of



154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

137

water and organic solvent. Journal of Applied Polymer Science, 2002. 83:
2454-2461.

Peng, T. and Cheng, Y. L. PNIPAAm and PMAA cografted porous PE
membranes: living radical co grafting mechanism and multi-stimuli
responsive permeability. Polymer, 2001. 42: 2091-2100.

Gupta, B., Plummera, C., Bisson, 1., Frey, P. and Hilborn, J. Plasma-induced
graft polymerization of acrylic acid onto poly(ethylene terephthalate) films:
characterization and human smoothmuscle cell growthon grafted films.
Biomaterials, 2002. 23: 863-871.

Gancarz, ., Pozniak, G., Bryjak, M. and Frankiewicz, A. Modification of
polysulfone membranes. 2. plasma grafting and plasma polymerization of
acrylic acid. Acta Polym, 1999. 50: 317-326.

Johnsen, K., Kirkhorn, S., Olasen, K., Redford, K. and Stori, A. Modification
of polyethylene surfaces by plasma-induced grafting. Journal of Applied
Polymer Science, 1996. 59: 1651-1657.

Seko, N., Tamada, M. and Yoshii, F. Current status of adsorbent for metal
ions with radiation grafting and crosslinking techniques. Nuclear Instruments
and Methods in Physics Research Section B: Beam Interactions with
Materials and Atoms, 2005. 236: 21-29.

Chapiro, A. Radiation Chemistry of Polymeric Systems. In: Mark, H.,
Marwell, C. S. and Melville, H. W. Eds. High Polymers. New York:
Interscience. 1962.

Bozzi, A. and Chapiro, A. Synthesis of perm-selective membranes by
grafting acrylic acid into air-irradiated Teflon-FEP films. Radiation Physics
and Chemistry, 1988. 32: 193-196.

Walsby, N., Sundholm, F., Kallio, T. and Sundholm, G. Radiation-grafted
ion-exchange membranes: Influence of the initial matrix on the synthesis and
structure. Journal of Polymer Science Part A: Polymer Chemistry, 2001. 39:
3008-3017.

Ibrahem, A. A. and Nada, A. M. A. Grafting of acylamide onto cotton linters.
Acta Polymerica, 1985. 36: 320-322.

Cardona, F., George, G. A., Hill, D. J. T., Rasoul, F. and Maeji, J.

Copolymers obtained by the radiation-induced grafting of styrene onto poly



164.

165.

166.

167.

168.

169.

170.

171.

138

(tetrafluoroethylene-co-perfluoropropylvinyl ether) substrates. 1. Preparation
and structural investigation. Macromolecules, 2002. 35: 355-364.

Sakurai, H., Shiotani, M. and Yahiro, H. Graft copolymerization of
methylmethacrylate onto poly(tetrafluoroethylene): and ESR and XPS study
on crystallinity dependence. Radiation Physics and Chemistry, 1999. 56:
309-313.

Kolhe, S. M. and Kumar, A. Radiation-induced grafting of vinyl benzyl
trimethyl ammonium chloride onto nylon-6 fabric. Radiation Physics and
Chemistry, 2007. 76: 901-906.

Burillo, G., Oseguera, M. A., Vazquez, C. and Castillo, L. F. D. Radiation
grafting of dimethylaminopropylacrylamide and
dimethylaminopropylmethacrylamide onto polyethylene. Radiation Physics
and Chemistry, 1997. 50: 511-517.

Hegazy, E.-S. A., Kamal, H., Maziad, N. and Dessouki, A. M. Membranes
prepared by radiation grafting of binary monomers for adsorption of heavy
metals from industrial wastes. Nuclear Instruments and Methods in Physics
Research Section B: Beam Interactions with Materials and Atoms, 1999. 151:
386-392.

Kaur, 1., Kumar, S., Misra, B. N. and Chauhan, G. S. Graft copolymerization
of 2-vinyl pyridine and styrene onto isotactic polypropylene powder by the
preirradiation method. Materials Science and Engineering A270, 1999137-
144.

Ueki, Y., Dafader, N. C., Hoshina, H., Seko, N. and Tamada, M. Study and
optimizationon graft polymerization under normal pressure and air
atmospheric conditions, and its application to metal adsorbent. Radiation
Physics and Chemistry, 2012. 81: 889-898.

Hwang, M.-L., Song, J.-M., Ko, B.-S., Sohn, J.-Y., Nho, Y.-C. and Shin, J.
Radiation-induced grafting of vinylbenzyl chloride onto a poly(ether ether
ketone) film. Nuclear Instruments and Methods in Physics Research Section
B: Beam Interactions with Materials and Atoms, 2012. 281: 45-50.
Dargaville, T. R., Hill, D. J. T. and Perera, S. Grafted fluoropolymers as
supports for solid-phase organic chemistry: preparation and characterization.

Australian Journal of Chemistry, 2002. 55: 439-441.



172.

173.

174.

175.

176.

177.

178.

179.

180.

139

Kaur, I. and Misra, B. N. Gamma radiation induced graft copolymerization of
acrylate monomers onto isotactic polypropylene. Desalination, 1987. 64:
271-284.

Brack, H. P., Biihrer, H. G., Bonorand, L. and Scherer, G. G. Grafting of
preirradiated poly(ethylene-alt-tetrafluoroethylene) films with styrene:
Influence of base polymer film properties and processing parameters. Journal
of Materials Chemistry, 2000. 10: 1795-1803.

Girsel, S. A., youcef, H. B., Wokaun, A. and Scherer, G. G. Influence of
reaction parameters on grafting of styrene into poly(ethylene-alt
tetrafluoroethylene) films. Nuclear Instruments and Methods in Physics
Research Section B: Beam Interactions with Materials and Atoms, 2007. 265:
198-203.

Rohani, R., Nasef, M. M., Saidi, H. and Dahlan, K. Z. M. Effect of reaction
conditions on electron induced graft copolymerization of styrene onto
poly(ethylene-co-tetrafluoroethylene) films: Kinetics study. Chemical
Engineering Journal, 2007. 132: 27-35.

Tamada, M., Seko, N. and Yoshii, F. Application of radiation-graft material
for metal adsorbent and crosslinked natural polymer for healthcare product.
Radiation Physics and Chemistry, 2004. 71: 221-225.

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

Saito, K., Saito, K., Sugita, K., Tamada, M. and Sugo, T. Convection-aided
collection of metal ions using chelating porous flat-sheet membranes. Journal
of Chromatography A, 2002. 954: 277-283.

O'Connell, D. W., Birkinshaw, C. and O’Dwyer, T. F. A modified cellulose
adsorbent for the removal of nickel(Il) from aqueous solutions. Journal of
Chemical Technology and Biotechnology, 2006. 81: 1820-1828.

Parschova, H., Mistova, E., Matgjka, Z., Jelinek, L., Kabay, N. and
Kauppinen, P. Comparison of several polymeric sorbents for selective boron
removal from reverse osmosis permeate. Reactive and Functional Polymers,
2007. 67: 1622-1627.



181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

140

A.P.H.A. Standard Methods for the Examination of Water and Wastewater.
21st ed. USA: American Public Health Association, American Water Works
Association, Water Environment Federation. 2005.

Langmuir, I. The constitution and fundamental properties of solids and
liquids. Journal of the American Chemical Society, 1916. 38: 2221-2295.
Vijayaraghavan, K., Padmesh, T. V. N., Palanivelu, K. and Velan, M.
Biosorption of nickel(Il) ions onto Sargassum wightii: application of two-
parameter and three parameter isotherm models. Journal of Hazardous
Materials, 2006. B133: 304-308.

Freundlich, H. M. F. Over the adsorption in solution. Journal of Physical
Chemistry, 1906. 57: 385-471.

Redlich, O. and Peterson, D. L. A useful adsorption isotherm. Journal of
Physical Chemistry, 1959. 63: 1024-1026.

Ng, J. C. Y., Cheung, W. H. and McKay, G. Equilibrium studies of the
sorption of Cu(Il) ions onto chitosan. Journal of Colloid and Interface
Science, 2002. 255: 64-74.

Liu, Y., Cui, L., Guan, F., Gao, Y., Hedin, N. E., Zhu, L. and Fong, H.
Crystalline Morphology and Polymorphic Phase Transitions in Electrospun
Nylon-6 Nanofibers. Macromolecules, 2007. 40: 6283-6290.

Miyazawa, T., Asari, Y., Miyoshi, K., Umeno, D., Saito, K., Nagatani, T. and
Yoshikawa, N. Development of Novel Ilon-exchange Membranes for
Electrodialysis of Sea Water by Electron-beam-induced Graft
Polymerization. II. Graft Polymerization of Vinyl Benzyltrimethylammonium
Chloride and Sodium Styrenesulfonate onto Nylon-6 Film. Bulletin of the
Society of Sea Water Science, Japan., 2009. 63: 175-183.

Kaur, I., Barsola, R., Misra, B. N. and Chauhan, G. S. Radiochemical Graft
Copolymerisation of 2-Hydroxy Ethylmethacrylate onto Polyamide-6, 6-
Nylon. Defence Science Journal, 2000. 50: 425-433.

Zahran, A. H., El-Hasaby, M. B. and El-Gendy, E. Dyeing and hydrophilicity
of nylon-6/polyacrylic acid grafted copolymers. Part 1. American Dyestuff
Reporter, 1985. 74: 34-35.

Kaur, ., Misra, B. N. and Barsola, R. Radiation-induced graft polymerization
of vinyl monomers onto polyamide-6. Die Angewandte Makromolekulare
Chemie, 1996. 234: 1-12.



192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

141

Awual, M. R., Jyo, A., Thara, T., Seko, N., Tamada, M. and Lim, K. T.
Enhanced trace phosphate removal from water by zirconium(IV) loaded
fibrous adsorbent. Water Research, 2011. 45: 4592-4600.

Huang, R. Y. M. and Xu, Y. F. Pervaporation separation of acetic acid-water
mixtures using modified membranes. Part II. Gamma-ray-induced grafted
polyacrylic acid (PAA)-Nylon 6 membranes. Journal of Membrane Science,
1989. 43: 143-148.

Trivedi, I. M. and Mehta, P. C. Gamma ray-induced graft copolymerization
of acrylamide and acrylic acid to nylon- 6 fabric. Journal of Applied Polymer
Science, 1975. 19: 1-14.

Huglin, M. B., Johnson, B. L. and Richards, R. W. Graft copolymerization of
acrylic acid to nylon-6 by mutual irradiation - Influence of temperature.
European Polymer Journal, 1973. 9: 519-523.

Haruvy, Y. and Rajbenbach, A. L. Nylon 6 water-permeable membranes
prepared by electron beam radiation-induced graft copolymerization. Journal
of Applied Polymer Science, 1981. 26: 3065-3071.

Herman, H., Slade, R. C. T. and Varcoe, J. R. The radiation-grafting of
vinylbenzyl chloride onto poly(hexafluoropropylene-co-tetrafluoroethylene)
films with subsequent conversion to alkaline anion-exchange membranes:
optimisation of the experimental conditions and characterisation. Journal of
Membrane Science, 2003. 218: 147-163.

Yaacoub, E. and Perchec, P. L. Effective catalytic activity of polymeric
sulfoxides in alkylation reactions under two-phase conditions. Reactive
Polymers, 1988. 8: 285-296.

Wang, W. F., Tan, T. L., Tan, B. L. and Ong, P. P. High-resolution FTIR
spectrum and rotational structure of the V8 band of methylene chloride.
Journal of Molecular Spectroscopy, 1996. 175: 363-369.

Kim, S. H., Park, Y. C., Jung, G. H. and Cho, C. G. Characterization of
poly(styrene-b-vinylbenzylphosphonic acid) copolymer by titration and
thermal analysis. Macromolecular Research, 2007. 15: 587-594.

Lee, K. H., Kim, K. W., Pesapane, A., Kim, H. Y. and Rabolt, J. F. Polarized
FT-IR study of microscopically oriented electrospun nylon-6 nanofibers.

Macromolecules, 2008. 41: 1494-1498.



202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

142

Pant, H. R., Baek, W.-i.,, Nam, K.-T., Jeong, 1.-S., Barakat, N. A. M. and
Kim, H. Y. Effect of lactic acid on polymer crystallization chain
conformation and fiber morphology in an electrospun nylon-6 mat. Polymer,
2011. 52: 4851-4856.

Giller, C. B., Chase, D. B., Rabolt, J. F. and Snively, C. M. Effect of solvent
evaporation rate on the crystalline state of electrospun Nylon 6. Polymer,
2010. 51: 4225-4230.

Varma, D. S. and Ravisankar, S. Thermal behaviour of acrylamide and
acrylnotrile grafted nylon 6. Die Angewandte Makromolekulare Chemie,
1973. 28: 191-205.

Box, G. E. P. and Wilson, K. B. On the experimental attainment of optimum
conditions. Journal of the Royal Statistical Society: Series B, 1951. 13: 1-45.
Montgomery, D. C. and Runger, G. C. Applied Statistics and Probability for
Engineers. 5th. ed. USA: John Wiley and Sons, Inc. 2011.

Box, G. E. P. and Behnken, D. W. Some new three level designs for the study
of quantitative variables. Technometrics, 1960. 2: 455-475.

Mourabet, M., El Rhilassi, A., El Boujaady, H., Bennani-Ziatni, M., El
Hamri, R. and Taitai, A. Removal of fluoride from aqueous solution by
adsorption on Apatitic tricalcium phosphate using Box—Behnken design and
desirability function. Applied Surface Science, 2012. 258: 4402-4410.
Prakash Maran, J., Manikandan, S. and Mekala, V. Modeling and
optimization of betalain extraction from Opuntia ficus-indica using Box—
Behnken design with desirability function. Industrial Crops and Products,
2013. 49: 304-311.

Urbano, B. F., Rivas, B. L., Martinez, F. and Alexandratos, S. D. Water-
insoluble polymer—clay nanocomposite ion exchange resin based on N-
methyl-d-glucamine ligand groups for arsenic removal. Reactive and
Functional Polymers, 2012. 72: 642-649.

Tural, B. Separation and Preconcentration of Boron with a Glucamine
Modified Novel Magnetic Sorbent. CLEAN - Soil, Air, Water, 2010. 38: 321-
327.

Kipgak, 1. and Ozdemir, M. Boron recovery from clay waste using Diaion

CRB-02 resin. Environmental Technology, 2010. 31: 327-335.



213.

214.

215.

216.

217.

218.

143

Hilal, N., Kim, G. J. and Somerfield, C. Boron removal from saline water: A
comprehensive review. Desalination, 2011. 273: 23-35.

Parsaei, M., Goodarzi, M. S. and Nasef, M. M. Adsorption study for removal
of boron using ion exchange resin in batch system. International Proceedings
of Chemical, Biological and Environmental Engineering, 2011398-402.
Weber, W. J. and Morris, J. C. Kinetics of adsorption on carbon from
solution. Journal of Sanitary Engineering Division, American Society of Civil
Engineers Proceedings, 1963. 89: 31-59.

Wu, F.-C., Tseng, R.-L. and Juang, R.-S. Initial behavior of intraparticle
diffusion model used in the description of adsorption kinetics. Chemical
Engineering Journal, 2009. 153: 1-8.

Toor, M. and Jin, B. Adsorption characteristics, isotherm, kinetics, and
diffusion of modified natural bentonite for removing diazo dye. Chemical
Engineering Journal, 2012. 187: 79-88.

Singh, S. K., Townsend, T. G., Mazyck, D. and Boyer, T. H. Equilibrium and
intraparticle diffusion of stabilized landfill leachate onto micro- and meso-

porous activated carbon. Water Research, 2012. 46: 491-499.



	TingTeoMingPFChE2015ABS
	TingTeoMingPFChE2015TOC
	TingTeoMingPFChE2015CHAP1
	TingTeoMingPFChE2015REF



