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ABSTRACT

Pollution of wastewater in the battery industry with heavy metals such as
Ni(Il), Zn(Il) and Pb(Il) is an alarming environmental threat posing significant
hazard to human, animal and aquatic life. Removal of these metal ions by ion
exchange resins has been widely practiced. However, ion exchange technology has
some limitations such as high cost of resins and slow kinetics of adsorption. In this
study, a new sulfonated fibrous adsorbent (SFA) in a form of sulfonic acid
containing poly(glycidyl methacrylate) (PGMA) grafted onto polyethylene (PE)
nonwoven fabric was prepared by radiation induced graft copolymerization (RIGC)
of glycidyl methacrylate (GMA) and subsequent sulfonation reaction. The obtained
adsorbent was characterized using scanning electron microscopy (SEM) and Fourier
transform infrared spectrometer combined with attenuated total reflection (FTIR-
ATR) to confirm the incorporation of PGMA and sulfonic acid groups. The
performance of the SFA under various treatment conditions pertaining to equilibrium
isotherms, kinetics, and breakthrough curves of selective adsorption of Ni(Il), Zn(II)
and Pb(Il) from aqueous solutions were evaluated. The adsorption parameters were
optimized using a response surface method (RSM) in both batch and fixed bed
column modes through the central composite rotatable design (CCRD). Similar
experiments were carried out with commercial granular sulfonated ion exchange
resin (Dowex 50W) and used for comparison. The adsorption isotherms of the the
tested metal ions on the new adsorbent was found to fit Freundlich model whilst the
breakthrough curve followed Thomas model. The optimum parameters for
adsorption on SFA in a batch mode were pH of 4.5-7.5 and contact time of 1.0-1.5
minutes for removal of > 90% of Zn(II) and Pb(Il). Particularly, a time of less than
3.5 minutes was needed for 95% removal of Ni(Il) from solution with 3 mg/L
concentration. The column performance of the SFA with respect to combination of
solute removal efficiency, resin utilization efficiency and breakthrough time, known
as response function (RF), revealed that the highest value of RF was found at a flow
rate of >15.2 mL/min and bed height of 5.2 cm. The results of this study suggest that
the new fibrous adsorbent has higher adsorption capacity and faster kinetics than
commercial granular resin (Dowex 50W). Thus, SFA is considered a potential
substituent resin for removal of heavy metal ions from aqueous solutions.
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ABSTRAK

Pencemaran logam berat daripada air sisa industri bateri seperti Ni(Il), Zn(II)
dan Pb(II) merupakan ancaman alam sekitar yang boleh membahayakan manusia,
haiwan dan hidupan akuatik. Penyingkiran logam berat melalui teknologi penukaran
ion telah diguna pakai secara meluas. Walau bagaimanapun, teknologi ini
mempunyai kelemahan seperti memerlukan kos resin yang tinggi dan kinetik
penjerapan yang rendah. Dalam kajian ini, penjerap fiber tersulfonat (SFA) baru
dalam bentuk asid sulfonik yang mengandungi poliglisidil metakrilat (PGMA)
dicangkukkan ke atas fiber polietalena (PE) telah dihasilkan dengan menggunakan
kaedah pengkopolimerisasi cangkukan aruhan sinaran (RIGC) oleh glisidil
metakrilate (GMA) dan seterusnya reaksi sulfonik. Penjerap fiber yang terhasil
dicirikan dengan menggunakan mikroskop pengimbas elektron (SEM) dan
spektrometer pengubah fourier inframerah digabungkan dengan pengurangan jumlah
pantulan (FTIR-ATR) untuk mengesahkan pembentukan PGMA dan kumpulan asid
sulfonik. Pencapaian SFA dinilai di bawah pelbagai keadaan berkaitan dengan
keseimbangan isoterma, kinetik dan keluk bolos penjerapan terpilih ion logam Ni(Il),
Zn(Il) dan Pb(Il) daripada larutan akueus. Proses penjerapan dioptimumkan
menggunakan kaedah gerak balas permukaan (RSM) pada kedua jenis eksperimen
iaitu eksperimen kelompok dan lapisan turus tetap melalui kaedah rekabentuk
komposit boleh gilir berpusat (CCRD). Eksperimen yang serupa dijalankan dengan
menggunakan resin berbutir asid sulfonik komersial (Dowex 50W) sebagai
perbandingan dengan SFA. Penjerapan isoterma ketiga-tiga ion logam yang diuji
untuk penjerap fiber baru didapati sesuai dengan isoterma Freundlich, manakala
keluk bolos bersesuaian dengan keluk model Thomas. Bagi ekperimen kelompok,
parameter yang optimum bagi SFA ialah nilai pH 4.5-7.5, dan masa 1.0-1.5 minit
untuk penjerapan lebih 90% Zn(II) dan Pb(II). Secara khususnya, masa penjerapan
adalah kurang daripada 3.5 minit untuk penyingkiran 95% Ni(Il) daripada larutan
berkepekatan 3 mg/L. Bagi ekperimen lapisan turus tetap, pencapaian penjerapan
SFA dinilai dengan kombinasi antara nilai kecekapan penyingkiran larutan ion
logam, kecekapan penggunaan resin dan masa keluk bolos, dikenali sebagai fungsi
tindak balas (RF), dengan nilai tertinggi RF pada kadar aliran 15.2 mL/min dan
tinggi turus 5.2 cm. Hasil kajian ini mencadangkan bahawa SFA mempunyai kapasiti
penjerapan dan kepantasan kinetik yang lebih tinggi berbanding dengan resin
berbutir komersial (Dowex 50W). SFA terbukti berpotensi sebagai bahan ganti resin
bagi menyingkir ion logam berat daripada larutan akueus.
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CHAPTER 1

INTRODUCTION

1.1  Background of the Study

Heavy metal pollution is one of the most serious problems in our
environment (Anirudhan & Sreekumari, 2011; Azimi et al., 2017; Tripathi and
Ranjan, 2015). This is due to the rapid development of technology from various
activities and industrial processes, which have been explored without limitation;
hence endangering the environment and nature. Numerous heavy metals utilized in
various process industries, resulted in large quantities of effluents containing high
level of toxic heavy metals (Lakherwal, 2014). As an example, the concentrations of
some toxic metals such as lead, nickel, zinc, arsenic, and mercury in battery-
manufacturing and electroplating effluents are higher than its permitted discharge
limits (Li et al., 2017; Gupta and Ali, 2013). Moreover, because of their high
solubility in the environment, these heavy metals can be absorbed by living

organism’s metabolic system (Barakat, 2011).

About 78% of lead from global consumption was reported by UN
Environment. Improper recycling of used lead acid batteries causes environmental

pollution and health damage. The major use of lead is in energy storage batteries can



cause damage to liver and kidney, reduction in hemoglobin formation, mental

retardation, and infertility or abnormalities in pregnancy (Meena ef al., 2005).

Nickel is used extensively in the production of nickel-cadmium batteries on
an industrial scale (Gautam et al., 2014). Higher concentration of nickel in the
ecosystem can cause cancer, dermatitis, headache, nausea, vomiting, chest pain, and
extreme weakness (Meena et al., 2005; Gautam et al., 2014; Li et al., 2017). The
permissible amount of zinc in Standard B, EQA (2009) is 1.0 mg/L. Exceeds
concentrations of zinc can cause a threat to both human health and environment.
Similarly to nickel, zinc toxicity causes nausea and vomiting in children, anemia, and
cholesterol problems (El-Kafrawy et al., 2017). Given that the ingested metal
concentrations beyond limit could disrupts environmental natural processes and
health of ecosystem because of their toxicity, carcinogenicity, and mutagenicity
(Jaishankar et al., 2014), all types of heavy metals should meet the environmental

discharge limit before being discharged (Hahladakis et al., 2013; Azizi et al., 2016).

Increasing water consumption and tightening up of wastewater regulations
have been the motivating factors to develop new processes for treating polluted water
in industrial set-ups (Naidoo & Olaniran, 2014). In Malaysia, discharge limits have
been enacted for metal content in effluents by the Environmental Quality (Industrial
Effluents) Regulations 2009. Environmental engineers and scientists thus have been
tasked to develop an appropriate low cost technology for effluent treatment and/or
recycling. Hence, the degree of sophistication of separation methods have been

increased tremendously to improve the conventional wastewater treatment system

(Nasef et al., 2009; El-Kafrawy et al., 2017).

Various techniques have been developed for the removal of heavy metals
from wastewater discharges. Some of the techniques include chemical precipitation,
coagulation/flocculation, ion exchange, electrochemical treatment, and membrane

processes. Above all, ion exchange is the most effective and efficient technology to



remove heavy metals from wastewaters to low desired levels (Barakat, 2011; Fu and

Wang, 2011; Tripathi and Ranjan, 2015; Gunatilake, 2015).

A number of commercial resins or adsorbents are available for treatment of
variety of water streams in many industries. However, such resins or adsorbents are
held-up by slow kinetics,-slow generation and channelling, and high pressure drop in
fixed adsorption column (Nasef and Guven, 2012). Thus, huge efforts have been
made to introduce new adsorbents to enhance adsorption performance. Generally,
the new functional polymers or adsorbent materials must have combinations of high
selectivity, fast regeneration, large number of regeneration cycles, fouling resistance,
chemical stability, thermal resistance, mechanical integrity, and low-cost (Zwain et
al., 2014; Islam and Kabir, 2016). Thus, many studies have proposed variety of low-
cost adsorbents from different waste materials including agricultural and industrial
wastes (El-Kafrawy et al., 2017). However, the obtained adsorbents have poor
performance and small number of cycles in addition of being dedicated for specific

metals, dyes or other pollutants (Babel and Kurniawan, 2003; Zwain et al., 2014).

Among the newly searched adsorbents are functional fibrous adsorbents,
which are attractive materials with unique physical and chemical characteristics
enduring high efficiency in decontamination of chemical pollutants (Nasef et al.,
2014). Particularly, the use of functional fibrous adsorbents can overcome diffusion
limitation and slow kinetics associated with conventional resins allowing operation at
high flow rate while maintaining high selectivity (Kawai et al., 2003; Hamabe ef al.,
2009; Jyo et al., 2010; Nasef and Guven, 2012; Azimi et al., 2017; Abdel-Halim and
Al-Hogbani, 2015). These polymers can be prepared by grafting monomers carrying
ionic groups capable of interacting with the target metal ions or grafting
nonfunctional monomers that are functionalized in a post-grafting reaction. Grafting
can be carried out using chemical initiation, photo-initiation, plasma initiation, and
high energy initiation (with gamma rays or electron beam). The latter is known as
radiation induced grafting and is highly convenient for introducing ionic groups to
preformed substrates via side chain grafts (Nasef and Hegazy, 2004; Abdel-Ghaffar
etal., 2016).



The use of radiation grafted adsorbents having fibrous structures for removal
of heavy metal ions has been investigated in a number of occasions (El-Sawya et al.,
2007; Chowdhury et al., 2012; El-Arnouty et al., 2017; Abdel-Ghaffar et al., 2016),
and recently reviewed in literature (Nasef and Guven, 2012). However, the radiation
grafted adsorbents were dedicated to specific metals or dyes for which, the
adsorbents showed high affinity. For instance, adsorptions of arsenic and metal ions
(Cr(I), Mn(II), Fe(Il), Ni(Il), Cu(Il), Co(Il), Zn(Il), Cd(Il), and Pb(Il)) were
investigated using grafted adsorbent (Abdel-Ghaffar et al., 2016; Abdel-Halim and
Al-Hogbani, 2015). Adsorption of Ni(Il), Co(Il), Cu(Il), Pb(II) and Ag(I) from
aqueous solutions was also tested by sulfonated grafted PE membrane (Nasef et al.,
2010). Initial concentration and pH of the medium became the most significant
effects of metal ion adsorption on membrane. The maximum percentage of
adsorption were obtained at 99, 97.2, 93, 89.8, and 79.7% at initial concentrations of
1.0 mg/L and pH 6.6 for Ni(I), Co(II), Cu(II), Pb(Il), and Ag(I), respectively (Nasef
et al., 2010). Therefore, it is highly important to choose the appropriate functional
groups, which allows imparting higher selectivity and more adsorption properties to

the adsorbent materials.

1.2 Problem Statement

The accumulation of heavy metals in aquatic and terrestrial habitats has been
increased dramatically, especially in industrial developing countries. The
contamination of heavy metals might develop into severe health problems which can
lead to chronic toxicity. The commonly encountered toxic heavy metals in industrial
effluent are lead, arsenic, mercury, cadmium, nickel, zinc, copper and chromium
(Abas et al., 2013; Lee et al., 2016). In Malaysia, effluent generated from battery
industry particularly contains a high concentrations of lead, nickel and zinc. Due to
the adverse health impact of these toxic heavy metals to the living things, their
concentration level in wastewater needs to be removed and controlled to comply with

the legislation requirement by Malaysian Department of Environment (DOE) with



the limit of 0.5, 1, and 2 mg/1 for effluent discharge standards B for lead, nickel and
zinc, respectively (Environmental Quality Act, 2009).

The commercial resins used in heavy metal removal shows an exceptionally
low running costs and low energy consumption. However, there are limitations such
as low adsorption capacity and slow adsorption kinetics. Both limitations adversely
affected the economy and also the performance of metal ions removal. 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. Thus,
various types of adsorbents have been developed recently to overcome the
weaknesses of the commercial resins (Ariffin et al, 2017; Azimi et al., 2016).
Although many techniques can be employed for the treatment of industrial effluent,
the ideal technology should not only be suitable, appropriate and applicable to the
local conditions, but also able to meet the established standards of maximum
contaminant level (MCL) (Barakat, 2011). In order to find the ideal and feasible
solutions for efficient technique and economic process of removing toxic heavy
metal ions, considerations upon unconventional materials and processes are needed
(Ariffin ef al., 2017) Therefore, synthesizing new monomers carrying the functional
groups which are capable to interact with the target metal ions have been reported
(Shoji et al., 2001; Jyo et al., 2010; Nasef and Guven, 2012; El-Arnouty ef al., 2016).
One of the new innovative resins known as functional fibrous can overcome the
diffusion limitations of conventional resins, enhance the kinetics of reaction and
operate at high flow rate with high selectivity (Lee et al., 2008; Jyo et al., 2010;
Nasef & Guven, 2012; El-Arnouty et al., 2016; Abdel-Ghaffar et al., 2016).

Heavy metal selective adsorbents having fibrous structure can be conveniently
prepared by radiation induced graft copolymerization (RIGC) method and
subsequent functionalization with desired ionic groups in large quantities (Nasef and
Guven, 2012). The use of RIGC in preparation of such adsorbents offers a number of
advantages compared to conventional grafting techniques (e.g. catalytic

polymerization and plasma polymerization) such as ability to have a well-tuned



composition, tailor properties suitable for specific application and modify substrates
of various morphologies (films, fibres and fabrics) in addition to simplicity and
absence of chemical initiators (El-Arnouty et al., 2016). However, studies on
radiation grafted adsorbent having fibrous structure for heavy metals removal are
very scarce. Thus, it is appealing to prepare an adsorbent for heavy metal removal by
RIGC of monomers such as glycidyl methacrylate (GMA) onto polyethylene (PE)
nonwoven fabric by radiation grafting and subsequent amination. The use PE which
very cheap and has excellent chemical, thermal and mechanical properties beside
having a good records for using in preparation in a number of functional materials by
RIGC is rather promising. GMA is a versatile monomer that can impart grafts having
pendant oxirane rings that can be opened by treatments with a variety of chemical
reagents under mild reaction conditions. The use of sulfonating agent such as sodium
sulfate/sulfuric acid covert the poly(GMA) grafted fabric to sulfonic acid containing

adsorbent of fibrous nature.

1.3 Objectives of the Study

The aim of this study is to prepare, characterize and test a new fibrous
adsorbent for removal of heavy metals (Ni(Il), Zn(I[) and Pb(II)) from synthetic

solutions. This can be achieved by the following objectives:

i. To prepare the adsorbent comprising sulfonated poly(GMA) grafted onto PE

non-woven fabric and evaluate it physico-chemical properties.

ii. To evaluate the performance of the sulfonated fibrous adsorbent for removal
of selected metal ions in batch and dynamic modes (fixed bed column) under

various conditions.



iii. To develop statistical models that correlate between the efficiencies of metal
ions removal and the optimum operating parameter in terms of pH, bed height

and flow rate.
iv. To establish equilibrium isotherms, kinetics and breakthrough curves for

metal ions adsorption onto the sulfonated fibrous adsorbent in comparison

with a commercial granular resin.

14 Scope of the Study

In order to achieve the above-mentioned objectives, several scopes of works

have been drawn. Two types of resins were used in this study namely:

1. Preparation of a new adsorbent by radiation induced grafting of GMA and

subsequent sulfonation. Details of the preparation steps of the sulfonated fibrous as

follows:
1) PE non-woven fibrous was irradiated using electron beam (EB)
(20kGy; 2 MeV; 5 mA) at ~ 28°C.
i) Grafting of PGMA onto PE non-woven fibrous (5 wt%; Tw-20 in
aqueous solution).
ii1) The grafted PE-g-PGMA were chemically modified using sodium

sulfite (Na,SOs3), solution of isopropyl alcohol (IPA) and water
(ratio 10:15:75) within 5 hours at 80°C. Then, the sheet were dried
and immersed into sulfuric acid solution (IM) at 50°C, and final

samples were dried under vacuum at 60°C overnight.

2. Evaluation of the performance of the newly prepared fibrous adsorbents in

comparison with Commercial granular cation exchange resin, Dowex 50W. This



was carried out using synthetic solutions containing Pb(II), Zn(II) and Ni(II). These
three types of heavy metals are resembling the wastewater from the battery industry
effluent (Appendix G). Two types of experiments were conducted and the control

operating parameters of each system are listed below:

1) Batch: Feed concentration (Cf) , pH, contact time (t).
i1) Dynamic in a Fixed bed column: Flowrate (Q), pH, bed height (BH).

In batch experiments, the level of feed concentration was varied between 10
to 50 mg/L. The contact time applied were from 30 to 120 minutes. The pH applied
for both experiment were from 4.5 to 8.5. The flow rate applied in the column
experiments were from 15 to 25 mL/min, with bed height varied in the range of 3.0

to 5.0 cm.

1.5  Significance of the Study

Ion-exchange technology has been widely utilized as a technology for
compact and high performance system in various applications. For wastewater
treatment applications, it is commonly used in industrial effluent treatment processes.
The commercial ion exchange resins have shown their effective performances but
generally poor selectivity towards different metal ions (Nilchi ef al., 2009).
Therefore, further development of innovative resin materials was aimed to
specifically select different metal ions, higher exchange capacity and optimum
operating conditions. A step forward in this direction could be made by having a
deeper understanding of the interactions among active sites and ionic species in
solution (Pagnanelli et al., 2004; Azimi et al., 2016). The following contributions

are made in the present study:



1. A newly sulfonated fibrous adsorbent was prepared. It is capable to
overcome the challenges facing the granular resin with respect of

adsorption capacity and kinetics.

ii. A statistical model for optimization of the operating parameters and

percentage of metal removal was developed.

iii. The adsorption capacity of newly prepared adsorbent (sulfonated
fibrous adsorbent) three times higher compared to commercial resins

in granular form.

iv. The obtained data can be used for scaling up the adsorption capacity

for heavy metal removal.

1.6 Organization of the Thesis

The thesis consists of six chapters. Chapter 1 introduces the background of
heavy metal pollution and problem statement to justify the conducted in this thesis.
The objective of the thesis, the scope of work and contribution made are also covered
in Chapter 1. This was followed by the objectives and the scopes of study. Chapter
2 covers the literature reviews on the theoretical background of studies conducted on
ion exchange technology, particularly by previewing the engineering configurations,
operating modes and systems for ion exchange processes. An intensive discussions
on the development status of various ion exchange materials in wide range of
applications related to the treatment of water and industrial wastewater are also
described. This chapter also includes a review of previous pertaining metal ions
adsorption equilibrium isotherms and kinetics study. Chapter 3 reveals the materials
and methods used to prepare and test the new fibrous adsorbent, the methodology

utilized in this study including the design of experiments, functionalization,
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characterization, adsorption capacity, and metal ions removal efficiency for batch
and column process. Response surface methods (RSM) are described in this chapter.
Chapter 4 are presented in three parts. The first part presents the research findings
that have been obtained in the present study for granular resins (Dowex 50W). The
second part discusses the research findings for new fibrous adsorbent film.
Particularly, it discusses the results of the effects of various operating parameters on
the removal efficiency of batch and column process. This part consists of four major
parts and includes the study on characterization of the new fibrous adsorbent film,
adsorption isotherm and kinetics study, response surface models and statistical
analysis, and breakthrough curve analysis. Findings for the granular and fibrous
resins were compared and discussed in the last part of this chapter. Finally, the

conclusions derived from the study are presented in Chapter 5.
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