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ABSTRACT

ADSORPTION OF HEAVY METALS IONS FROM AQUEOUS
SOLUTIONS USING A FUNCTIONAL POLYMER ADSORBENT

Environmental pollution caused by untreated discharge containing heavy metal is
alarming due to the toxicity. Continuous efforts in producing an economical, robust,
and efficient sorbent for a variety of water pollutants such as dyes, heavy metals,
microorganisms are actively being pursued. In this study, a double network polymer
network consisting poly(1-vinylimidazole-co-acrylic acid)/poly(vinyl alcohol)
(P(VI-co-AA)/PV A adsorbent were successfully synthesized as functional polymer
adsorbent via in-situ free-radical polymerization followed by cyclic freeze-thaw.
P(VI-co-AA)/PV A was characterized by using NMR, FTIR, FESEM and TGA. As
a double polymer network, the swelling behaviour of P(VI-co-AA)/PVA adsorbent
was slower and more controlled in deionized water and phosphate buffer solution
at pH 7 compared to dramatic swelling of the single polymer network,
P(VI-co-AA), which showed tendency to rupture after several hours of swelling in
the aqueous media. Batch adsorption of Cu** and Pb** by the P(VI-co-AA)/PVA
adsorbent was conducted under ambient conditions, at pH 6 and initial metal ion
concentration of 100 ppm using two different adsorbent dosages until adsorption
equilibria were achieved. The metal ions adsorption efficiencies of the
P(VI-co-AA)/PVA adsorbent were compared with the single polymer networks,
which were P(VI-co-AA) and PVA, where were prepared through similar
experimental conditions. High removal efficiencies (>90%) for both Cu?** and Pb**
were reported for the P(VI-co-AA)/PVA and P(VI-co-AA) adsorbents at for the
1 g/L and 2 g/L adsorbents dosages, however, the P(VI-co-AA) network ruptured
due to high osmotic pressure after several hours of adsorption. The
P(VI-co-AA)/PVA adsorbents recorded 98 — 100 mg/g adsorption capacities (Cu**
and Pb®*) at 1 g/L dosage, and the adsorption capacities for these metal ions
significantly reduced by ~50% when the adsorbent dosage was doubled whilst
maintaining the initial metal ion concentration at 100 ppm. Therefore, the
P(VI-co-AA)/PVA double-network adsorbent demonstrated enhanced mechanical
properties compared to the P(VI-co-AA) single-network adsorbent and high
adsorption capacities for Cu®>* and Pb**, making it as a suitable as a functional
adsorbent candidate to adsorb metal ions from wastewaters.
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ABSTRAK

PENYERAPAN ION LOGAM BERAT DARIPADA LARUTAN AKUEUS
MENGGUNAKAN FUNGSIAN POLIMER PENYERAP

Pencemaran alam sekitar yang disebabkan oleh pembuangan kumbahan yang tidak
dirawat yang juga mengandungi logam berat adalah bersifat toksik dan
membimbangkan. Usaha beterusan dalam menghasilkan sorben yang menjimatkan,
teguh dan cekap dalam pengedalian pelbahagi bahan pencemar air seperti pewarna,
logam berat, mikroorganisma adalah sedang giat dijalankan. Dalam kajian ini,
penjerap berasaskan jaringan polimer ganda dua yang terdiri daripada
poli(vinilimidazole-ko-akrilik)/poli(vinil alkohol) (P(VI-co-AA)/PVA)) telah
berjaya disinstesis sebagai penjerap berfungsi melalui proses in-sifu pempolimeran
radikal bebas diikuti dengan kitaran pencairan dan beku. Pencirian sifat bagi
P(VI-co-AA)/PV A adalah menggunakan NMR, FTIR, FESEM dan TGA. Sebagai
rangkaian polimer berganda, tingkah laku bengkak penjerap P(VI-co-AA)/PVA
adalah lebih perlahan dan lebih terkawal dalam air ternyahion dan larutan buffer
fosfat pada pH 7 berbanding dengan pembengkakan rangkaian polimer tunggal,
P(VI-co-AA) yang dramatik, yang juga menunjukkan kecenderungan untuk
bercerai selepas beberapa jam di dalam larutan akueus. Penjerapan kelompok Cu?*
dan Pb** oleh penjerap P(VI-co-AA)/PVA dijalankan dalam keadaan, pada pH 6
dan kepekatan ion logam dipermulaan pada 100 ppm dengan menggunakan dua dos
penjerap yang berbeza sehingga keseimbangan penjerapan tercapai. Pembandingan
Kecekapan penjerapan ion logam bagi penjerap P(VI-co-AA)/PVA dengan
rangkaian polimer tunggal, iaitu P(VI-co-AA) yang terdiri daripada P(VI-co-AA)
dan PV A juga melalui proses ekperimentasi yang sama. Kecekapan penyingkiran
yang tinggi (>90%) untuk kedua-dua Cu** dan Pb** telah dilaporkan untuk penjerap
P(VI-co-AA)/PVA dan P(VI-co-AA) pada untuk penjerap 1 g/L dan 2 g/L dos,
bagaimanapun, rangkaian P(VI-co-AA) tercerai kerana tekanan osmotik yang
tinggi selepas beberapa jam penjerapan. Penjerap P(VI-co-AA)/PV A merekodkan
kapasiti penjerapan 98 — 100 mg/g (Cu** dan Pb**) pada dos 1 g/L, dan kapasiti
penjerapan untuk ion logam ini berkurangan dengan ketara sebanyak ~50% apabila
dos penjerap telah digandakan sambil mengekalkan kepekatan ion logam
permulaan pada 100 ppm. Oleh itu, penjerap rangkaian berkembar
P(VI-co-AA)/PV A menunjukkan sifat mekanikal yang dipertingkatkan berbanding
dengan penjerap rangkaian tunggal P(VI-co-AA) dan kapasiti penjerapan yang
tinggi untuk Cu®* dan Pb?*, menjadikannya sebagai penjerap yang sesuai sebagai
calon penjerap berfungsi untuk menjerap ion logam daripada air sisa buangan.
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CHAPTER 1

INTRODUCTION

1.1 Background

Water pollution in most developing nations arises from uncontrolled discharges of
inorganic and organic pollutants, mainly heavy metals, and dyes from various
sectors such as agriculture, energy production and metallurgy processes (Khurana
et al., 2017). Effluents from the leather and textile industries often contain high
concentrations of colour pigments and traces of common heavy metal ions, such as
Chromium(VI), Cadmium(IIl), Lead(II), and Zinc(Il) cations (Velusamy et al.,
2021). Due to metal-containing dyes and complexes, heavy metals are introduced
within the mechanical operation of the pre-treatment, dyeing, and finishing stages.
An estimated one million metric tons of these metal-containing dyes are discharged
as effluent annually (Anjaneyulu et al., 2005). In recent review by Yunus et al.
(2020), the quality of coastal environment and rivers of Peninsular Malaysia
deteriorates each year due to steadily increasing heavy metals contamination. It is
noteworthy that heavy metals and dyes could bio-accumulate in humans through
the food chain, and it is detrimental to the biota if their concentrations exceed the

lethal carcinogenic and mutagenic limits (Donkadokula et al., 2020).



Various methods for the removal of heavy metals from wastewater have
been used. This includes chemical precipitation, adsorption, membrane filtration,
ion exchange, and electrochemical technologies. Adsorption is popular as one of
the flexible and simple treatment methods, which results in high quality treated
effluents and certain adsorbents can be reused after desorption processes
(Mahmoud et al., 2015). Adsorption involves the adhesion of the sorbate particles
to the adsorbents depending on the porosity, micro-, meso- and macropores of the
adsorbent materials. These physicochemical properties of an adsorbent can be

tailor-made to remove specific pollutants (Seida & Tokuyama, 2022).

A wide array of adsorbents has been studied for the removal of heavy metals
from an aqueous solution, such as carbon-based, chitosan-based, mineral, magnetic,
bio-adsorbent, and metal-organic frameworks (Qasem et al., 2021). These
adsorbents have their pros and cons. The most common constraint that prevents
these adsorbents from being widely used are their lack of durability, high cost and
complex preparation, low selectivity towards target pollutants and inability to be

recycled for sustainable and long-term applications (Vakili ez al., 2019).

Superabsorbent polymer networks and hydrogels are used as an alternative
to existing adsorbents in water treatment. Superabsorbent polymer hydrogels (SPH)
are crosslinked polymeric system with a high swelling ratio (Chang et al., 2010).
The three-dimensional mesh structure is formed via crosslinking of either natural
or synthetic polymers or mixture of both (hybrid). The porous structure of the SPH

allows for higher water retention and adsorption of heavy metal ions as well as other



water pollutants (Shah ez al., 2018). Exploiting the porous structure in polymer gels
will potentially increase the adsorption equilibrium and the mass transfer
parameters. For instance, in a freeze-thawing of a hydrogel, a porous structure is
formed when the ice crystals melt at the thawing stages (Wang & Wang, 2016). The
open pores allow the dissolved ions or molecules, such as heavy metal ions to

percolate deeper inside the polymer networks and gel.

The polymeric adsorbents can be functionalised with specific functional
groups to act as the active adsorptive sites for targeted adsorbates via grafting,
pre- or post-polymerization methods. In addition, introduction of branching to the
functionalized polymers and increasing the surface area will enhance the efficiency
of the adsorbent through increased number of adsorption sites (Seida & Tokuyama,
2022). Various functional moieties have been introduced to polymeric materials for
different applications. The imidazole groups act as ligand for the metal chelation
(Sirpa Jaaskelainen et al., 2020). Anionic carboxylate groups from neutralized
acrylic acid (AA) can undergo metal ions exchange with its surrounding. Hence, in
this study, the P(VI-co-AA) was synthesized via solution copolymerization of AA,
1-vinylimidazole (VI) and methylene bisacrylamide (MBA, a chemical crosslinker)
in the presence of polyvinyl alcohol (PVA) to yield a semi-interpenetrating network
(IPN) of P(VI-co-AA)/PVA. The semi-IPN P(VI-co-AA)/PVA was then subjected
to cyclic freeze-thawing to develop a fully IPN, which is also be known as a double-
network hydrogel. This double-network polymeric hydrogel is more mechanically
robust and stable as adsorbents for recovery of targeted heavy metals Cu?* and Pb%*

in a simple and efficient manner.



1.2 Problem statement

Adsorption is a technologically simple and more economically approach for
wastewater treatment and a wide array of conventional (e.g activated carbons, clay
minerals, zeolite, agricultural wastes, etc.) and non-conventional (e.g carbon
nanotubes, metal organic frameworks, polymeric materials, hydrogels, etc.)
adsorbents have been developed (Saleh, 2021). The versatility of the adsorption is
largely determined by sorption capacities of the adsorbent material, which rely on
the porous structures and surface property of the adsorbent. Among the major issues
with the adsorption-conventional adsorbents are low adsorption capacities, poor
selectivity of adsorbates/pollutants, slow adsorption kinetics, regeneration issues
and sustainable management of spent adsorbents (Baskar et al., 2022; Samadi et al.,
2021). The plastic-based sorbents are non-biodegradable and cannot be regenerated
after application (Murray & Bugdayli, 2021), leading to waste accumulation, and

increasing landfills.

Polymeric hydrogels are potential adsorbent materials and a good contender
for treating toxic pollutants in wastewater. However, these polymer and hydrogel
adsorbents, which are consisted of a single polymer network, are generally weak,
soft and not mechanically robust as durable adsorbents because their 3D hydrophilic
structures tend to swell excessively in aqueous solutions until their structures
collapse and susceptible to dissolution, especially when these networks possess
non-covalent (physical) crosslinkers and low degree of crosslinking. Moreover,
physically crosslinked hydrogel networks are feebler compared to the covalently

crosslinked polymeric networks. Unmodified polysaccharide hydrogels lack in



appropriate functional groups in the polymer networks, having mostly hydroxyl
groups, thus lowering their adsorption efficiency for heavy metal ions.
Functionalization of polymer networks and hydrogels with anionic and electron-
rich groups can enhance the material’s capacity in removing heavy-metal ions and

cationic dyes present in the water.

In this study, a double network hydrogel was synthesized via in situ
copolymerization of compatible monomers, which were AA, VI and MBA as the
chemical crosslinker in the presence of dissolved PVA to form a semi-IPN
consisting of a covalently crosslinked P(VI-co-AA)/PVA. The semi-IPN
P(VI-co-AA)/PVA was then subjected to cyclic freeze-thawing to prepare a fully
IPN or double network hydrogel. This P(VI-co-AA)/PVA 1PN construct generally
was observed to possess improved bulk mechanical properties and more controlled
swellability compared to semi-IPN and single-network hydrogels. This
P(VI-co-AA)/PVA IPN was investigated as a functional polymer-based adsorbent

to adsorb model heavy metal ions (Cu?* and Pb**) from a simulated wastewater.



1.3  Significance of study

Water is an essential resource for survival of all living organisms. Contaminated
rivers and water supply affect the biodiversity of aquatic ecosystem, and eventually
disrupt the food chain. Water remediation technologies, such as adsorption, play a
vital role in removing various pollutants to ensure safe and secure water supply for
humankind. Affordable, robust, efficient, and green adsorbents are highly sought-
after materials for in treating wastewaters for sustainable and long-term application
and management. In this study, a functional polymer adsorbent based on IPN
strategy is developed via two-step facile synthesis involving in situ free radical
polymerization followed by cyclic freeze-thaw. The IPN adsorbents were explored

for adsorption of selected heavy metal ions from aqueous solutions.
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Objectives and Aims

1. To synthesize a fully interpenetrating polymer network (IPN) consisting

of acrylic acid (AA) and 1-vinylimidazole (VI) with poly(vinyl alcohol)
(PVA) via in situ free radical polymerization and cyclic freeze-thaw,

denoted as (P(VI-co-AA)/PVA).

. To characterize the physico-chemical properties of the

P(VI-co-AA)/PVA by using ATR-FTIR, NMR, FESEM, and TGA.

. To investigate and compare the removal efficiency and adsorption

capacity of the Cu?* and Pb** of the polymer adsorbents.



CHAPTER 2

LITERATURE REVIEW

2.1  Adsorption

Adsorption is a process of mass transfer where a liquid solute (adsorbate) adheres
to the active surface of a solid (adsorbent) to form a molecular or atomic film
(Burakov et al., 2018). The adsorbate is the adsorbed solute, while the adsorbent is
a solid support material (Erkey & Tiirk, 2021). Adsorbates and adsorbents possess
particular physico-chemical properties that are influenced by constituents
functional groups, porosity and etc. The presence of the residual imbalance force
that attracts and retains the molecules on the adsorbate and adsorbent produces a

binding force.

The binding interactions between the adsorbate and adsorbent are divided
into physisorption (physical adsorption) and chemisorption, depending on their
surface functionalities (Soliman & Moustafa, 2020, Gao et al., 2020). Physisorption
and chemisorption can also occur simultaneously, where a layer of molecules may
adsorb physically (or reversibly) on top of an underlying chemisorbed layer. Certain
surfaces can exhibit physisorption at a lower temperature, and switch to
chemisorption at a higher temperature (Webb, 2003). Physisorption occurs on all

surfaces provided that temperature and pressure conditions are favourable. In



contrast, chemisorption, is highly selective and only takes place between certain
adsorbate and adsorbent species after the chemically active surface is cleaned of
previously adsorbed molecules (Webb, 2003). In water purification and wastewater
remediation, adsorption is a common practice due to high metal uptake rates, high
selectivity, and fast adsorption kinetics (Wang & Chen, 2009). On that account,
adsorption is favourable method to remove hazardous substance from dilute
solution. Nevertheless, adsorbents with finer pores such as zeolites and certain

carbon-based adsorbent often show lower sorption rates (Erkey & Tiirk, 2021).

2.1.1 Physical adsorption (Physisorption)

Physisorption is the physical interactions between the adsorbent and adsorbed
molecules (Khulbe & Matsuura, 2018), rarely affecting the electronic structure of
the atom or molecule. The force attractions between the two molecules are the
relatively weak and nonspecific Van der Waals forces such as the electrostatic
interactions, ion exchange, hydrogen bonding and metal-ligand coordination (Gao
et al, 2020), enabling the reversible adsorption to occur on any solid surfaces.
Therefore, it is also regarded as Van der Waals or reversible adsorption (Deng et
al., 2018) because the adsorbate atoms are not chemically bound to the surface
atoms in the multimolecular layer formation. Generally, the physisorption involves
weak and reversible binding forces, thus does not require any activation energy and

high heat of adsorption.



The polymeric functional groups, such as carboxylate and imidazole, can
act binding sites for metal ion adsorption via electrostatic interactions and metal-
ligand coordination to form metal anion complexes. In a study of metal ion
adsorption by Gao et al. (2020), it was reported that when a competitive chelation
occurs, the strength of Van de Waals force is also influenced by the distance
between the metal ions and the donor atoms of the adsorbent. Chen et al. (2019)
observed that the lone pairs of electrons on the N-imidazole ring in an alternate
arrangement of PVI-g-PS resin allowed chelation and coordination-based

adsorption of Pb(Il), Cu(Il), Ni(Il) and Cd(II) ion (Figure 2.0).
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Figure 2.0 Schematic representation of adsorption mechanism of PVI-g-PS resin for Cd(II)
(Chen et al., 2019)

2.1.2 Chemical adsorption (Chemisorption)

Chemisorption is an adsorption involving formation of new chemical bonds
between the specific active sites of the adsorbent and adsorbed molecules. The

chemisorption is much stronger compared to the physisorption. Chemisorption

10



forms a high specific mono-molecular layer adsorption under a high temperature,
adsorption heat, and activation energy (de Gisi et al., 2016). Unlike physisorption
chemisorption only occurs on clean active sites of the adsorbents, making the
molecular movement is more constrained at the surface (Erkey & Tiirk, 2021).
Chemisorption ceases when the adsorbate molecules can no longer make direct
contact with the surface. When compared to the energy requirement to free a
physically bonded molecule, a chemically adsorbed molecule, which is tightly
bound to the surface, needs relatively high energy infusion (Webb, 2003). Due to
the higher bond strength, chemisorption is an irreversible and highly selective

process (Soliman & Moustafa, 2020).

Functional adsorbents are designed and constructed to selectively adsorb
pollutants depending on the type of functional groups as their active sites and their
spatial layout (Seida & Tokuyama, 2022). Chen et al. (2013) synthesized the
crosslinked poly(1-vinylimidazole-co-acrylic acid) [poly(VIm-co-AA)], which was
a polyampholytes microgel, and a crosslinked poly(1-vinylimidazole) (PVIm) by
precipitation polymerization in supercritical carbon dioxide at 14 and 20 MPa for
adsorption of Cr(VI) from aqueous solutions. They observed pH and initial
concentration-dependent adsorption towards Cr(VI) ions by both types of polymers.
Additionally, higher crosslinker ratio in the polymer particles was observed to
favour the adsorption of Cr(VI) . The Cr(VI) adsorption by poly(VIm-co-AA) and
PVIm conforms to Langmuir and Freundlich models in the concentration range of
30 - 130 mg/L at optimized pH of adsorption (2 — 2.5). Based on their relatively

high adsorption capacity (> 75 mg/g) after reusing four times, the crosslinked PVIm

11



and poly(VIm-co-AA) are promising media for the removal of Cr(VI) ions and

other heavy metal ions from aqueous solution (Chen et al., 2013).

2.2 Adsorbents

The removal of contaminants by an adsorbent primarily depends on its physico-
chemical characteristics and nature, adsorption capacity, and the concentration of
the pollutant present in aqueous solutions (Pourhakkak et al., 2021; Singh et al.,
2018). An ideal adsorbent should have large and specific binding sites for high
selectivity, low cost and high mechanical strength. Notably, the adsorbent’s ability
varies based on their pore sizes, pore distribution quality and active sites or
functional groups on the adsorbent surfaces (Pourhakkak et al., 2021; Rashid et al.,
2021). The key functional groups attached to the adsorbent will ascertain the metal
1on adsorption. Thus, chemically modified adsorbents usually have higher number
of specific binding sites, leading to higher adsorption capacities than unmodified
or natural adsorbents (Chakraborty et al., 2022). A wide variety of commercial
adsorbents have been reported and they can be grouped into four categories, such
as natural-based and carbon-based adsorbent, industrial by-product adsorbents and

polymeric adsorbents.

Various naturally occurring materials have many potentials to be used as

adsorbents and have been reported in successfully removing a wide array of

pollutants, including dyes, and heavy metal ions from the wastewaters (Rashid et
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al., 2021). Naturally derived adsorbents are considered advantageous due to their
abundant availability, economic feasibility, potential for metal recovery, minimal
chemical use and regenerability (de Gisi et al., 2016; Lindholm-lehto, 2019).
Among readily accessible sorbent materials are algae, bacteria, fungus, and the by-
product biomass. These sorbents can efficiently adsorb metal ions out of dilute
complex solutions by sorption, which is especially evident in the cell wall structure
of the sorbent. (Wang & Chen, 2009). The intricate process of sorption may
involve chemisorption, complexation, metal coordination and physisorption of
adsorbates (such as metal ions) on naturally occurring active sites or functional

groups (Lindholm-Ilehto., 2019).

Agriculture residues and biomass are lignocellulosic materials consisted of
carbohydrate polymers (hemicellulose and cellulose) and lignin as main structural
components. Diverse structures and chemical properties make these agriculture
residues an appealing alternate adsorbent (Singh et al., 2018). Polyphenol and
polyhydroxyl groups in lignin play a major role in facilitating heavy metal ions
exchange process in these materials (Bakar et al., 2021). Acetamide, amide, amine,
amino, carboxyl, phosphate and sulfhydryl groups can also be involved in
sequestration of metal ions. It is also said that lignin has a far higher affinity for
metal ions than do carbohydrates. Hence, chemical functionalization of
carbohydrate polymers with certain functional moieties via esterification,
etherification, oxidation, or halogenation can maximize their potential in the
sorption of multi-valent metal ions (Lindholm-lehto, 2019). To-date, wide array of

lignocellulosic biomass, including lemon peel, orange peels, banana peels, wheat
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brans, coconut coir, and pulse seed coat have been investigated for wastewater
remediation (Rashid er al., 2021). However, the cost-effectiveness of these
adsorbents on large scale has yet to be achieved due to several shortcomings, which

restricts their uses in commercial applications.

Activated carbons, mostly derived from carbonized natural materials, are
the most extensively utilized adsorbents for wastewater treatment on account of
their large specific surface area with a porous structure for enhanced adsorption
capacity and strong adsorptivity of pollutants (Jiang et al., 2019). Anthracite and
bituminous coals have been the major sources for production of commercial
activated carbons. Low-cost materials, which are rich in carbon content and low
inorganics content, such as bamboo, tree barks and other lignocellulosic materials,
are suitable to be used as a precursor for activated carbon (Saleem et al., 2019), as
an alternative to non-renewable coals, due to increasing global concern on
environmental issues (Najafi er al., 2021). Abdulrazak et al. (2016) reported
preparation of activated carbons derived from an African palm fruit with high yield
and could efficiently remove heavy metal ions, such as Cd(1I), Cu(II), Ni(II) and
Pb(II). However, disadvantages of activated carbon as pollutant adsorbents include
high production costs, average adsorption capacity and complex thermal treament
after the regeneration process. Hence, Nejadshafiee & Islami (2019) studied on
chemically modified activated carbon with Fe3O; nanoparticle, which resulted in
high number of active sites for chemisorption. Enhancement of acidic sites and the
presence of functional groups on the carbon-based adsorbents yielded an

exceptional adsorption result.
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Zeolites are naturally occurring microporous crystalline aluminosilicates
consisting of a tetrahedral structure linked together by oxygen atoms. Zeolites could
exchange cations and remove or accept water molecules without damaging the
crystalline structure of zeolites (de Magalhaes et al., 2022; Shi et al., 2018). Natural
zeolites have been far more effective in removing heavy metal cations than
phosphorus and heavy metal oxyanions due to their high negative charges
(Dionisiou et al., 2013). Chemically and physically modified zeolites are also

highly potential to be utilized for the adsorption of different pollutants.

Synthetic polymeric adsorbents are generally porous materials made from
crosslinked interpenetrating polymer containing various functionalities such as
ligands and charged moieties, which can interact with different types of the metal
ions via coordination complexation and electrostatic interactions. For example, a
ligand as the functional site of the polymer adsorbents can be introduced onto the
polymer backbones through polymerization of a desired monomer with a
monomeric ligand. It can also be achieved via a chemical reaction between a
polymer and a low-molecular-weight molecule with a coordinating capacity
(Shemshadi, 2012). Synthetic adsorbents generally have the advantages of high
adsorption capacities (Sazali et al., 2020) and increased physical and chemical
stability on account of their chemical structures (Okutucu, 2020) compared to
naturally derived adsorbents. However, synthetic polymers produced from non-
renewable petroleum resources tend to degrade extremely slowly, and may produce
byproducts which can raise environmental concerns (Aljammal & Yuzakova, 2016;

Vroman & Tighzert, 2009).
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The adsorption capacity of these polymeric adsorbents can be improved by
changing the structural porosity and texture as well as surface modification of
polymeric adsorbents (Davidescu et al., 2019). It is common practice to modify
polymeric adsorbent by including various polar and nonpolar functional groups
onto the polymer matrix to act as the pendant groups to promote adsorbent-
adsorbate interactions via different types of Van der Waals forces. Hydrogen
bonding is widely used in adsorption processes given their properties of low energy
and high selectivity (Davidescu et al., 2019). Through hydrogen bonding with the
various functional groups on the polymer network, the mobility of the adsorbate

molecules or ions are restricted on the adsorbent (Wang et al., 2021)

23 Hydrogels and polymer networks

Hydrogels, which are swollen and porous three-dimensional polymer networks, are
recently developed with various chemical moieties to eliminate metal ions in
contaminated waters via electrostatic forces, hydrogen bonds and metal-ligand
complexation (Zheng & Wang, 2009). The hydrophilic hydrogels also feature high
water absorption and retention efficiency without dissolving the 3D network (Dai
et al., 2020). Hydrophilic functional groups (-COOH, -NH,, -OH, -SO3H, etc.)
allow easy diffusion of solutes while forming stable complexes with the functional
groups on a long polymeric chain. Hydrogels and polymer networks can be further

classified according to their sources, crosslinking nature, chain composition, ionic
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charge, response, size, and configuration as shown in Table 2.1 (Darban et al., 2022;

Sighal & Gupta., 2016).

Table 2.1 Classification of hydrogels and polymers networks based on different properties
(Darban et al., 2022; Sighal & Gupta., 2016).

Class Subclass

Type of monomer/polymer used in Natural

hydrogel synthesis Synthetic
Hybrid

Chain composition Homopolymer
Copolymer
Multipolymer

Nature of crosslinking Physical/non-covalent
Chemical/covalent

Ionic charge Neutral
Anionic
Cationic
Ampholytic

Pore size Nonporous
Microporous
Macroporous

In a synthesis of polymer and polymer networks (including hydrogels),
essential components are monomers, initiator and a suitable crosslinker. The
initiator initiates the polymerization of monomers in absence or presence of a
crosslinking agent to form polymers and networks, respectively. A densely packed
three-dimensional structure can be obtained by increasing the degree of
crosslinking. Often, the number of adsorption sites and the hydrogel’s swelling

degree and elasticity will be reduced with increasing degree of crosslinking.

Degree of crosslinking in a polymer network regulates the water absorption

while maintaining and stabilizing the polymer materials and their swelling

behaviour (Bashir ef al., 2020). Hence, an optimal degree of crosslinking must be
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determined for any hydrogels and polymer networks via control of the ratio of
crosslinker to monomers. It is also possible to alter the crosslinking in a polymer
network with adjustment of temperature. The hydrogen-bonded networks are
generally temperature-sensitive and their viscoelasticity can be altered into a low-
viscosity mixture at high temperatures and more solid-like qualities at lower
temperatures. This indicates that material properties can be designed by selecting
the right H-bonds to produce a stimuli-responsive or smart material, in which strong
H-bonds in the network structure show a retarded bond exchange, whereas weak
H-bonds tend to have faster bond exchange, resulting in properties that are more

solid-like (Tee et al., 2019).

Environmental changes involving external stimuli, such as pH, temperature,
and magnetic/electrical field, affect the swelling and deswelling properties of the
hydrogels and polymer networks. In a review by Sighal & Gupta (2016), cationic
hydrogels are reported to exhibit superior swelling and deswelling at lower pH
compared to anionic hydrogels whose swelling and deswelling properties more
evident at higher pH. Acrylic acid (AA), maleic acid and p-styrene sulfonic acid are
amongst the monomers used in anionic-based hydrogels whilst vinyl pyridine and
aminoethyl methcrylate are the examples of monomers used in cationic-based

hydrogels to produce stimuli-responsive hydrogels.

An interpenetrating polymer network (IPN) consists of two or more

crosslinked polymer networks that are physically interwoven but not chemically

linked (Silverstein, 2020). The interlocking or entanglement of the two
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components/systems can increase the stability of resultant hydrogels (Wang et al.,
2011) and the polymer networks cannot be separated, unless the chemical bonds are
broken (Shivashankar & Mandal., 2012). The crosslinks hold all the polymeric
chains together within a network and prevent them from slipping past or around
each other. IPNs are known to possess more superior mechanical robustness than
those of single-network hydrogels which are mechanically weaker with

uncontrolled swelling behaviour.

Two types of IPNs, which are simultaneous and sequential IPNs, have been
identified. Simultaneous IPNs are a network whereby both network precursors are
mixed as they are synthesized concurrently by stepwise chain polymerization.
Sequential IPNs are formed when a single network is swollen in a solution
containing a monomer, initiator, and activator with or without a crosslinker. Hence,
in the presence of a crosslinker, a fully-IPN is generated. In the absence of a
crosslinker, where a linear polymer interpenetrates a crosslinked network, the
system 1is called a semi-IPN (Dragan, 2014). Figure 2.1 shows the schematic
representation of IPNs and double network (DN), which is also a type of IPN (Viola

etal., 2021).

Double network (DN) hydrogels are consisted of two interpenetrating and
crosslinked polymer networks (Liu et al., 2018), often exhibiting excellent
mechanical properties and adsorption capacities for various dyes and heavy metals.
A two-step polymerization technique produces DN hydrogels (Naficy et al., 2013).

Gong et al. (2003) used a two-step polymerization technique to develop DN
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hydrogels consisting of poly(2-acrylamido-2-methylpropanesulfonic  acid
(PAMPS) as the first network and poly(acrylamide) (PAAm) as a second network.
The resultant DN showed significantly enhanced mechanical properties due to
strong network entanglement. Interpenetrating the first densely crosslinked but
brittle primary network to the loosely crosslinked secondary network allows the
absorption of external stress and achieves a strong asymmetrical gel structure. In
another research by Jing et al. (2019), the synthesized poly(acrylic acid-co-
acrylamide)/poly(vinyl alcohol) DN hydrogel showed self-healing properties based
on dynamically reversible bonds. Unlike the single polymer networks, the DN are
reported to demonstrate excellent performance in tensile and compressive tests due
to the covalent and non-covalent crosslinking which occur simultaneously in the
double network, allowing the dynamic energy dissipation in the DN material upon

the application of stress.

B)

SOFT AND DUCTILE DOUBLE NETWORK RIGID AND BRITTLE
HYDROGEL HYDROGEL HYDROGEL

FIRSTNETWORK  SECOND NETWORK

Figure 2.1 Schematic representation of A) interpenetrating polymer networks
(IPNs) and B) double network (DN). The IPNs are subdivided into three types
which are I) semi-IPN; II) simultaneous IPN; and III) sequential IPN (Viola et al.,
2021).
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24 Ionic liquids

Ionic liquid (ILs) are salts which exist in the liquid state at room temperature with
a melting point of below 100°C. ILs are made up of organic cations (derivatives
of N-substituted pyridinium, &, N’-substituted imidazolium, tetra-alkylated
phosphonium) and other organic or inorganic anions (CF;COO", HSOy4, CI, etc.)
as shown in Figure 2.2 (Singh & Savoy, 2020). Each ion in the ILs can impart a
distinct functional property to a molecule, such as (1) non-volatility, which does not
produce atmospheric volatile organic compound, VOCs; (2) high thermal
resistance, polarity, and stability, making ILs convenient to be used in the reaction
under high temperatures; (3) wide electrochemical window properties for
electrochemistry; and (4) dissolution of inorganic and organic compounds and some
polymers (as solvents). Hence, ILs are often regarded as green solvents and
catalysts (Kosinski et al., 2022; Liu et al., 2010; Mallakpour & Dinari, 2012). The
structure of the ionic liquids can be altered to obtain desired physical and chemical

properties (Singh & Savoy, 2020)

A) Cations
N
| ”3’ Ff' Ry
+ + —
N cg,-/\ Ry—N=R Rz—li’t—Rg N/ \N _S.
IIR RY R Ry Rs Ri™'~\Z+ Rz R * Rs
Pyridinium Pyrrolidinium Ammonium  Phosphonium Imidazolium Sulfonium
Anions
B)
BFs PFé cl B I NO, R—SO; R—COO  R,PO;

Tetrafluoroborate  Hexafluorophosphate Halides Nitrate  Sulfonate Carboxylate Phosphate

Figure 2.2  Different types of A) cations and B) anions in ionic liquids (Cruz &
Ciach, 2021).
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Imidazolium-based ILs are a versatile ionic liquid scaffold. The
imidazolium structure is tunable to desired properties due to the inherent
amphoteric behaviour, electrochemical cathodic stabilities, low melting points and
low viscosities. The imidazole ring will be slightly ionized during quaternization of
tertiary nitrogen atom, giving a permanent positive charge. The imidazole ring can
accept and donate the protons. Since imidazole-based ionic liquid could coordinate
with various alkyl substituents and counter anion, it has the potential as a water
treatment agent (Green & Long, 2009). Other IL moieties are pyridinium-based and
phosphonium-based ILs, which also have high degree of thermal stability (Cruz &

Ciach., 2021).

2.5 Poly(ionic liquid) (PILs)

Poly(ionic liquids) (PILs) are also referred to as polymerized ionic liquids. PILs are
electrolyte polymers with ionic liquid (IL) species as repeating monomer units
bonded to form a polymer backbone. A new class of polymer material can be

created when ILs are incorporated into the polymer chains (Yuan et al., 2013).

PILs are commonly synthesized through polymerization or condensation
reactions (Claus et al., 2018). The IL monomers with poymerizable vinyl or allylic
functional groups will form a unique class of PIL. This PIL may exhibit similar
properties to ILs, for instance, ionic conductivity, elastic solution properties
chemical and thermal stabilities. In contrast to classical polyelectrolytes, most PILs

dissolve in polar organic solvents better than in an aqueous solution, thereby
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charging the polysalt (Mecerreyes, 2011). This is due to the hydrophobicity of the
counter ions and reduction of Coulombic interactions. In addition, PILs are
considered mono-ionic conductors because ILs covalently interact within the
polymer skeleton, limiting the mobility of the ions (Mohamed et al., 2022).
Contradictorily, conventional ionic polymers are not insolubilized in organic

solvents.

To popularize PILs in industrial applications, the cost of PILs production
should be lower compared to the current engineering plastics. Current syntheses of
PILs, which involve monomeric synthesis and sequential polymerization, are rather
costly. Hence, in his research, Lindner (2016) synthesized imidazolium-based
polymer (polyimidazolium) via the DebusRadziszewksi reaction (excluding

monomer synthesis) with high yield to lower the cost of PIL production.

Poly(N-vinylimidazole) (PV]) is a synthetic PIL containing a heterocyclic
aromatic ring as the pendant group of the polymer (Figure 2.3a). PVI consists of a
hydrophobic backbone and hydrophilic imidazole ring which can interact with other
chemical groups via hydrophobic forces, hydrogen bonds and Coulombic
interactions (Savin et al., 2004). PVI is considered a weakly basic linear polymer
which is soluble in various alcohols and aqueous solutions owing to the tertiary
amine group within the PVI acting as a weak polybase when strong acids are added.
Talu et al. (2015) reported synthesis of water-soluble poly(N-vinylimidazole) by
radical polymerization of N-vinyimidazole with AIBN in 1,4-dioxane. Strong inter-

and intra-molecular interactions between the imidazole rings contributed to the
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tacticity of the polymer. In addition, the isotactic arrangement increases the thermal
stability of poly(N-vinylimidazole). There is a growing interest in PVI in a variety

of applications as catalysts and membrane materials (Fan et al., 2020).

2.6 Polyacrylic acid (PAA)

Polyacrylic acid (PAA) is a polyelectrolyte that is soluble in a neutral pH aqueous
solution due to ionization of the carboxylic acid at the pendant chain (Ritthidej,
2011). PAA is derived from acrylic acid (AA) monomers (Figure 2.3c), and

spontaneous polymerization of AA is highly exothermic and highly violent.

(@) (©)

Figure 2.3 (a) Chemical structure of poly(1-vinylimidazole) (PVI); (b) poly(vinyl
alcohol) (PVA); and (c) poly(acrylic acid) (PAA).

PAAs is widely utilised as a superabsorbent polymer, a dispersant, and a
scale inhibitor. PAA shows biocompatibility as a biomaterial due to its nontoxic
behaviour and biodegradable nature. Crosslinking, intermolecular cyclization or
copolymerization with another polymer may increase mechanical strength of

PAA-based materials to widen its applications in different fields (Pandey et al.,
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2018). According to Elliot et al. (2004), the monomer solution concentration, pH

range, and ionic strength are crucial during the polymerization of AA monomers.

2.7 Polyvinyl alcohol (PVA)

Polyvinyl alcohol (PVA) is a synthetic semicrystalline polymer (Figure 2.3b)
synthesized from the hydrolysis of polyvinyl acetate (Huang et al., 2021). PVA can
be synthesized in either free-radical polymerization of vinyl acetate (VAc) in an
alcoholic solution or partial hydrolysis of poly(vinyl acetate) (PVAc) (Kumar et al.,
2014). Due to the unstable nature of its structural monomer (vinyl alcohol), it is
harder to polymerize vinyl alcohol. The partial hydrolysis of PVAc replaces the
ester group of VAc with the hydroxyl group in the aqueous sodium hydroxide
environment (Aslam et al., 2018). Manipulating external factors, such as catalyst
concentration, temperature, and type of solvent used during the hydrolysis reaction,
can influence the degree of hydrolysis (DH) of PVA polymer. Longer
saponification reaction time and higher temperature will produce higher DH values
(Alihemati & Navarchian, 2017). According to Liu et al. (2010), the solubility,
crystallinity and chemical properties of PVA is dependent on the degree of
hydrolysis. PVA is often used in industrial applications due to its high solubility,

biodegradability, and biocompatibility properties.
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CHAPTER 3

METHODOLOGY

3.0 Materials/Chemicals

The monomer 1-vinylimidazole (VI) (M.W 94.11) was purchased from Cool
Chemical Science and Technology (Beijing) Co. Ltd. The acrylic acid (AA) (M.W
72.06), methylene biscarylamide (MBA) (M.W 154.17) and poly(vinyl alcohol)
PVA (M.W 130,000) was purchased from Sigma Aldrich Canada Co. The
ammonium persulphate, APS (M.W 228.20) use as polymer initiator was purchased
from Thermofisher Scientific UK Co. The preparation of aqueous metal solutions
was from copper (II) nitrate (M.W 241.63) and lead (II) nitrate (M.W 331.20) which
were purchased from Uni-chem (UK) Co. Ltd. and Hmbg Chemical respectively.
The metal standard solutions (Cu®* and Pb?*) used for instrumental analysis was
procured from the Sigma Aldrich Germany Co. All of the experiments were carried

out in deionized (DI) water.
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3.1 Synthesis of Polymers and Polymers Networks

3.1.1 Partial Neutralization of Acrylic Acid (AA) Monomer

Acrylic acid (AA) was partially neutralized (60%) for this study (Figure 3.1).
Predetermined amount of AA (9.14 g, 126.80 mmol) was neutralized with drops of
sodium hydroxide, NaOH (8 M, 9.60 mL, 76.80 mmol) in a 50 mL round bottom
flask in an ice water bath to minimize exothermic neutralization reaction heat
(Ceylan et al., 2019). At the end of the reaction, AA solution at pH 5 - 6 was added

with deionized water (DI) (6.40 mL) under continuous stirring in the ice bath.

3.1.2 Synthesis of Single-network Polymer Hydrogel, P(VI-co-AA)

The synthesis of P(VI-co-AA) is shown in Figure 3.1b. 60% neutralized AA
solution in 150 mL round bottom flask was added with VI monomer
(3.00 g, 31.80 mmol), followed by the crosslinking agent, methylene bisacrylamide
(MBA, 0.25 g, 1.62 mmol) under constant stirring. Then DI water (64 mL) was
added to the mixture in the round bottom flask. Subsequently, the mixture was
purged under N> for 30 min at room temperature. Ammonium persulphate (APS,
0.18 g, 0.79 mmol) was added to the mixture under continuous purging of N>
atmosphere for 15 min before being transferred it into a prepared glass mould
(8cm (W) X (11) cm (L) X 0.5 cm (thickness)) by using a micropipette. The glass

mould was then sealed up and left at 70°C for 24 h. After 24 h, the hydrogel was
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taken out from the mould and rinsed with copious amount of DI water and then cut
into hydrogel cubes of 1 cm X 1 cm X 0.5 cm dimension. The hydrogel cubes were
oven dried at 45°C for 24 h. Average weight of a dried single-network polymer cube

P(VI-co-AA) was 75.23 + 2.28 mg.
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Figure 3.1. (a) Schematic representation of partial neutralization of acrylic acid
(AA) (b) synthesis of P(VI-co-AA).

3.1.3 Synthesis of Double-network/IPN Polymer Hydrogel, P(VI-co-AA)/PVA

PVA (2.40 g, 27.90 mmol) was dissolved in DI water (30 mL) at 90°C for 24 hiin a
50 mL round bottom flask under continuous stirring to completely dissolve PVA
(Byun et al., 2008). Then, the dissolved PVA was left to cool down before adding

other monomers. In a separate round bottom flask, the 60% neutralized AA was
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added with VI (3.00 g, 31.80 mmol) followed by MBA (0.25 g, 1.62 mmol).
Subsequently, the monomer mixture was added to the round bottom flask
containing the viscous PV A solution. The round bottom flask was rinsed 2 - 3 times
with DI water (34 mL). Total volume of the mixture was 80 mL. The mixture was
purged with N> for 30 min before the addition of APS (0.18 g, 0.79 mmol) under
constant stirring for 15 - 20 min. The mixture was purged again with N> for 15 min

(Zhuo et al., 2017).

After that, the reaction mixture was transferred into the prepared glass
mould, sealed, and left at 70°C for 24 h. After 24 h, the polymerized product was
freeze-thawed in 3 cycles (frozen at -20°C for 6 h and thawed at room temperature
for 3 h) to crosslink the PVA network and form the fully IPN/double network of
P(VI-co-AA)/PVA (Figure 3.2). The IPN hydrogels were then removed from the
mould, washed with DI water, cut into hydrogel cubes of 1 cm X 1 cm X 0.5 cm
dimension and were oven dried at 45°C for 24 h. Average weight of a dried

P(VI-co-AA)/PVA IPN cube was 89.28 + 1.96 mg.
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Figure 3.2 Schematic synthesis of P(VI-co-AA)/PVA IPN.
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3.2 Characterization of Polymer and Polymer Networks

The chemical functionalities of synthesized polymers and polymer networks were
analyzed by the Fourier Transform Infrared spectroscopy (FTIR, Perkin Elmer,
Frontier) in the region of 4000 - 600 cm™'. The P(VI-co-AA) was dissolved in DO
solvent and analyzed by using NMR spectrometer (Bruker 400 MHz) at room
temperature to elucidate its molecular structures. Surface morphology of dried
polymer networks were observed under a Field Emission Scanning Electron
Microscope (FESEM, model JEOL, JSM-IT500HR (Japan) after being sputtered

with gold.

The thermal properties of the polymers were quantified by using
Thermogravimetric Analyzer (TGA) (Perkin Elmer Pyris-1). In the TGA analysis,
the samples were heated from 50°C to 800°C in a pan with heating rate of
20°C min™ under N, atmosphere with flowrate of 20 mL min™'. The device was set
at a dynamic temperature precision in the range limit of + 0.5°C with + 2% of
calorimetric accuracy. Thermal data was analyzed by the Pyris software. Atomic
Absorption Spectroscopy (AAS) (Shimadzu Atomic Absorption AA-700) was used
to quantify the concentration of metal ions adsorbed by the polymer adsorbents.
Diluted aqueous solutions (dilution factor 20x) containing Cu®* and Pb** from the
adsorption experiments were analyzed at wavelengths of 324.8 nm, and 216.9 nm,

respectively.
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3.3  Swelling behaviour

The swelling behaviour of the P(VI-co-AA) and P(VI-co-AA)/PVA polymer
networks, were studied and compared in two aqueous media by gravimetric method.
The dried polymer adsorbents were weighed (W) and soaked in DI water (pH 7,
150 mL) and phosphate buffer solution (PBS, 0.1 M, pH 7, 150 mL) at room
temperature consecutively until they reached equilibrium. The swollen polymeric
samples were weighed (W) after removing excess water on the hydrogel samples
with Whatman filter papers. The change in weight of adsorbent was recorded every
15 min for the first 1 h, followed by hourly for the next 5 h, 24 h, 96 h and 168 h.
The equilibrium swelling ratio of the polymer adsorbent was calculated using

Equation 3.1 (Wang & Wang, 2016).

x 100 (Equation 3.1)

Equilibrium swelling (%) = _(WSM; Wa)
d

where, Wy = the weight of dried adsorbent and W, = the weight of swollen

adsorbent.

3.4  Adsorption Experiments

The adsorption capacity and optimal adsorbent dosage of P(VI-co-AA) and
P(VI-co-AA)/PVA towards Cu?** and Pb** in aqueous solutions were conducted in

batch adsorption experiments. Predetermined adsorbent dosages were added to
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aqueous solutions containing Cu?* and Pb** ions (100 ppm, 100 mL, at 298 K) in
conical flasks, separately (Table 3.1) to determine the most suitable amount of
adsorbent used for adsorption kinetics and isotherm studies. The adsorbent dosage
refers to the amount of adsorbent (in unit g) used per volume of solution (in unit L).
The conical flasks were agitated in a mechanical shaker at 100 - 150 rpm for 24 h
at room temperature. The concentration of metal ions in the supernatant were
measured by using the AAS at suitable wavelengths. Standard calibration curves
were constructed using standard solutions of 5, 10, 15, 20 and 25 ppm, and their
best fit lines and linear regressions were analysed. Dilution was carried out to ensure
that the metal ion concentration was within the limits of standard calibration curves.
Each experiment was performed in triplicates under similar experimental

conditions.

Table 3.1 Polymer adsorbent dosages used in the adsorption batch studies.

Dosage Volume of solution Weight of adsorbent
(g/L) (mL) (mg)
1.0 100 100
2.0 100 200

3.5 Calculation of Removal Percentages and Equilibrium Adsorption
Capacities

The removal efficiencies (%) and equilibrium adsorption capacities (ge, In unit

mg g ') of heavy metal from aqueous solutions by the polymer adsorbents was

calculated based on Equations 3.2 and 3.3 (Mahmoud et al., 2015; Wang & Wang,

2016):
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Removal efficiency, (%) = <=2 x 100%  (Equation 3.2)

Equilibrium adsorption capacity, q, (mgg™1) = % (Equation 3.3)
where,

¢, = initial concentration of the adsorbate in solution (mg L!)

Ce = equilibrium concentration of the adsorbate in solution (mg L)

g = adsorption capacity (mg g™

V' = volume of metal ion solution (L)

m = mass of polymer adsorbent (g)
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Synthesis of Polymer Networks

In this study, two types of functional polymer networks were synthesized via in situ
free-radical polymerization in aqueous solutions in a glass mould (8§ cm X 11 cm X
0.5 cm) at 70°C for 24 — 48 h, which were single and double polymer networks. The
single polymer network (SN) was consisted of a covalently crosslinked copolymer,
which was poly(1-vinylimidazole-co-acrylic acid), denoted as P(VI-co-AA). Prior
to the polymerization, 60% acrylic acid (AA) monomer was neutralized with
NaOH, before adding 1-vinylimidazole (VI) as the comonomer, methylene
bisacrylamide (MBA) as the crosslinker and ammonium persulphate (APS) as the
polymerization initiator to yield a transparent yellowish hydrogel, which was quite

soft and brittle. The ratio of AA to VI in the reaction mixture was 80:20.

On the other hand, the double polymer network (DN) was constructed by
copolymerizing the same aqueous mixture containing 60% neutralised AA and VI
monomers, MBA and APS in the presence of dissolved commercial poly(vinyl
alcohol) (PVA, 3 %). A semi-interpenetrating polymer network was obtained at the
end of the polymerization. It was then sent for three cycles of freeze-thaw to yield

a fully crosslinked polymer network or a double network, denoted as

34



P(VI-co-AA)/PVA. The PVA network was eventually crosslinked in the cyclic
freeze-thaw process. During the freezing stage, water in the semi-interpenetrating
polymer network froze at -20°C, resulting in the formation of two liquid phases; a
solvent-rich and a polymer-rich phase. In the polymer-rich phase, hydrogen
bonding and crystallites were formed between the adjacent polymer chains (Chen
et al., 2013) The ice formed in the solvent-phase acts as the porogen, which leads
to the formation of porous structure in the solidified P(VI-co-AA)/PVA. The
yielded P(VI-co-AA)/PVA DN was yellowish in colour and opaque compared to

the P(VI-co-AA) SN due to the crosslinked PVA.

The polymer networks were taken out from the glass moulds and washed
with DI water to remove unreacted monomers and other reactants. For
P(VI-co-AA)/PVA, the polymer hydrogel was cut into cubes with a dimension
I cm X 1 cm X 0.5 cm after washing and then dried at 45 - 60°C in the oven until
constant weight. The P(VI-co-AA) was cut into cubes 1 cm X 1 cm X 0.5 cm after
the drying for 24 h due to it fragility after washing and then were dried at 45 - 60°C
until constant weight to prepare them as polymer adsorbents in the adsorption
studies. Average weights of the dried P(VI-co-AA) and P(VI-co-AA)/PVA cubes
were 75.23 + 2.28 mg and 89.28 + 1.96 mg, respectively. Figure 4.1 compares the
dried P(VI-co-AA) and P(VI-co-AA)/PVA. The dried P(VI-co-AA) was
transparent, whilst the P(VI-co-AA)/PVA polymer cube appeared to be opaque,
with a more rigid and compact structure than the P(VI-co-AA). It was noted that
the presence of a second network (PVA) in the adsorbent has improved the bulk

mechanical strength of the P(VI-co-AA)/PVA.

35



osmm .'t»

Figure 4.1 The dried (a) single polymer network, P(VI-co-AA); and (b) double
polymer network, P(VI-co-AA)/PVA.

4.2 Nuclear Magnetic Resonance (NMR) Analysis

'"H NMR spectra were obtained by dissolving the synthesized polymers in the
deuterium oxide (D20) solvent. The NMR results were compared between the
P(VI-co-AA) and P(VI-co-AA)/PV A (Figure 4.2). In Figure 4.2a, the broad peaks
at 1.00 — 2.70 ppm correspond to the H, and Hy of the P(VI-co-AA) polymer
backbone. The H. peak was shifted to 4.30 ppm due to the neighbouring
N-imidazole. Meanwhile, the protons of the aromatic imidazole ring (Hq4, He, Hy)

were found at around 7.30 - 7.60 ppm.
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Figure 4.2 'H NMR spectra (in D20) and chemical structure (a) single network
polymer, P(VI-co-AA) (b) double polymer network, P(VI-co-AA/PVA).

For the double network P(VI-co-AA)/PVA (Figure 4.2b), major proton
peaks for P(VI-co-AA) were observed, indicating the presence of successful
polymerization of P(VI-co-AA) in the presence of dissolved PVA. Additionally,
the protons originating from PVA were found at 1.70 ppm (Hg, 2H) and 4.00 ppm
(Hn, 1H), with the latter being shifted due to the hydroxyl groups. The protons from
the MBA crosslinker were not noticeable as the concentration of MBA used was
low (~ 0.1%). From the NMR spectra (Figure 4.2), low amounts of unreacted
monomers at 5.30, 5.70 and 7.10 ppm, which most likely suggests that incomplete
polymerization could have occurred. Moreover, due to the low degree of
crosslinking in both hydrogels, excessive swelling of the polymer networks
prevented thorough washing of the polymer networks. This dramatic swelling of
the polymer network can be overcome by increasing the amount of polymerization
initiator used, extending the duration of polymerization, or increasing the degree of

crosslinking in the polymer networks.
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4.3 Fourier Transform Infra-red (FTIR) Analysis

The IR spectra of polymer networks were obtained by using an ATR-FTIR (Figure
4.3). The IR spectrum of the single polymer network consisting of PVA only was
added in Figure 4.3c for comparison purposes. The PVA single polymer network
was prepared by dissolving 3% PVA in DI water, and then subjected to cyclic

freeze-thaw.

The P(VI-co-AA) and P(VI-co-AA)/PV A show similar major peaks (Figure
4.3a-b). The broad bands of -OH stretching of -COOH appeared at 3349 cm!
overlapping with the -NH stretching vibration of the imidazole moieties at
3100 cm™'. With the -CN stretching vibration (1450 cm™') from the VI monomer,
followed by the C-H ring bending vibration and -CN of the azole ring bands at
755 cm™! and 623 cm™, respectively, successful copolymerization of VI and AA to
form the copolymer, P(VI-co-AA) was shown. Moreover, the symmetrical C-H
(2950 cm™) from the saturated carbon chains, the asymmetrical stretching of the
C-O-C bridge (1553 cm™) and the C=0 peak (1654 cm™) of the AA moieties were
observed in both polymer networks (Ding et al., 2017; Muhammad Rapaiee et al.,

2022).
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Figure 4.3  Comparison of FTIR spectra of (a) P(VI-co-AA); (b) P(VI-co-
AA)/PVA; and (c) PVA polymer networks. The IR spectra for the polymers were
vertically shifted by 30 unit for clarity.

Comparison of the FTIR spectra of P(VI-co-AA)/PV A (Figure 4.3b) and the
PVA network (Figure 4.3c) shows that PVA was successfully integrated into the
polymer network as the secondary polymeric network to form P(VI-co-AA)/PVA
DN. Significant O-H (~ 3300 cm™) and C-H (2980 cm™) stretching bands from the
PV A network were also observed in the P(VI-co-AA)/PV A network. The signals at
1100 cm™ and 1380 cm! indicate the C-O stretching (of the C-O-H) and the C-H
bending, while the peak at 1730 cm™ was due to the C=0 and C-O groups arising
from residual acetate groups in the PVA network (Figure 4.3c). The presence of
C-O stretching band at 1144 cm™! confirms that the crystallization of PVA had taken
place after the cyclic freeze-thaw process (Pour & Ghaemy, 2015; Wang & Wang,
2016; Muhammad Rapaiee et al., 2022) to form a single polymer network of PVA

(Figure 4.3c) and double polymer network of P(VI-co-AA)/PVA (Figure 4.3b).
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4.4 Field Emission Scanning Electron Microscope (FESEM) Analysis

The morphologies of the dried P(VI-co-AA) and P(VI-co-AA)/PV A networks were
observed under FESEM at different magnifications (Figure 4.4). Based on Figure
4.4d-e, the microstructure of P(VI-co-AA)/PVA DN exhibited randomly
distributed, deep pores and higher surface roughness and unevenness compared to
the smoother and compact microstructure of P(VI-co-AA) SN (Figure 4.4a-b),
without any noticeable pores, but more matrix cracks. The P(VI-co-AA)/PVA DN
micropores were developed as the molecular chains of PVA and the already
crosslinked P(VI-co-AA) network come into close proximity with one another as a

result of the freezing-thawing process when ice crystals formed (Chen et al., 2022).

Irregular surface cracks were observed throughout the dried P(VI-co-AA)
network (Figure 4.4a-b) before adsorption studies and in certain parts of the
P(VI-co-AA)/PV A network, which was oven dried after the Cu®* adsorption studies
(Figure 4.4f). The cracks on the polymer matrixes are believed to form due to
shrinkage stresses developed during the oven drying at 45 — 60°C. This observation
implies that the mechanically weaker and softer P(VI-co-AA) SN is more
vulnerable to shrinkage stresses compared to the mechanically more stable
P(VI-co-AA)/PVA DN. The matrix cracks on the polymer networks could be
remedied through freeze-drying (lyophilization) technique, which can also promote
the formation of more porous spongelike three-dimensional structure (Lei et al.,

2008).
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Figure 4.4 FESEM micrographs of the dried polymer adsorbents. Single-network
P(VI-co-AA) at (a) 100X, and (b) 1000x magnification. Double-network P(VI-co-
AA)/PVA at(d) 100X, and (e) 1000x magnification. (c) The ruptured P(VI-co-AA)
network due to dramatic swelling in the aqueous environment (the circled area)
compared to the still intact the P(VI-co-AA)/PV A network after the Cu** adsorption
for 24 h. Surface cracks observed in the FESEM micrographs (a, b, f) are most
likely formed during the drying of P(VI-co-AA) at 45 — 60°C.

The microstructures of P(VI-co-AA) and P(VI-co-AA)/PV A networks were
also observed and compared under the microscope after 24 h adsorption studies
using 100 ppm Cu?" solution. It is worth mentioning that the P(VI-co-AA)
adsorbent swelled slower during the Cu** adsorption and began to rupture from
increasing osmotic pressure as well as mechanical shaking within 2 — 3 h soaking
in the aqueous environment. The post-adsorption FESEM micrograph (Figure 4.4c)
indicates the uneven broken edge of the dried spent P(VI-co-AA) adsorbent, whilst
no significant structural damages were seen on the used P(VI-co-AA)/PVA

adsorbent (Figure 4.4f).
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4.5 Thermogravimetric analysis (TGA)

Thermogravimetric analysis was conducted from an initial temperature of
50°C to 800°C at the nitrogen heating rate of 20°C/min and flowrate of 20 mL/min
to determine the thermal stability of the polymer networks (Figure 4.5). The TG
curves of the functional polymer networks, which are P(VI-co-AA) and
P(VI-co-AA)/PVA (Figure 4.5a-b) exhibited similar degradation characteristics
with three distinct stages of thermal decomposition. The initial decomposition of
P(VI-co-AA) (Figure 4.5a) occurred at a lower temperature than the

P(VI-co-AA)/PV A network (Figure 4.5b).
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Figure 4.5 Comparison of TGA curves (denoted as solid lines, using primary
y-axis) of (a) P(VI-co-AA), (b) P(VI-co-AA)/PVA and (c) PVA networks analyzed
at the N> heating rate of 20°C and flowrate of 20 mL/min. DTG curves for all the
polymer networks (d) P(VI-co-AA) (e) P(VI-co-AA)/PVA (f) PVA were also
shown and represented using dotted lines and secondary y-axis.
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The first stage of P(VI-co-AA) showed 36% weight loss due to moisture
elimination, followed by the second decomposition at 300 - 450°C with 12.6%

weight loss, which was most likely attributed to decarboxylation. In the third
decomposition stage (451 - 652°C), a 20% weight loss was observed, leaving

behind 32% residues attributed to further degradation of P(VI-co-AA) polymer,
crosslinked 3D-network, imidazole moieties and other carbon-carbon bonds (Liu et
al., 2020; Fordor et.al 2012). It was found that P(VI-co-AA)/PVA lost 27% of its
initial weight at 341°C in the first decomposition stage (Figure 4.5b). The second
and third stages recorded weight losses of 13% and 21%, respectively. A shift in
the decomposition peak of P(VI-co-AA)/PVA (Figure 4.5¢) was observed when
compared to the TG curve of P(VI-co-AA) (Figure 4.d), which could be attributed
to stronger intermolecular interactions, such as hydrogen bonding, between the first
polymer network (P(VI-co-AA)) and the second polymer network (PVA) in the

DN, leading to higher energy demand to break down their bonds.

In Figure 4.5c, the PV A single network also showed three stages of weight
loss. In the first stage, the initial weight loss for PVA was 11% within the broad
temperature range of 50 - 250°C, ascribed to moisture elimination from the freeze-
thawed polymer network. Rapid degradation was observed in the second and third
decomposition stages between 300°C and 550°C with weight losses around 68%
and 14%, respectively, owing to the thermal decomposition of the PVA (Jadhav et
al., 2018). The TG curve of PVA corresponds to the DTG curve (Figure 4.5f),

which relates to the peak decomposition temperatures at 151°C, 342°C and 510°C.
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This finding corroborates with Salh & Raswl (2018), who also reported almost

similar weight losses for pure PVA.

The PVA addition in the polymer matrix to form a double network, P(VI-
co-AA)/PVA, has improved its thermal stability by decreasing the rate of thermal
degradation compared to the single network P(VI-co-AA). The DTG curves for
both P(VI-co-AA) and P(VI-co-AA)/PV A systems in Figure 4.5d-e correspond to
their respective TG curves, with the P(VI-co-AA)/PV A DN showing a shift in peak
decomposition temperature to 519°C. At 800°C, both P(VI-co-AA) and P(VI-co-
AA)/PV A polymer networks showed higher residue of ~ 30% compared to 5% for

PVA, implying that most of the residues originated from the P(VI-co-AA) network.

4.6  Swelling Behaviour

The swelling behaviour of hydrogels and polymer networks was studied in two
different media, which were DI water (Figure 4.6a) and phosphate buffer saline
(PBS, Figure 4.6b) at neutral pH and ambient conditions. The PBS medium was
used in this study because it is commonly used as a buffer solution in biological

research.

Both P(VI-co-AA) and P(VI-co-AA)/PV A networks swelled rapidly in both
aqueous media for the first 5 h of the experiments. As the single polymer network,

P(VI-co-AA) showed much higher swelling rates in general compared to the double
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polymer network, P(VI-co-AA)/PVA. The swelling percentage of P(VI-co-AA) in
DI water peaked at 8373%, which was 4X higher than the maximum swelling
percentage of P(VI-co-AA) in PBS (1917%) before the 3D structure of P(VI-co-
AA) network ruptured due to dramatic swelling in an aqueous environment (Figure
4.6¢-1I and 4.6e-1I). The swollen P(VI-co-AA) burst under high osmotic pressure
as the network crosslinks broke, forming smaller pieces of hydrogels, resulting in
substantial decreases in the swelling percentages of the P(VI-co-AA) network in

the water environment with time due to the loss of polymeric materials.
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Figure 4.6 Swelling percentages of the polymer adsorbents in (a) DI water; and
(b) PBS at neutral pH and room temperature for 24 h. Comparison of (c) P(VI-co-
AA) and (d) P(VI-co-AA)/PVA networks before (I) and after (II) swelling
experiments in DI water. Comparison of (e) P(VI-co-AA) and (f) P(VI-co-
AA)/PV A networks before (I) and after (IT) swelling experiments in PBS.

In contrast, it was observed that the P(VI-co-AA)/PVA double networks
reached swelling equilibria at 9813% (in DI water) and 1738% (in PBS) after 24 h
while maintaining its native structural shape (Figure 4.6d,f). Higher swelling
percentages with time were also reported for P(VI-co-AA)/PVA compared to the

P(VI-co-AA) single network polymer, thanks to the incorporation of hydrophilic
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PVA network into the P(VI-co-AA) network to produce the stable double network.
The rigid double network of P(VI-co-AA)/PVA exhibited some resistance to
excessive  swelling which could influence their utility as an
adsorbent. Furthermore, hydrogen bonding between PVA and P(VI-co-AA)
networks were likely to form in the cyclic freeze-thaw process, thus enhancing the
degree of crosslinking, crystallinity, and mechanical stability of the resultant

polymer network (Hassan & Peppas, 2000).

Swelling properties of a material depends on material composition (Kim &
Park, 2004). Swelling rates observed in our polymer systems is most likely
attributed to the presence of abundant hydroxyl, acrylate, amide and imidazole
groups. These functional groups attract water molecules, which fill the inner pores
within the hydrogel matrices. High water diffusion rates also cause the build-up of
swelling pressure within the polymer network. When the swelling pressure reaches
a critical limit of the polymer network, the crosslinks between the macromolecular
chains, whether covalent or non-covalent in nature, snap and the polymer network
will eventually collapse. This leads to a decrease in compressive strength of the

material (Kim & Park, 2004).

4.7  Adsorption of Heavy Metal Ions

The study on the adsorbent dosage for the heavy meal adsorption allows us to

optimize the adsorbent. Herein, effects of the adsorbent dosage on the adsorption
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of Cu?* and Pb** were investigated by using 1 g/L and 2 g/L adsorbent under room
temperature conditions until an adsorption equilibrium was achieved (Figure 4.7a-
b). The polymeric adsorbents were immersed and shaken in aqueous solution
containing Cu?* and Pb** (100 ppm, pH 6), separately, in batch-mode experiments.
pH 6 was chosen based on the recommended optimal pH for the metal ion

adsorption) in their metal adsorption studies (Rafatullah et al,. 2009)

Figure 4.7 shows the removal percentages and adsorption capacities of the
heavy metals using different adsorbents and adsorbent dosages. Generally, heavy
metal removal >90% was observed for the P(VI-co-AA) and P(VI-co-AA)/PVA
for 1 g/LL and 2 g/L adsorbents dosages. The P(VI-co-AA) adsorbed between
91 —98% of Cu*" and Pb** from the aqueous solutions with initial concentration of
metal ion of 100 ppm. Similar adsorption efficiencies for Cu** and Pb** was
recorded when the P(VI-co-AA)/PVA adsorbent was used, with removal
percentages ranging between 92 — 99%. Basically, little variations were observed
in the removal efficiencies of the two adsorbent dosages and the divalent cations,
although in general, the P(VI-co-AA)/PVA adsorbent showed slightly higher
removal percentages than the P(VI-co-AA) adsorbent. Based on these preliminary
batch adsorption results, it is recommended to use 1 g/L. adsorbent dosage for the

subsequent adsorption kinetics studies.
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Figure 4.7 The removal percentages (%) of (a) Cu>* and (b) Pb**; and the (c)
adsorption capacities (ge) of the polymer adsorbents for the metal ions by using
different adsorbent dosages. Structural changes observed in the P(VI-co-AA)
adsorbents before and after (d-e) Cu®* adsorption using 1 g/L and 2 g/L adsorbents,
respectively and (f) Pb** adsorption using 1 g/L adsorbents. Structural changes
observed in the P(VI-co-AA)/PVA adsorbents before and after (g-h) Cu®*

adsorption using 1 g/L and 2 g/L adsorbents, respectively and (i) Pb** adsorption
using 1 g/L adsorbents.

The adsorption capacities (ge, in unit mg/g) for Cu>* and Pb** by the polymer
adsorbents were compared in Figure 4.7c. It is clear that the metal ion adsorption
capacities of the P(VI-co-AA)/PVA and P(VI-co-AA) networks decreased with
increasing amount of adsorbent used, irregardless of the type of divalent metal ion.
Adsorbent dosage of 1 g/L recorded 98 — 100 mg/g adsorption capacities (Cu** and
Pb?*) for both adsorbents, and the adsorption capacities for these metal ions reduced
by approximately 50% when the adsorbent dosage was doubled. Increasing the
amount of adsorbent used also means more active binding sites are available for the

metal ions. Based on our calculated removal percentages as well as the adsorption
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capacities, nearly all the divalent metal ions were adsorbed by the
P(VI-co-AA)/PVA and P(VI-co-AA) networks when 1g/L. adsorbent dosage was
used to treat the 100-ppm metal ion solutions. By increasing the adsorbent dosage
to 2 g/L, while keeping the initial metal ion concentration constant at 100 ppm,
complete removal of Cu?* and Pb** was observed by both functional adsorbents,

leaving behind ~ 50% of the active sites in the polymer adsorbent not utilized.

The adsorption efficiencies of the functional polymer networks were also
compared with the single-network PV A adsorbent, which acted as control because
PVA was added to the P(VI-co-AA)/PVA adsorbent as a support matrix only to
enhance the mechanical properties of the DN adsorbent. Low Cu?* adsorption
capacities for the single-network PVA adsorbent were recorded at 3.34 mg/g and
7.72 mg/g for adsorbent dosage of 1 g/L. and 2 g/L, respectively (Figure 4.7¢c). These
findings indicate that the effective adsorption of the heavy metal ions rely on the

active binding sites in the P(VI-co-AA) network, and not the PVA.

Figures 4.7d-i show the structural and colour changes of the functional
polymer adsorbents before and after adsorption experiments. The adsorbents turned
bluish after the Cu®* adsorption and remained colourless after the Pb** adsorption
(please note that the photograph's background is black). The intensity of the blue
colour could also provide a qualitative estimation of the amount of adsorbed metal
by the adsorbent. Due to the low mechanical strength of the P(VI-co-AA)
adsorbent, the single polymer network suffered extreme swelling after few hours

soaking in the aqueous environment, leading to structural rupture and partial
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dissolution of the swollen network (Figure 4.7 d-f). In contrast, the cubic structure
of the P(VI-co-AA)/PVA adsorbents was preserved, even under swollen states
(Figure 4.7 g-i), illustrating their higher stability and integrity due to the double
network assembly. Uncontrolled swelling behaviour is an unfavourable property
for an adsorbent, which limits its utility in real applications because it complicates
post-adsorption processing, including the separation and recovery of the metal ions

and recyclability of the adsorbents for long-term uses.

The divalent metal ions, such as Cu** and Pb**, could be readily adsorbed
and trapped securely within the P(VI-co-AA)/PV A and P(VI-co-AA) networks via
strong electrostatic attractions, ion-dipole interactions and metal-ligand
complexation (Lv et al., 2020; Muhammad Rapaiee et al., 2022), resulting in the
high removal percentages at pH 6. In the P(VI-co-AA)/PVA and P(VI-co-AA)
adsorbents, the ionizable carboxyl groups (R-COQO") of the acrylic acid could adsorb
the divalent metal ions through the strong electrostatic attractions. Moreover, the
COOH groups can be deprotonated into COO- in slightly acidic solutions (pH 6),
which in turn provided more active binding sites for the positively charged ions
(Lv. et al.,2019; Badsha et al., 2021). Metal-ligand coordination is also possible for
the N-imidazole and COO- moieties found on the P(VI-co-AA) and
P(VI-co-AA)/PVA (Badsha et al., 2021). Under basic conditions, imidazole can
deprotonate into imidazolide anion, giving the metal ions more complexation sites.
Therefore, possible adsorption mechanisms for the divalent metal ions by the
P(VI-co-AA) and P(VI-co-AA)/PVA networks are chemisorption and

physisorption. Chemisorption is based on electrostatic interactions and electron
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exchange/sharing, whilst in physisorption, the metal ions diffuse into the pores of

the adsorbent and then deposit themselves on the surface of the adsorbent.
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CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

Two types of functional polymer networks, which were the single polymer network,
P(VI-co-AA), and double polymer network, P(VI-co-AA)/PVA were successfully
synthesized through in situ free-radical polymerization in aqueous solution
followed by cyclic freeze-thaw. The PVA was incorporated into P(VI-co-AA) as
the secondary matrix to improve bulk mechanical properties of the polymer network
via double-network strategy. Their functional groups and chemical structures were
confirmed by the FTIR and NMR analyses. Major functional groups in monomer-
to-polymer conversion was high, albeit small amount of unreacted monomers were
observed in the NMR spectra of the water-soluble polymers, which was most likely
attributed to limited post-polymerization washing of the adsorbent. Generally, both
adsorbents swelled during the washing on account of the low degree of crosslinking
in the polymer structures, which eventually led to dramatic swelling of the polymer

adsorbents.

FESEM micrographs show randomly distributed deep pores and rough
surfaces on the P(VI-co-AA)/PVA network, as compared to the more compact
P(VI-co-AA) with no visible pores but numerous matrix cracks formed from drying
in the oven. Lyophilization is recommended for the drying of the polymer

adsorbents to enhance the porous microstructure of the adsorbent. The TGA curves
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of P(VI-co-AA)/PVA and P(VI-co-AA) showed similar characteristic temperatures
of the individual polymer network with P(VI-co-AA)/PVA having a shift in
decomposition temperature indicating that it has higher thermal stability than
P(VI-co-AA). Investigation of the swelling characteristics of P(VI-co-AA)/PVA
and P(VI-co-AA) networks in DI water and PBS (pH 7) revealed the dramatic
swelling of P(VI-co-AA) as a single polymer network, compared to the more
controlled swelling behaviour (lower swelling rates) in P(VI-co-AA)/PVA
network. The P(VI-co-AA) network showed high tendency for network rupture
under high osmotic pressure. Increasing the amount of polymerization initiator
used, extending the duration of polymerization, or increasing the degree of
crosslinking in the polymer networks is recommended to regulate dramatic

swelling.

Based on the batch-mode experiments, both polymer networks exhibited
high adsorption capacities for Cu®* and Pb** (>90% removal efficiencies) at initial
metal ion concentration of 100 ppm, surpassing the PV A adsorbent (control) at both
adsorbent dosages. The adsorption capacities reduced to ~ 50 mg/g, when the
adsorbent dosage was increased from 1 g/L to 2 g/L.. The adsorption of the divalent
cationic metals by the functional polymer adsorbent was mostly likely driven by
electrostatic interactions and metal complexation (chemisorption) with the
embedded functional group (acrylate and imidazole) within P(VI-co-AA) and

P(VI-co-AA)/PVA.
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It is recommended that adsorption kinetics and isotherm studies are carried
out to determine the adsorption mechanism of divalent metal ions by the
P(VI-co-AA)/PVA and P(VI-co-AA). To further understand their adsorption
thermodynamics, effects of experimental parameters, such as pH and temperature
during adsorption can be investigated for optimization of adsorbent purposes. The
recyclability of the functional polymer adsorbent is also recommended for future
studies to evaluate the economic viability and industrial utility of the polymer

adsorbents.
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