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Poly(N-isopropylacrylamide)-gelated silica-
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SP-PNVCL Spiropyran-ended poly(N-vinyl caprolactam)

Sr2t Strontium (I1) cation

St Starch

TEOS Tetraethyl orthosilicate

Th* Thorium (1V) cation

THF Tetrahydrofuran

TS-SPE Temperature-swing solid-phase extraction
us* Uranium (V1) cation

UF Ultrafiltration
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uv Ultraviolet

UV-Vis Ultraviolet-visible
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VPT Volume phase transition
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SINTESIS HIDROGEL KOMPOSIT BERASASKAN
POLI(N-ISOPROPILAKRILAMID) YANG BERSIFAT TERMO-MAGNETO-
RESPONSIF UNTUK PENJERAPAN-NYAH PENJERAPAN ION-1ON
KROMIUM (111

ABSTRAK

Hidrogel komposit yang bersifat perangsang-responsif telahpun menjadi perintis
penyelidikan untuk aplikasi mereka dalam penjerapan dan pelepasan ion logam
melalui perubahan bentuk. Penyediaan hidrogel komposit yang bersifat termo- dan
magnet-responsif memerlukan penglitupan teras nanozarah magnet ferum oksida
(MNPs) dengan petala berfungsi secara lapisan-demi-lapisan. Namun begitu,
penyalutan berpetala MNPs yang berbilang peringkat menjadi penghalang utama
dalam penghasilan hidrogel-hidrogel komposit yang mempunyai kestabilan koloid
mantap dan sifat dwi-responsif yang berfungsi dengan baik. Dalam kajian ini,
hidrogel-hidrogel komposit bertautsilang MNPs bersalutkan homo-polimer poli (N-
isopropilakrilamid) (PNIPAM-MNPs) telah disintesiskan secara mudahnya melalui
penglitupan lapisan-demi-lapisan dengan tanpa menggunakan pelopor silana, 3-
(trimetoksisilil)propil metakrilat (MPS). Ini didapati bahawa PNIPAM boleh digelkan
terus ke atas MNPs berfungsian polivinilpirolidon (PVP) yang telah dilitupi silika
(silika-PVP-MNPs) melalui pempolimeran radikal bebas tanpa penggunaan MPS
untuk menambahbaikkan kestabilan koloid dan sifat termo-magneto-responsif. Selain
itu, hidrogel komposit MNPs bersalutkan ko-polimer poli(N-isopropilacrilamid-ko-
asid akrilik) [(PNIPAM-ko-AA)-silika-PVP-MNPs] dihasilkan demi menunjukkan
perbezaan dalam mekanisme penjerapan antara kumpulan-kumpulan pengkelat
karboksilat (-COQ") terkandung dalam moieti AA dan amid-amid (-CONH) dalam

moieti NIPAM. Dalam ujian penjerapan-nyahpenjerapan di bawah manipulasi suhu,
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nyahpenjerapan Cr¥* menjadi semakin ketara selaras dengan peningkatan suhu
daripada 298 K sehingga 323 K bagi PNIPAM-silica-PVVP-MNPs. Penjerapan semula
Cr* berlaku semasa hidrogel-hidrogel komposit tersebut dilindap ke suhu 298 K untuk
kepekatan permulaan Cr* yang lebih rendah (20 — 80 mg L) telah menunjukkan
bahawa nyahpenjerapan dapat dikecapi untuk penjerapan permukaan. Sebelum
pemanasan, data penjerapan keseimbangan Cr3* dapat dipadankan dengan baik dalam
model Flory-Huggins dan Frumkin, menunjukkan bahawa pengkelatan ion-ion Cr*
berlaku melalui penggantian molekul-molekul air pada tapak pengikat. Tambahan pula,
PNIPAM-silika-PVP-MNPs mempunyai kapasiti penjerapan maksimum, qm (434.78
mg g) yang lebih tinggi berbanding dengan (PNIPAM-ko-AA)-silika-PVP-MNPs
(qm = 243.90 mg g?) seperti yang diekstrapolasikan daripada model isoterma
Langmuir bahawa kedua-dua hydrogel komposit telah menunjukkan pemadanan yang
baik dalam model tersebut. Analisis kinetik penjerapan pula menunjukkan bahawa
penjerapan Cr3* pada PNIPAM-silika-PVVP-MNPs tertakluk pada resapan intra-zarah
serta penjerapan fizikal berbalik kerana data-data hydrogel itu mengikuti model
pseudo-pertama, pseudo-kedua dan resapan intra-zarah. Di samping itu, penjerapan
kimia permukaan adalah dominan untuk (PNIPAM-ko-AA)-silika-PVVP-MNPs kerana

hydrogel ini hanya mengikuti model pseudo-kedua.
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SYNTHESIS OF THERMO-MAGNETO-RESPONSIVE POLY (N-
ISOPROPYLACRYLAMIDE)-BASED COMPOSITE HYDROGELS FOR
ADSORPTION-DESORPTION OF CHROMIUM (I11) IONS.

ABSTRACT

Stimuli-responsive composite hydrogels have been in the vanguard of researches for
their application in metal ion adsorption and its release via conformational change.
The preparation of composite hydrogels with both thermo- and magneto-
responsiveness requires careful layer-by-layer coatings of functional shells onto the
core of iron oxide magnetic nanoparticles (MNPs). However, multiple stages of shell
encapsulation of MNPs remains a major setback on the production of composite
hydrogels with adequate colloidal stability and well-functioned dual-responsiveness.
In this study, homo-polymeric poly(N-isopropylacrylamide)-encapsulated magnetite
nanoparticles (PNIPAM-MNPs) cross-linked composite hydrogels were facilely
synthesized via layer-by-layer coatings with and without employing silanization
precursor, 3-(trimethoxysilyl)propyl methacrylate (MPS). It was found that PNIPAM
could be gelated directly onto the silica-coated, poly(vinylpyrrolidone) (PVP)
functionalized MNPs (silica-PVVP-MNPs) via free radical polymerization without MPS
to improve its colloidal stability and both thermo-magneto-responsive. Besides, co-
polymeric  poly(N-isopropylacrylamide-co-acrylic  acid)-encapsulated  MNPs
((PNIPAM-co-AA)-silica-PVP-MNPs) composite hydrogels were prepared for
elucidating the difference in adsorption mechanisms between chelating groups of
carboyxlates (-COQ") contained by AA moiety and amides (-CONH) of NIPAM
moiety. In the temperature manipulated adsorption-desorption tests, desorption of Cr*

gradually predominated as temperature increased from 298 K to 323 K for PNIPAM-
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silica-PVP-MNPs. Re-adsorption of Cr¥* by the composite hydrogel took place as
being quenched to 298 K for lower initial Cr** concentration (20 — 80 mg L) which
showed that desorption can be realised for surface adsorption. Before heating, the
equilibrium adsorption data of Cr3* fitted well into Flory-Huggins and Frumkin models,
that elucidated the chelation of Cr®* ions occurred via replacement of water molecules
on the binding sites. Moreover, PNIPAM-silica-PVP-MNPs had higher maximum
adsorption capacity, qm (434.78 mg g ) compared to (PNIPAM-co-AA)-silica-PVP-
MNPs (gm = 243.90 mg g) as extrapolated by Langmuir isotherm model in which the
data of both composite hydrogels also showed good fit to the model. The adsorption
kinetic analysis indicated that Cr®* adsorption on PNIPAM-silica-PVP-MNPs was
governed by intra-particle diffusion and reversible surface physisorption as its data
followed pseudo-first, pseudo-second- and intra-particle diffusion models. On the
other hand, surface chemisorption predominated over (PNIPAM-co-AA)-silica-PVP-

MNPs as it followed only pseudo-second model.
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CHAPTER ONE

INTRODUCTION

1.1 Research Overview

Poly(N-isopropylacylamide) (PNIPAM) is known as a type of smart hydrogel
that is sensitive to temperature variation in which its responsiveness towards
temperature is manifested by conformational change of its cross-linked matrices. In
recent years, there have been some attempts of introducing magneto-responsiveness
via encapsulation of inorganic magnetic iron oxide (Fe3O4) nanoparticles (MNPSs) into
PNIPAM matrices to generate dual-responsive core-shell PNIPAM-MNPs composite

hydrogels.

The collective behaviour of the dual-responsiveness rendered by this type of
hybrid composite hydrogels provides several benefits for metal ion chelation, removal
as well as recovery. The PNIPAM matrix shell acts as chelating agent for the metal
ions whereas the thermo-responsiveness grants the PNIPAM shell with the ability to
manipulate absorption and release of the metal ions from the polymer matrices under
temperature variation. Moreover, the magneto-responsive core permits facile
separation of hydrogels from its bulk phase by a magnet without resorting to
centrifugation and chemical precipitation that are energy inefficient and not

environmentally friendly, respectively.

Regeneration of the composite hydrogels as reusable adsorbents can also be
achieved by tunable hydrophilicity of the hydrogels as a function of temperature. The
transition between uptake and release of targeted ions corresponds to the temperature-

manipulated change in hydrogel hydrophilicity as temperature varies within a narrow
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range across the hydrogel lower critical solution temperature (LCST). The synergistic
mechanisms of thermo-responsive adsorption-desorption of metal ions and magneto-
responsive solute phase separation are expected to enhance the efficiency of the

controlled uptake-release of metal ions (Morris et al., 1997, Yamashita et al., 2003).

1.2 Thermo-responsive Composite Hydrogels for Heavy Metal Removal

Stimuli-responsive polymeric hydrogel is defined as a three-dimensional
network structure of cross-linked polymer chains that undergoes volume phase
transition (VPT) in response to the triggering effect of external stimuli such as
temperature, solution pH and electrical field. The VPT mechanism is characterized by
the swelling-shrinking behaviour of the hydrogel networks which is in turn actuated
by the tendency of the hydrogels to imbibe (swelling) and to expel (shrinking) water
in aqueous solution. The water absorbing ability is contributed by the hydrophilic
functionalities such as amide (-CONH>), carboxyl (-COOH) and hydroxyl (-OH)
contained within the hydrogel structures. Hence, this type of stimuli-responsive
hydrogels is also coined “smart” or “intelligent” gels ascribed to their flexibility in

conformational change (Pelton, 2000, Burmistrova et al., 2011, Sun et al., 2011).

Among a vast diversity of stimuli-responsive polymers, hydrogels formed by
cross-linked thermo-responsive PNIPAM polymer backbones (chains) with interesting
physio-chemical flexibility have emerged as one of the most popular types of its kind
to be intensively studied. The earliest synthesis of thermo-responsive PNIPAM
hydrogels was reported by Pelton and Chibante (1986). Since then, it has been drawing
tremendous attention from researchers of various disciplines to delve into the

feasibility of these hydrogels to be utilized in extensive applications including



biomedical engineering, drug delivery and wastewater treatments (Pelton and

Chibante, 1986, Morris et al., 1997, Ju et al., 2009, Burmistrova et al., 2011)

Thermo-responsive PNIPAM hydrogels exhibit VPT when the temperature of
its environment increases above its volume phase transition temperature (VPTT),
which is equivalent to the lower critical solution temperature (LCST) of PNIPAM
chains for the cases where the PNIPAM hydrogels are homo-polymeric in composition.
Below the VPTT, water is absorbed into the hydrogel interiors to cause swelling
because hydrophilic groups of the hydrogels are exposed and hydrated. As temperature
rises above VPTT, dehydration takes place, water-associated hydrogen bonds are
broken and water is released from the hydrogel matrices causing the network structure
to shrink into collapsed state (Morris et al., 1997, Saunders and Vincent, 1999, Pelton,

2000, Zhang and Wang, 2009, Sun et al., 2011).

Interestingly, the hydrophilic functional moiety responsible for thermo-
responsive VPT of PNIPAM hydrogels (amide) also possesses metal ion-recognition
quality which endows the hydrogels with ion-chelating ability to adsorb targeted ions
including multivalent heavy metal ions in aqueous solution. Hence, the thermo-
responsive swelling-shrinking behaviour of PNIPAM hydrogels could be utilized as a
novel mechanism for effective adsorption and desorption of metal ions. In principles,
metal ions from the bulk phase is expected to have diffused into hydrogel interiors
driven by concentration gradient and being chelated by the binding groups at
temperature below VPTT. Upon increase in temperature beyond VPTT, the enthalpy-
driven dehydration and structural shrinkage facilitates the release of water in unison

with the metal ions from the shrunken hydrogel matrices.



The controlled uptake-release of metal ions by PNIPAM hydrogels via thermo-
responsive swelling-shrinking mechanistic has the advantage of preventing pollution
problem arose from chemical recovery of metal ions by pH adjustment. Besides, the
regeneration of hydrogels as adsorbents can also be achieved by manipulation of
temperature. Nonetheless, in the contexts of practical application as adsorbents, they
still need further improvement on the low adsorption capacity and selectivity (Morris

etal., 1997, Pan et al., 2009, Zhao et al., 2011).

The problem of low adsorption capacity of the hydrogels towards targeted ions
can be solved by tailoring addition of co-monomers such as acrylic acids and sulfonic
acids with strong chelating groups into the hydrogel skeletons. Nevertheless, the
introduction of co-monomers is a double-edged sword, on one hand, it increases the
density of the ion-recognition functionalities along the hydrogel skeletons. On the
other hand, these hydrophilic groups prone to be hydrated by water molecules resulting
in higher swelling-shrinking ratio which impoverishes the mechanical stability of the
hydrogel structures. Again, the increased hydrophilicity also creates resistance against

metal ions diffusion into the hydrogel matrices (Pan et al., 2009, Zhao et al., 2018).

In the recent years, avalanche of ideas has been attempted by researchers to
improve adsorption performance of polymeric hydrogels, their mechanical stability
and regeneration efficiency. Among multitude of techniques, the incorporation of
magnetic nanoparticles (MNPSs) such as superparamagnetic iron oxides into the cross-
linked hydrogel hosts has been considered as an effective strategy to obtain polymer-
based composite hydrogels. The incorporated MNPs is deemed to fortify the
mechanical strength of the hydrogel hosts by acting as gelation seeds or being
dispersed as non-covalently within the polymeric matrices. Moreover, the formed

MNPs-hydrogel composites retain not only the favourable properties of pure hydrogels,
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but also enhanced efficiency of solutes collection by magnetic phase separation. The
collection of reaction solutes can be performed in an environmentally friendly way
instead of using conventional approach of chemical precipitation. The latter invites
critical problem of secondary sludge and the used adsorbents are hardly regenerative
(Deng et al., 2003, Ho and Li, 2008, Lien and Wu, 2008, Zhang and Wang, 2009, Li

etal., 2010).

1.3 Polydispersity and Undesired Aggregation of Composite Hydrogels

Homo-polymeric PNIPAM hydrogels having regular shape, colloidal stability
and narrow size distribution can be produced by facile free-radical polymerization
involving generation of free radicals by initiator to initiate the polymerization of
monomers and the formed polymer chains are cross-linked into gel network structures.
This entire polymer gel formation process is also known as gelation. Basically, the
recipe of PNIPAM gelation comprises of three essential components, namely: soluble
N-isopropylacrylamide (NIPAM) as monomer, cross-linking agent, N, N’-methylene-

bis-acrylamide (MBA) and persulfates as initiators.

However, the introduction of inorganic MNPs into the organic hydrogel host
matrices to produce composite particles with adequate colloidal stability in suspension,
shape regularity as well as low polydispersity has instead remained technically
challenging. This is mainly because the incorporation of MNPs into polymeric
hydrogel matrices by either in-situ encapsulation or post-gelation embedding
techniques could easily disrupt the regular structures of the hydrogel matrices that end
up composite products of undesirably polydisperse and colloidally unstable aggregates

(Yang et al., 2009, Zhang and Wang, 2009, Luo et al., 2010).



In the case of in-situ encapsulation of MNPs during PNIPAM gelation, the
polymerization of NIPAM monomers and the sulfate (SO47) anions from initiators
increase the ionic strength in the reaction solution which lead to destabilization of
MNPs in the aqueous phase. Also, the reaction solution pH is approaching the
isoelectric point (ISP) of the MNPs which could deteriorate inter-particle repulsion
causing unwanted aggregation of MNPs. The aggregation is further fostered by
magnetic dipole-dipole interaction. As a result, the hydrogel network could have been
deposited on heterogeneous clusters of MNPs forming polydisperse composite

colloids with indistinct shapes and colloidally unstable.

On the other hand, the post-gelation deposition of MNPs onto hydrogel cross-
linked networks has similarly thorny drawback where the MNPs are distributed within
hydrogel skeletons via non-covalent embedding. The weak non-covalent interactions
risk detachments of MNPs from the hydrogel hosts under the effect of swelling-
shrinking mechanism. In addition, uneven distribution and density of deposited MNPs
on hydrogel surfaces could also increase the tendency of inter-particle aggregation
fueled by both magnetic dipole-dipole as well as Van der Waals interactions. After all,
stabilization problem has persisted as the most critical setback for the fabrication of
magnetic PNIPAM-base composite hydrogels with desired design and physio-

chemical properties (Ho and Li, 2008, Du et al., 2009, Luo et al., 2010).

1.4 Release of Metal lons and Regeneration of the Composite Hydrogels

In general, there are several challenges faced by most researchers for
employing polymeric hydrogels as nano-adsorbents for heavy metal ions adsorption.
First and foremost, the regeneration problem of the hydrogels has always been the

primary drawback which diminishes the charm of hydrogel as promising candidate for



adsorption. Most of the polymeric hydrogels, especially pH-responsive type requires
chemical method for the recovery of adsorbed ions from the interior structures back

into the bulk phase.

Prior to adsorption, functional chelating groups like carboxylic, amides and
hydroxyl need to be oxidized (deprotonated) into Lewis conjugate bases for effective
binding of targeted metal ions which is usually achieved by pH adjustment. Likewise,
the recovery of adsorbed metal ions and regeneration of hydrogels can only be
achieved by tuning solution pH to control the degree of oxidation-reduction of the ion-
recognizing groups by either OH" of alkaline or H* of acids used. After all, this
chemical ways of desorbing metal ions may promote undesired agglomeration of
solutes as pH is lowered close to the isoelectric point (IEP) of PNIPAM hydrogels.
The pH-induced aggregation hinders regeneration of hydrogel adsorbents. With that,
the process also produces unwanted precipitates that can contaminate the solution as
well as create sludge problem (Wu and Tian, 2008, Ju et al., 2009, Mizoguchi et al.,

2010, Cerar, 2015).

15 Chromium and Its Interaction with PNIPAM

Chromium (Cr) is an element which has atomic weight of 51.966 g mol with
specific gravity of 7.14. It has widespread applications in many industrial activities
including metallurgy especially steel and alloy manufacturing, chemical
manufacturing (dyes, electroplating, tanning), pulp production and mining (ore
refining). The form of existence, and concentration of Cr in discharged effluents
depend mainly on the Cr compounds utilized in the industrial process, the pH, and the
presence of other organic and inorganic processing wastes. Most ubiquitously, Cr

exists in trivalent Cr®* and hexavalent Cr®* states. The former is an important



component in most biological bodies and waterbodies, but its hexavalent counterpart
is relatively toxic to animals. Long-term accumulation of Cr®* substances may lead to
chronic diseases like lung cancer, kidney failure, irritation and inflammation to
respiratory tract and eyes. Hence, it is vital to have insights of chromium speciation
before an appropriate remedial strategy can be devised to remove it efficiently from

wastewaters (Weckhuysen et al., 1996, Sharma et al., 2008, Mitra et al., 2017).

In general, trivalent Cr3* exists as hexa-aqua chromium (1) complex ion,
Cr(H20)6*" which is a strong acid with pKa ~ 4. The hexa-aqua Cr3* ions tend to
undergo hydrolysis as pH increases above its pKa from 4 to 10 that results in the
formation of polynuclear hydroxo species containing hydroxide (OH") bridges. It
happens when the coordinated water molecules were deprotonated and being replaced
by coordination of OH". As a result, there is a medley of Cr hydroxo species
encompassing mono-nuclear Cr(OH)?*, Cr(OH)3, Cr(OH)*"; dinuclear Crz(OH).** and
trinuclear Cr3(OH)+>* where each of these hydroxo species predominates at different
pH under basic range depending on their degree of hydrolysis (Weckhuysen et al.,

1996).

These Cr®* hydroxo complex cations (conjugate acids) are bound by anionic
chelating groups (conjugate bases) of PNIPAM hydrogels to form Cr-chelator
complexes. For instance, the amino (-NH) and carbonyl (-C=0) groups of amide
moiety bind with the chromium hydroxo cation, one of the water (H.O) molecules
coordinated with the Cr* is substituted by the hydrogel ligands to form ligand-
chromium complex (Carbonaro and Stone, 2005, Girma et al., 2005, Petrou et al., 2010,

Resende et al., 2014).



1.6 Problem Statement

In this study, thermo-magneto-responsive PNIPAM composite hydrogels were
synthesized via layer-by-layer coating of MNPs. The multi-stage fabrication of the
composite hydrogels consists of different functional steps aims to constitute dual-
responsive composite hydrogels with core-shell structures. Nonetheless, incorporation
of MNPs as magnetic cores into PNIPAM cross-linked matrix has always been
technically challenging in the context of maintaining a desired balance among physio-
chemical properties of the produced composite hydrogels including their colloidal
stability, particle size distribution and dual-responsive nature that are critically

important for their functional applications in heavy metal ions adsorption.

Although the multi-stage pre-treatment of MNPs cores has an ultimate purpose
of preparing bare MNPs into colloidally stable and reactive template seeds for gelation
of PNIPAM matrix, it also adds complications to the entire process flow of developing
the desired composite products. Bare MNPs have high surface-to-volume ratio and
surface energies which also endows high tendency to aggregate into clusters under the
effect of magnetic dipole attraction. Hence, in most cases, MNPs are pre-coated by
rigid silica (SiO2) layer to impose colloidal stabilization. Silica coating also helps
promote the compatibility between organic PNIPAM matrix and the inorganic MNPs
cores. Despites this, envelopment of MNPs by silica shell provides robust seed
skeleton with mechanical stability for the formation of well-defined core-shell
structure prior to gelation of the organic polymeric matrix (Khrenov et al., 2007, Li et

al., 2010).

Nonetheless, direct coating of silica layer onto bare MNPs via conventional

Stcher method invites MNPs agglomeration problem as MNPs have poor dispersibility



in the reaction solvent. The magnetic MNPs could not be dispersed homogeneously in
basic ethanol-ammonia mixture solvent because the pH is much closer to the IEP of
MNPs than in the initial bare MNPs fluid. The magnetic attractions could overcome
the interfacial repulsion between MNPs (Philipse et al., 1994, Graf et al., 2003, Sun et
al., 2005). Hence, in this study, freshly co-precipitated bare MNPs were pre-
functionalized with poly(vinylpyrrolidone) (PVP) as MNPs stabilizing polymer in
Stcher reaction solvent as much as bridging agent to entail effective silica coating. The
carbonyl (-C=0) groups of surface PVP could mediate formation of bridging linkages
between silanols (-SiOH) of silica and hydroxyls of MNPs (Cha et al., 2010, Arsalani

et al., 2010, Liberman et al., 2014).

In most previous cases, silane has been widely used as coupling agent to
enhance adhesion compatibility between organic polymer and inorganic nanoparticle
surfaces. Among avalanche of silane types, a type of alkoxysilane, 3-
(trimethoxysilyl)propyl methacrylate (MPS) has also been used specifically for surface
modification of MNPs. MPS carries terminal vinyl (-C=C-) groups with double bonds
which can react with NIPAM monomer to allow the growth of PNIPAM polymers on
the seed surfaces. However, MPS has a drawback of increasing interfacial
adhesiveness of the MNPs, especially in aqueous solution. This increases the
inclination of MNPs to self-assemble into aggregates during polymerization of
PNIPAM which adds to the complication on controlling the formation of desired
structures of the end composite products. Hence, in this research work, the possibility
of directly gelating the PNIPAM cross-linked network onto silica-coated MNPs
without silanization was proposed and the silica-coated MNPs were impregnated into

hydrogel matrix via hydrogen bonding.
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In the context of metal ions adsorption and recovery, most of the
nanoadsorbents require chemical method of desorption process from adsorbent
structures. pH adjustment remains the most utilized way of tuning the uptake and
release extent of targeted ions by the adsorbents. However, there are several critical
issues arose from the method that include; the recovered metal ions may form insoluble
precipitates requiring post-adsorption treatment of sludges. Second, the structural
inflexibility of most conventional adsorbents has problem of irreversible blocking of
ion-recognition functionalities by adsorbed ions that cannot be regenerated by pH

control for further use.

Hence, in view of mitigating the aforementioned issues, the thermo-responsive
PNIPAM matrix of the composite hydrogels plays the part. PNIPAM exhibits thermo-
reversible VPT upon variation within a narrow range of temperatures across its LCST.
The hydrophilic amine (-NH>) and carbonyl (-C=0) groups of amide moiety present
in PNIPAM skeleton contribute to the conformational change via formation and
dissociation of water-linked hydrogen bonds. On the other hand, these functional
groups also act as ligands for chelating metal ions within hydrogel matrix. In principle,
their thermo-responsive conformational swelling-shrinking mechanism can be utilized
for thermally actuated adsorption and desorption of metal ions without changing phase
homogeneity of the targeted ions and the need of chemical addition. This hypothesis
requires further investigation on its viability for thermal actuated uptake-release of
metal ions in the research works (Morris et al., 1997, Yamashita et al., 2003, Ju et al.,

2009, Mizoguchi et al., 2010).

In terms of separation, pure PNIPAM hydrogels are considerably stable in
suspension and well-dissolved in aqueous phase at swollen state, mechanical

separation of hydrogels from solution phase like centrifugation at room temperature is
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not favourably feasible. Hence, paramagnetic MNPs enveloped inside PNIPAM
matrix act as the magneto-responsive component which facilitates the post-adsorption
phase separation of the composite hydrogels by an external magnetic field. As
mentioned above, complications on incorporation of MNPs into hydrogel structures to
produce core-shell composite structures that are colloidally stable with well-
functioned dual-responsiveness remains the major issue in this study (Ho and Li, 2008,

Du et al., 2009, Luo et al., 2010).

Apart from that, the metal adsorption capacity of homo-polymeric PNIPAM
hydrogels is limited by the density and the affinity of functional groups available for
metal ion chelation. Addition of co-monomer with reactive metal ion recognizing
groups like acrylic acid (AA) into the hydrogel skeleton could enhance the adsorption
capacity of the composite hydrogels. However, high content of AA also increases the
tendency for the formation of more inner hydrogen bonds which may impair the
reversibility of swelling-shrinking behaviour and the adsorption-desorption capacity
could adversely impacted. Hence, the detailed investigation on this implication is

necessary to be performed.

1.7  Research Objectives

The aim of this research work is to quest for the facile method of developing
magnetic nanoparticles (MNPs) embedded PNIPAM composite hydrogels possessing
thermo-magneto-responsive behaviour that can be utilized for effective temperature-
swing adsorption-desorption of Cr* ions in aqueous solutions. The objectives of this

study are outlined as follows:
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1) To study different routes of impregnating magnetic nanoparticles (MNPSs) into
PNIPAM hydrogel structures.

2) To develop thermo-magneto-responsive PNIPAM-base composite hydrogels
containing MNPs cores with adequate colloidal stability, unabated dual-
responsive nature and narrow size distribution by using facile synthetic route.

3) To investigate the adsorption-desorption behaviours and mechanisms of
composite hydrogels towards Cr®* ions under the effect of temperature
variation.

4) To evaluate the adsorption-desorption mechanisms of composite hydrogel with

addition of co-monomer with metal-ions recognizing group

1.8  Scopes of Study

At the initial stage of this research work, different routes of encapsulating
MNPs with PNIPAM cross-linked polymeric hydrogel matrix were performed in an
ultimate quest for the facile way to develop colloidally stable, monodispersed
PNIPAM composite hydrogels with definite core-shell structures and well-maintained
dual-responsiveness. First and foremost, PNIPAM was directly gelated onto bare
MNPs produced from co-precipitation method via one-step free-radical
polymerization (FRP) at 70 <€ under stirring for 4 h. Then, another batch of PNIPAM-
MNPs composites were produced by two-step route. Bare MNPs were first pre-treated
by surface modification with silanization precursor, 3-(trimethoxysilyl)propyl
methacrylate (MPS) at 40<€ in alcoholic solvent to impart double-bond vinyl terminal
groups (-C=C-) on surface of MNPs to react with N-isopropylacylamide (NIPAM)
monomers during polymerization. Again, the surface modified MNPs were proceeded

to PNIPAM gelation via FRP to form composite hydrogels.
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On the other hand, another two batches of PNIPAM-MNPs were developed
through pre-coating by silica layer with the several essential aims including;
maintaining colloidal stability of MNPs cores during polymerization, enhancing the
structural robustness of the MNPs seeds for constituting well-defined core-shell
structures and minimizing the cluster size of the enveloped MNPs to avoid undesired
self-agglomeration of composite hydrogels driven by magnetic dipole attraction. The
silica coating of MNPs was pursued through St&oer process using tetraortho silicate
(TEOS) as silica forming precursor. Prior to silica coating, the co-precipitated bare
MNPs were pre-functionalized by poly(vinylpyrrolidone) (PVP) to impart steric
stabilization on MNPs when dispersed in the basic alcohol-ammonia co-solvent during
Stcher process. PVP also functions as bridging agent to facilitate effective coating by
forming hydrogen bonds between silanol (-SiOH) groups of silica and surface

carbonyls (-C=0) of PVP.

Next, one batch of composite hydrogels were produced by gelating PNIPAM
onto silica-coated PVP-MNPs through FRP. Another batch of composite hydrogels
were synthesized by post-silanization gelation, in which the silica-PVVP-MNPs seeds
were pre-modified by silane, MPS to introduce reactive surface vinyl groups before
PNIPAM encapsulation via FRP. After that, the physio-chemical properties of all
composite hydrogels with different compositions were characterized by using
following instrumentations. First, the presence of functional groups and the
composition weightages of each passivating layers that constituting composite
hydrogels were characterized by fourier transform infrared spectroscopy (FT-IR) and
thermal gravimetric analysis (TGA), respectively. Second, the morphology and

particle structure were examined by transmission electron microscopy (TEM).
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Then, the thermo-responsiveness of the composite hydrogels was perused by
applying dynamic light scattering (DLS) equipment to monitor the change in
hydrodynamic diameter (Dn) of the composite hydrogels and their size distribution as
a function of temperature. In the term of magneto-responsiveness, the magnetopheresis
and colloidal stability were investigated with and without influence of external
magnetic field, respectively, by using UV-vis spectrophotometer to monitor the
concentration change of composite hydrogels in aqueous suspensions as a function of
time. After all, the PNIPAM-encapsulated MNPs composite hydrogels of core-shell
structures having collective superiority in terms of colloidal stability, functional dual-
responsiveness and particle distribution were selected as adsorbents for the Cr3*

adsorption-desorption performance study.

In the following stage of research works, the chromium (111) (Cr®*) cations
adsorption abilities of the composite hydrogels were evaluated and the adsorption
capacities of hydrogels were obtained under the effects of initial Cr* concentration,
Co (20 — 80 mg L) and the dosage of composite hydrogels (0.02 — 0.1 g L%). Next,
the adsorption isotherm analyses were performed by fitting the adsorption data to
different isotherm models to elucidate the adsorption mechanisms acquired by the
composite hydrogels for different temperature. In addition, thermally actuated Cr3*
adsorption-desorption fashion of the composite hydrogels was evaluated by carrying
out temperature-swing adsorption performance assessments under temperature
switching from 298 K to 323 K and reversing back to 298 K. Before magnetic
separation, duration of 24 h was allowed for the adsorption system to achieve

equilibrium adsorption at each temperature under shaking.

The extent of uptake and release of Cr3* was then delineated by the change in

a dimensionless quantity denoted as qe / Ce at different temperatures throughout the
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heating and cooling cycles, where ge refers to the equilibrium adsorption capacity and
C. represents the equilibrium Cr®* concentration measured for every temperature
evaluated. Nonetheless, the magnetic phase separation was a slow process under low-
gradient magnetic field, and prolonged duration of magnetic separation could cause
certain extent of aggregation induced by magnetic dipole moment which could impair

the adsorption-desorption efficiency of the hydrogel systems.

Next, the adsorption kinetics studies were also conducted to the rate of
adsorption, adsorption mechanism on adsorption efficiency of the hydrogels. However,
the rate of Cr3* adsorption by hydrogels was too fast that the kinetics study was not

possible to be performed under the effect of temperature change.
1.9  Organization of the Thesis

This thesis comprises of five chapters that covers the introduction, literature
review, materials and methodology, results and discussion, while the last chapter refers
to conclusions and recommendations which conclude the important findings of this

research project. Each chapter of the thesis is summarized and outlined as follow:

Chapter one outlines the research overview of utilizing thermo-magneto-
responsive PNIPAM-base composite hydrogels as adsorbents for the perusal of
thermo-responsive adsorption-desorption of chromium (IlI) cations in aqueous
solution. Problem statement was highlighted and discussed based on the technical
challenges on the synthesis of dual-responsive PNIPAM-MNPs composite hydrogels
and the limitations of metal adsorption by the composite hydrogels. It was followed
by a list of objectives corresponding to the main scope skeleton of this research project.

Then, the organization of the thesis elucidates the highlighted content of each chapter.
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Chapter two presents the literature review of various reported research works
in this research area. In the beginning section, it encompasses the introduction of major
types of stimuli-responsive hydrogels, it is followed by the different synthetic routes
and structural designs of the composite hydrogels containing both organic polymeric
hydrogel and inorganic nanoparticles. Then, various commonly used existing
techniques for the removal of heavy metal ions from wastewater was discussed. In the
section of adsorption, myriads of both biopolymeric and synthetic polymeric hydrogels
applied for metal ion removal was outlined into concise and brief descriptions. At the
end of this chapter, literatures on application of thermo-responsiveness of PNIPAM-
base hydrogels for thermal actuated adsorption and desorption of metal ions was
presented.

Chapter three elaborates the experimental materials and methodology. The
laboratory-scale procedure of synthesizing PNIPAM-encapsulated MNPs composite
hydrogels and characterization processes upon physio-chemical properties including
the morphological analyses, thermo-responsiveness, colloidal stability and
magnetophoresis of the produced composite hydrogels were outlined. The detailed
overview of the experimental work flow was summarized in a flowchart. Then, the
procedures of adsorption-desorption performance studies, the equipment used,
adsorption isotherm models and adsorption Kinetic studies were also described in the
subsequent section. Last but not least, the required equations for all data analyses were
also provided in the same chapter.

Chapter four summarizes all the experimental results that include the
characterization on physio-chemical properties of composite hydrogels, and the
adsorption-desorption analyses. The characterization section consists of functional

groups identification, morphological analysis, temperature-swing thermo-responsive
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behaviour, investigations on colloidal stability and magnetophoresis with their
respective explanation. The adsorption-desorption performance section refers to the
equilibrium adsorption tests, adsorption isotherm analyses, temperature-swing
adsorption-desorption test and adsorption kinetics analyses.

Lastly, chapter five embraces the conclusions for the important findings and

several recommendations proposed for the future research.
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CHAPTER TWO

LITERATURE REVIEW

This chapter highlights the important review of the published works that are
critically relevant to this research. The current development of nano-structures
especially stimuli-responsive composite nano-structures and their applications in
heavy metal adsorption have been summarized in the following sections. First and
foremost, the discussion on various types of stimuli-responsive polymeric hydrogels
and their responses reflected in physio-chemical property change under influence of
external stimuli effect was included in the initial section. In the next section, different
synthetic routes and structural designs of thermo-responsive PNIPAM-base composite
hydrogels were discussed. It is followed by the brief introduction of different
commonly employed techniques for heavy metal removal. Meanwhile, under the
section of adsorption, elaborations and reviews on reported application of myriad
hydrogel types for metal ion adsorption and recovery. Subsequently, thermal actuated
recovery of metal ions and regeneration of thermo-responsive PNIPAM-base

hydrogels were elaborated. Lastly, the research gap was highlighted.

2.1  Stimuli-responsive Polymeric Hydrogels

Polymeric hydrogels are defined as a type of water-soluble (hydrophilic) cross-
linked globular polymeric matrix. Each of these hydrogel particles composed of
polymer chains that are cross-linked into a globular gel network structure. The
hydrogel matrix with three-dimensional globular conformation is solvated into swollen
state in agqueous medium. Its ability to absorb high amount of water is ascribed to the
hydrophilic functionalities contained within the hydrogel network such as carboxylates

(-COO0-), hydroxyls (-OH), amides (-CONH) and so forth that are adhered along the
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polymer backbone chains or present as lateral chains across the hydrogel matrix

through hydration effect (Ballauff and Lu, 2007).

By and large, the cross-linked hydrogel matrices possess stimuli-responsive
properties wherein their hydrophilic functionalities could render a reversible switch in
their hydration properties from hydrophilic in nature to being hydrophobic in response
to the changes and inductive effects promoted by specific stimuli in surrounding
environment. Stimuli includes solution pH, temperature, light as well as electric field.
The switch in hydrophilicity of the cross-linked polymer chains that form the hydrogel,
leads to conformational change in coil-to-globule manner contributing to the swelling
and shrinking mechanism of the entire cross-linked hydrogel network as triggered by
the corresponding stimulus. Hence, their tendency to swell and to shrink under the
influence of external stimuli makes them to be coined as “smart” or “intelligent”
polymeric gels engendering their potential feasibility to be used as ideal materials in
various applications for the controlled uptake and release of chemical substances (Gil

and Hudson, 2004, Liu and Urban, 2010).

The stimuli that trigger the conformational changes on these smart hydrogels
can be classified into three main categories, spanning from physical stimuli such as
temperature, light and pressure, chemical stimuli including solution pH and ionic
strength to biological stimuli that embraces enzymes (proteins) and other organic
substances as illustrated in Figure 2.1. In literatures, most of these classes of stimuli-
responsive hydrogels have largely been applied in the studies of biomedical
engineering disciplines that embrace tissue engineering and drug delivery. For instance,
pressure-responsive hydrogels exhibit decreased viscosity with increasing external
shear force. The hydrogels with reduced viscosity can flow in the body fluid system

under the applied external pressure force. This allows them to be a potential candidate
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for injectable drug delivery system for controlled release of drug within human body
fluid (Koetting et al., 2015, Guvendiren et al., 2012, Aulisa et al., 2009). Protein-
responsive hydrogels, on the other hand, are usually synthesized by using DNA or
other nucleic acids as cross-linking agents that possess functional groups to respond
towards signaling molecules including specific enzymes. The incorporation of living
cells in these hydrogels allows the detection of the cell proliferation through the
penetration of nutrients into the hydrogel network interior (Sood et al., 2014, Xue et

al., 2017).

Nonetheless, in the applications of wastewater remediation, only thermo-
responsive, pH-responsive and photo-responsive hydrogels have been reported,
particularly for the heavy metal ion removal. This is mainly because the temperature,
pH and light are the most common factors that can be used as manipulating factors for
the removal of heavy metal ions in wastewater (Koetting et al., 2015, Medeiros et al.,

2011).
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Figure 2.1: Schematic illustration of the swelling-shrinking behaviour of stimuli-
responsive hydrogels (Nanjundswamy et al., 2009).

2.1.1 Thermo-responsive Hydrogels

Thermo-responsive hydrogels are a type of stimuli-responsive polymeric

hydrogels which has been extensively studied in line with the recent researches
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regarding smart polymeric materials with prominent properties. It has a matrix
comprising thermos-responsive polymer chains that are cross-linked into a usually
globular conformation. Each of these polymer chains has an ability to undergo
transition from extended coil chain to a globular form when temperature rises above
its lower critical solution temperature (LCST). Hence, the hydrogel with cross-linked
network exhibits conformational change in response to the variation of temperature.
The alteration in their matrix structures is reflected as swollen and shrunken states with

respect to the temperature change (Medeiros et al., 2011).

At temperature below its LCST, the hydrogel network is hydrated by water
molecules imbibed within the matrix. Water is bound by the hydrophilic functionalities
causing expansion in network size which results in a swollen hydrogel matrix. On the
other hand, as temperature rises above LCST, water-associated hydrogen bonds are
gradually broken leading to successive expulsion of water molecules from interior of
hydrogel network at increasing temperature until it is fully dehydrated. Hydrophilic
functional groups of the hydrogel are invaginated into the interior of the network
forming inner hydrogen bonds. By contrast, the hydrophobic ones are instead exposed
to the bulk solution which induces phase separation of the hydrogel solid phase from
the aqueous bulk. As a result, the dehydration of hydrogel network is portrayed as
shrunken matrix. However, the swelling and shrinking behaviour is somehow

reversible upon swinging temperature variation across its LCST (Dimitrov et al., 2007).

Numerous kinds of temperature-sensitive polymers have been perused
previously and reported in literature. By and large, these thermos-responsive polymers
consist of amphiphilic acrylamide (C2HsCONH) moiety in which its hydrophilic
amide portion is hydrated to dissolve as homogenous phase with the bulk solution at

temperature below its corresponding LCST, where it is dehydrated into coil form at
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above LCST as demonstrated in Figure 2.2. Other temperature-sensitive polymers also

comprise of ring-structure pyrrolidine (CsHsNH) or piperidine (CsH1o0NH) moiety that

contains hydrophilic amine groups as the thermo-responsive part. Table 2.1 outlines

different thermo-responsive polymers and their corresponding LCST or phase

transition temperature.
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Figure 2.2: Schematic illustration of the thermos-responsive phase transition of
acrylamide-base polymer (Dimitrov et al., 2007).

Table 2.1: Lower critical solution temperature (LCST) of different thermo-responsive
polymers (Medeiros et al., 2011, Liu et al., 2009, Kawaguchi, 1999).

Thermo-responsive Hydrogels Abbreviation LCST (<C)
Poly(N-ethylacrylamide) PNEAM 72
Poly(N-cyclopropymethacrylamide) PNCPMAM 59
Poly(N-methyl-N-ethylacrylamide) PNMNEAM 56
Poly(N-acryloylpyrrolidine) PNAOP 56
Poly(N-ethylmethacrylamide) PNEMAM 50
Poly(N-cyclopropylacrylamide) PNCPAM 45.5
Poly(N-isopropylmethacrylamide) PNIPMAM 44
Poly(N-methyl-N-isopropylacrylamide) PNMNIPAM 22.3
Poly(N-n-propylacrylamide) PNNPAM 21.5
Poly(N-methyl-N-n-propylacrylamide) PNMNNPAM 19.8
Poly(N-acryloylpiperidine) PNAOP 5.5
Amidst a plethora of thermo-responsive  polymers,  poly(N-

isopropylacrylamide) (PNIPAM) has emerged as the most perused candidate, mainly

attributed to its near-room-temperature LCST at around 32 <C. It upstages other
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polymers of this kind to be a promising polymer for cross-linked hydrogel formation.
Moreover, PNIPAM hydrogel is known to have the fastest and greatest extent of
thermo-responsive VPT compared to other hydrogels of this type which exhibits 50-
fold of volume change within around 1 s as reported by Wu and co-workers (2018).
It is always regarded that its outstanding thermos-responsive property has been
profoundly prominent for extensive applications (Wu et al., 2018, Medeiros et al.,

2011, Oh and Park, 2011).

The thermo-responsive VPT of PNIPAM hydrogel in water is schematically
portrayed in Figure 2.3. The hydrogel is swollen at its initial state at temperature below
its LCST. As temperature is increased above the LCST, the shrinking mechanism is
driven by dehydration which in turn arises from the entropic gain as water-linked

hydrogen bonds are dissociated and water molecules are expelled from the hydrogel

network.
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Figure 2.3: A) Chemical structure of poly(N-isopropylacrylamide) (PNIPAM); B)
schematic illustration of the volume phase transition of cross-linked
PNIPAM hydrogel (Wu et al., 2018).
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