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Abstract

The three-dimensional hydrophilic polymeric network of hydrogel achieved unprecedented
and unique physicochemical properties with great potential in many fields. Due to the
limitations of standard bulk hydrogel submicrometer-sized hydrogel has earned much interest
in recent years. The submicrometer-sized hydrogel adds a new dimension to hydrogel
research due to its quick stimuli response. Imparting magnetic field into the submicrometer-
sized hydrogel provides a new strategy with a variety of additional advantages. The magnetic
responsiveness of hydrogels can lead to the generation of functionality under magnetic fields.
This work has established a facile route to prepare a dynamic thermo and magnetic responsive
submicrometer-sized hydrogel using N-Isopropylacrylamide (NIPAM) as monomer and 2-
Acrylamido-2-methylpropane sulfonic acid (AMPS) as co-monomer to remove heavy metals
from an aquatic environment. Fabrication of magnetic submicrometer-sized hydrogels and
their heavy metals removal capacity via electrostatic interactions have been studied
systematically. The prepared nanocomposite and submicrometer-sized hydrogels were
characterized by Fourier transform infrared (FTIR) spectroscopy, Scanning Electron
Microscopy (SEM), Energy dispersive X-ray (EDX) and Dynamic light scattering (DLS).
Removal of heavy metal ions from solution by submicrometer-sized hydrogels has been
investigated by ultraviolet (UV) spectroscopy. Rare-earth Neodymium magnet is used for the
external magnetic field generation. The vast surface area of submicrometer-sized hydrogel
particles demonstrates high heavy metal removal effectiveness. Hg** and Cr6* ions were
removed using submicrometer-sized hydrogel particles and removal efficiency is around 167
mg/g and 8 mg/g respectively. The fabricated functional hydrogel particles are strongly

magnetic responsive, and heavy metal removal efficiency is good.
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CHAPTER 1
Introduction



1. General Introduction

Heavy metals are well-known environmental pollutants due to their toxicity, environmental
persistence, and bio-accumulative nature. Their natural sources include weathering of metal-
bearing rocks and volcanic eruptions, while anthropogenic sources include mining and various
industrial and agricultural activities. Mining and industrial processing for extraction of mineral
resources and their subsequent applications for industrial, agricultural, and economic
development has led to an increase in the mobilization of these elements in the environment
and disturbance of their biogeochemical cycles. Contamination of aquatic and terrestrial
ecosystems with toxic heavy metals is a serious environmental problem of public health
concerns [1]. Various heavy metals include iron (Fe), zinc (Zn), copper (Cu), manganese (Mn),
cobalt (Co), mercury (Hg), arsenic (As), chromium (Cr), lead (Pb), and molybdenum (Mo) with
prescribed limit is vital for the human body while above the limit has adverse effects on health
and environment [2-3]. Heavy metal toxicity has several consequences on the human body. It
can affect the central nervous function leading to mental disorders, damage the blood
constituents, and damage the lungs, liver, kidneys, and other vital organs, promoting several
disease conditions. The adverse effects of heavy metals in human bodies are vomiting,
dehydration, increased blood pressure, kidney damage, bronchitis, gastrointestinal disorder,
brain damage, cancer, etc [4]. Hg contamination is very harmful to the human body. It can
cause lung damage, gingivitis, spontaneous abortion, protoplasm poisoning. Chronic poisoning
of Hg can cause tremors, changes in personality, restlessness, anxiety, sleep disturbance and
depression, and so on. High doses may cause death [5]. The specific sources of chromium are
leather tanning, electroplating, nuclear power plants, and textile industries. Chromium(V1) is
an oxidizing agent, carcinogenic in nature, and harmful to plants and animals [6]. Exposure to
chromium(V1) can cause cancer in the digestive tract and lungs, epigastric pain, nausea, severe
diarrhea, vomiting, and hemorrhage [7]. Although chromium can access many oxidation states,
chromium(V1) and chromium(lll) are the species that are mainly found in industrial effluents
[8]. Chromium(VI) is more toxic than chromium(lll) and is of more concern [9]. Various
methods have been developed to remove heavy metal ions, i.e. coagulation and precipitation,
ion exchange treatment, membrane filtration, adsorption and electrochemical technique, but
limited success has been achieved to date because of their less efficacy. Adsorption is one of
the most promising heavy metals removal strategies because of its low cost, ease of operation,
and lack of secondary pollution. Hydrogels have recently attracted a lot of attention because

they can be utilized as a preferred adsorbent for extracting heavy metal ions from wastewater.



With the increase of surface area effectiveness of hydrogels increase. As submicrometer-sized
hydrogel has an extremely large surface area than bulk hydrogel and can incorporate diverse
functional groups into polymeric networks, it has attracted a lot of attention recently [10-13].
Submicrometer-sized hydrogel particles can be used in heavy metal removal, dye removal,
waste water treatment, drug delivery, contact lens, biosensor, tissue engineering, food industry

and so on.

1.1  Heavy metal removal techniques

Heavy metal is a serious problem nowadays. These heavy metals are discharged into water
from various chemical industries, tanneries, mines, and other sources. They are harmful to
living organisms. So, it is necessary to eliminate these heavy metals to minimize the risk of
uptake by plants, animals, and humans. In the last few decades, several methods have been
developed and extensively investigated for heavy metal removal. There are several methods
for heavy metal removal: chemical precipitation, adsorption, ion exchange, membrane

filtration, coagulation-flocculation, and floatation [14].

1.1.1 Chemical precipitation method

Chemical precipitation is effective and the most widely used process in industry [15] because
it is relatively simple and inexpensive to operate. In precipitation processes, chemicals react
with heavy metal ions to form insoluble precipitates. The forming precipitates can be separated
from the water by sedimentation or filtration, and the treated water is then drained and
appropriately discharged or reused. The chemical precipitation processes include hydroxide

precipitation, sulfide precipitation, heavy metal chelating precipitation, etc.

o Reagent

o

Contaminated water Precipitation
Figure 1.1.1. Schematic diagram showing chemlcal precipitation for removal of heavy metal
ions [16].



1.1.2 Hydroxide precipitation method

The most widely used chemical precipitation technique is hydroxide precipitation because of
its relative simplicity, low cost, and ease of pH control [17]. The solubilities of the various
metal hydroxides are minimized in the pH range of 8.0 to 11.0. The metal hydroxides can be
removed by flocculation and sedimentation. A variety of hydroxides have been used to
precipitate metals from wastewater, based on the low cost and ease of handling. Lime is the
preferred choice of base used in hydroxide precipitation in industrial settings.

1.1.3 Sulfide precipitation method

Sulfide precipitation is also an effective process for the treatment of toxic heavy metals ions.
One of the primary advantages of using sulfides is that the solubilities of the metal sulfide
precipitates are dramatically lower than hydroxide precipitates. Sulfide precipitates are not
amphoteric, and hence, the sulfide precipitation process can achieve a high degree of metal

removal over a broad pH range compared with hydroxide precipitation.

1.1.4 Heavy metal-chelating precipitation method

In conventional chemical precipitation processes to treat the heavy metal wastewaters have
many limitations, and it is challenging to meet the increasingly stringent environmental
regulations by application of traditional precipitation processes. As an alternative, many
companies use chelating precipitants to precipitate heavy metals from aqueous systems.
Matlock et al [18]. designed and synthesized a new thiol-based compound,
1,3benzenediamidoethanethiol di-anion (BDET2-). BDET2- can effectively precipitate
mercury in the chelate solution and heavy metals from acid mine drainage. Fu et al. [19]
employed dithiocarbamate-type supramolecular heavy metal precipitants, N,N-
bis(dithiocarboxy)piperazine (BDP) and 1,3,5-hexahydrotriazinedithiocarbamate (HTDC) to
treat complex heavy metals from wastewater. It is observed that both BDP and HTDC could

effectively reduce heavy metal ions in wastewater as much lower as 0.5 mg/L.

1.1.5 lon exchange method

lon-exchange processes have been widely used to remove heavy metals from wastewater due
to their many advantages, such as high removal efficiency, high treatment capacity, and fast

kinetics. lon-exchange resin, either synthetic or natural solid resin, has the specific ability to



exchange its cations with the metals in the wastewater. Besides synthetic resins, natural
zeolites, naturally occurring silicate minerals, have been widely used to remove heavy metals
from aqueous solutions due to their low cost and high abundance. Many researchers have
demonstrated that zeolites exhibit good cation-exchange capacities for heavy metal ions under

different conditions.

Clinoptilolite is one of the most frequently studied natural zeolites that have received extensive
attention due to its selectivity for heavy metals. Recently, some researchers reported that the
surface of clinoptilolite loaded with amorphous Fe-oxide species would significantly improve
the exchange capacity of clinoptilolite [20] employed clinoptilolite-Fe system to
simultaneously remove Cu, Mn, and Zn from drinking water. The system has a very large metal
adsorption capacity, and for most cases, the treated water samples were suitable for human

consumption or agricultural use.

1.1.6 Membrane filtration method

Membrane filtration technologies with different types of membranes show great promise for
heavy metal removal due to their high efficiency, easy operation, and space-saving. The
membrane processes used to remove metals from the wastewater are ultrafiltration, reverse

osmosis, nanofiltration, and electro-dialysis methods.

Wastewater contains
heavy metal

Cation resin_ | &8

e

Wastewater |&8

contains . #
heavy metal {
¥ @

Anion resin —

l Clean water

Clean water

Figure 1.1.2 Adsorptive membranes for heavy metals removal from water [21]



1.1.7 Ultrafiltration method

Ultrafiltration (UF) is a membrane technique working at low trans-membrane pressures to
remove dissolved and colloidal material. Since the pore sizes of UF membranes are larger than
dissolved metal ions in the form of hydrated ions or as low molecular weight complexes, these
ions would pass easily through UF membranes. Micellar enhanced ultrafiltration (MEUF) and
polymer enhanced ultrafiltration (PEUF) were proposed to obtain high removal efficiency of
metal ions. There is a lot of investigation on this topic, but not yet been utilized widely in the

industry.

1.1.8 Reverse osmosis method

The reverse osmosis (RO) process uses a semi-permeable membrane, allowing the fluid that is
being purified to pass through it while rejecting the contaminants. RO is one of the techniques
which can remove a wide range of dissolved species from water. It accounts for more than 20%
of the world’s desalination capacity. It is an increasingly popular wastewater treatment option
in chemical and environmental engineering. The RO process successfully removed Cu?*and
Ni2* ions, and the rejection efficiency of the two ions increased up to 99.5% by using
Na:EDTA. This process applied a pilot-scale membrane bioreactor system combined with RO,
and they found very high heavy metal removal efficiencies. The major drawback of RO is the

high power consumption due to the pumping pressures and the restoration of the membranes.

1.1.9 Nanofiltration method

Nanofiltration (NF) is the intermediate process between UF and RO. NF is a promising
technology for rejecting heavy metal ions such as nickel, chromium, copper, and arsenic from
wastewater. NF process benefits from ease of operation, reliability, comparatively low energy

consumption, and high efficiency of pollutant removal.

1.1.10 Electrodialysis method

Electrodialysis (ED) is another membrane process for separating ions across charged
membranes from one solution to another using an electric field as the driving force. In most
ED processes, ion-exchange membranes are used. The membranes are actually of two basic
types: cation-exchange and anion-exchange membranes. This process has been widely used to

produce drinking and process water from brackish water and seawater, treatment of industrial



effluents, recovery of useful materials from effluents, and salt production. The process
performed a new working system to investigate the removal of hexavalent chromium ions using

a built-in ED pilot plant comprising a set of ion-exchange membranes.

1.1.11 Coagulation and flocculation method

Coagulation and flocculation followed by sedimentation and filtration are also employed to
remove heavy metal from wastewaters. Coagulation is the destabilization of colloids by
neutralizing the forces that keep them apart. Many coagulants are widely used in the
conventional wastewater treatment processes such as aluminum, ferrous sulfate and ferric
chloride, resulting in the effective removal of wastewater particulates and impurities by charge
neutralization of particles and by enmeshment of the impurities on the formed amorphous metal
hydroxide precipitates. The removal of heavy metal by coagulation of combined sewer
overflows with two commercial coagulants, a ferric chloride solution and a polyaluminum
chloride (PAC). Excellent heavy metal elimination was achieved within a narrow range of

coagulants around optimum coagulant concentrations.

1.1.13 Electrochemical treatment method

Electrochemical methods involve the plating-out of metal ions on a cathode surface and can
recover metals in the elemental metal state. Electrochemical wastewater technologies involve
relatively large capital investment and an expensive electricity supply, so they haven’t been
widely used. However, with the stringent environmental regulations regarding wastewater
discharge, electrochemical technologies have regained their importance worldwide during the
past two decades. For instance, electrocoagulation (EC), electro flotation, and electrodeposition
methods. EC involves generating coagulants in situ by dissolving either aluminum or iron ions
from aluminum or iron electrodes. The metal ion generation takes place at the anode, and
hydrogen gas is released from the cathode. The hydrogen gas can help to float the flocculated
particles out of the water. Heidmann and Calmano [20] studied the performance of an EC
system with aluminum electrodes for removing Zn?*, Cu?*, Ni?*, Ag" and Cr07%.
Electrochemical heavy metal wastewater treatment techniques are regarded as rapid and well-
controlled that require fewer chemicals, provide good reduction yields and produce less sludge.
However, electrochemical technologies involving high initial capital investment and the

expensive electricity supply restricts its development.



1.1.14 Adsorption method

Adsorption is now recognized as an effective and economical method for heavy metal
wastewater treatment. The adsorption process is widely used to remove heavy metals from
wastewater because of its low cost, availability, and eco-friendly nature. The adsorption
process offers flexibility in design and operation, and many cases will produce high-quality
treated effluent. In addition, as adsorption is sometimes reversible, adsorbents can be
regenerated by a suitable desorption process. Both commercial adsorbents and bio-adsorbents

are used to remove heavy metals from wastewater, with high removal capacity.
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Figure 1.1.3 Hydrogel adsorption mechanism [23]

During the last decade, hydrogels have been used as potential adsorbents for the removal of
contaminants from aqueous solutions. To improve adsorption efficiency, numerous different
particles can be chosen to encapsulate into hydrogels, and each particle has its respective
advantages. Depending on the type of pollutants and approaching method, the particles will be
used to prepare hydrogels. The hydrogels commonly applied in water/wastewater treatment
were mainly classified into three classes according to their shape: hydrogel beads, hydrogel

films, and hydrogel nanocomposites [24].



1.2 Hydrogel

A crosslinked hydrophilic polymer that does not dissolve in water is referred to as a hydrogel.
They are extremely absorbent while still retaining well-defined shapes. Smart hydrogels are
well-defined three-dimensional polymer networks with the ability to dramatically change their
volume and properties by absorbing a large amount of water in response to change in
environmental stimuli such as temperature, pH, ionic strength, pressure, solvent, and electric
or magnetic fields [25-26]. The ability of hydrogels to absorb water arises from hydrophilic
functional groups attached to the polymer backbone. They have received considerable
attention in the past 50 years due to their exceptional promise in a wide range of applications
[27-28]. Hydrogel also possesses a degree of flexibility very similar to natural tissue due to its
large water content. The water inside the hydrogels allows free diffusion of some solute
molecules, while the polymers serve as a matrix to hold water together. They usually exhibit
simultaneously liquid-like and solid-like properties, which causes interesting relaxation
behavior. Hydrogels may exhibit drastic volume changes in response to specific external
stimuli such as pH, temperature, solvent, electric field, magnetic field, antigen, antibody, and
so on [29]. During the last two decades, natural hydrogels were gradually replaced by synthetic
hydrogels with long service life, high water absorption capacity, and high strength. Synthetic
polymers usually have a well-defined structure that can be modified to yield tailor ability,
degradability, and functionality. Hydrogels can be synthesized from purely synthetic

components that are stable in the conditions of sharp and strong temperatures fluctuations [30].
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Figure 1.2 The schematic diagram of the network structure of gel, swelling when immersed
into a solvent [25].

Hydrogels may be synthesized in many ways, including one-step procedures like

polymerization and parallel cross-linking of multifunctional monomers, multiple-step

10



procedures involving synthesis of polymer molecules having reactive groups and their
subsequent cross-linking, and by reacting polymers with suitable cross-linking agents.
Crosslinking can be initiated by heat, pressure, change in pH, or radiation. Cross-linkers are
chosen depending on the chemical specificity and availability of different reactive groups. The
polymer engineer can design and synthesize polymer networks from a molecular-scale control
over macrostructure to obtain biodegradability, mechanical strength, and chemical and

biological response to stimuli [31].

Hydrogels are used in drug delivery, heavy metal removal, image enhancement, remote-
controlled actuators and valves, bone marrow regeneration, separation technology, tissue
engineering, chemical, and bio-sensing, etc. [28-29]. Hydrogels can sustain high compressions,
resist slicing and withstand high levels of deformation, such as bending, twisting, and
stretching for their rapid stimuli-responsive characteristics and highly elastic properties [32].

Hydrogels can be classified into two categories based on the cross-link junctions. Physical
networks have transient junctions that arise from either polymer chain entanglements or

physical interactions, and chemically cross-linked networks have permanent junctions [33].

1.2.1 Physically crosslinked hydrogel

Physical crosslinks include entanglement of polymer chains, hydrogen bonding, hydrophobic
interaction, and crystallite formation. These physical crosslinks may not be permanent in
nature, but they are sufficient to make hydrogels insoluble in an aqueous media. Physical
crosslinking gives reversible hydrogels having inhomogeneities or network defects due to the
presence of free chain ends or chain loops. Physically crosslinked hydrogels are usually
synthesized by ionic interaction, crystallization, stereo complex formation, hydrophobic
interaction, protein interaction, hydrogen bonding, and so on. In ionic interactions, hydrogels
can be crosslinked under mild conditions at room temperature and physiological pH. This
process of cross-linking does not require the presence of ionic groups in the polymer chains.
The use of metallic ions can yield a more robust hydrogel. For stereo complex formation, a
hydrogel is formed through crosslinking between the acid of natural oligomers of opposite

chirality.
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1.2.2 Chemically crosslinked hydrogel:

Chemically crosslinked hydrogels are formed by the covalent crosslinking of polymers. One
common way to create a covalently crosslinked network is to polymerize end-functionalized
macromers. Hydrogels are crosslinked with many compounds such as glutaraldehyde [34],
formaldehyde, epoxy and di-aldehyde [35-37]. A net-like structure along with void
imperfections enhances the hydrogel's ability to absorb large amounts of water. The type and
degree of crosslinking influence many of the network properties, including swelling properties,
elastic modulus, and transport of molecules [38]. Chemically cross-linked hydrogels are
synthesized by chain-growth polymerization, addition polymerization, condensation

polymerization, and gamma and electron beam polymerization.
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Fig. 1.2.1 Schematic representation of the formation of chemically cross-linked hydrogels
[39]

Chain-growth polymerization includes free radical polymerization, controlled free radical
polymerization, anionic and cationic polymerization. It is done by three processes viz.,
initiation, propagation, and termination. After initiation, a free radical active site is generated,

which attacks monomers in a chain link-like fashion.

1.3 Stimuli-responsive hydrogels

Hydrogels that respond to external stimuli are known as stimuli-responsive hydrogels. Typical
stimuli are temperature [40-43], pH [45,46], electric field [46], light [47,48], magnetic field
[49], concentration of electrolytes or glucose etc. The following changes of the hydrogels, for
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example, isolation/precipitation, degradation, drug release, change in hydration state,
swelling/shrinking, hydrophilic/hydrophobic surface, change in shape, conformational change,

and micellization, are usually affected by external stimuli [50,51].

1.3.1 Thermo-responsive hydrogel

Thermo-responsive hydrogels are sensitive to temperature and change their microstructural
features in response to change in temperature. These hydrogels belong to the class of stimuli-
responsive hydrogels and are also capable of changing their physical properties rapidly with
changing the environmental temperature [52-53]. Thermo-responsive hydrogels exhibit a
volume phase transition at a certain temperature which causes a sudden change in the solvation
state. Polymers that become insoluble upon heating have a so-called lower critical solution
temperature (LCST). Systems that become soluble upon heating have an upper critical solution
temperature (UCST). LCST and UCST systems are not restricted to an agueous environment.
However, only the aqueous systems are of interest for biomedical applications. Some systems
exhibit both LCST and UCST behavior, but that is usually not occurring within the setting of

the intended biomedical applications [54].

Typical LCST polymers are formed from N-isopropylacrylamide (NIPAm) [55,56], N,N-
diethylacrylamide (DEAM) [57], methylvinylether (MVE) [58,59], N-vinylcaprolactam
(NVCI), and so on [60,61] as monomers. On the other hand, typical UCST system is formed
by a combination of two monomers for instance acrylamide (AAm) and acrylic acid (AAc)
[62].

1.3.2 Magneto- responsive hydrogel

Magnetic responsive materials are the topic of intense research interest due to their potential
applications in the biomedical, coatings, microfluidics and microelectronics fields [63].
Magneto responsive membranes are of special interest as they can realize spatial, temporal, and
remote control and have great potential in microfluidic systems for analytical or therapeutic
devices [64-66]. As there are very few intrinsically magneto-responsive polymers, most
magneto responsive materials are composite materials consisting of inorganic magnetic nano
particles (MNP) with magnetic orientation [67-69] or magnetic heating and another polymeric
component as the actuator. Magneto-responsive membranes can be classified into two types:

nanoactuator and nano-heater. One good example of such design is a nanofiltration membrane
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with micro-mixers on its surface introduced by Himstedt et al. [70]. The nano-heater type
utilizes the heating effect of MNP under high temperature usually, the systems are combined

with thermo synergistic effect of the two components.

1.3.3 pH-responsive hydrogel

pH-responsive polymers swell or collapse depending on the pH of their environment. This
behavior is exhibited due to the presence of certain functional groups in the polymer chain. The
ionic pH-sensitive polymers can accept or release protons in response to pH changes [71].
These polymers contain acid groups (carboxylic or sulfonic) or basic groups (ammonium salts).
In other words, pH-sensitive polymers are polyelectrolytes that have in their structure acid or
basic groups that can accept or release protons in response to pH changes in the surrounding
environment. This smart polymer changes its solubility by changing the electrical charge of the
polymer molecule. Thus, the transition from a soluble state to an insoluble state is caused by
the decrease of the electrical charge in the polymeric molecules. The polymer's electric charge
can be decreased by decreasing its pH via neutralizing the electric charge and reducing the

hydrophilicity (increasing hydrophobicity) of the polymeric macromolecules.

1.3.4 Light sensitive hydrogel

Light-sensitive hydrogels have potential applications in developing optical switches, display
units, and ophthalmic drug delivery devices. They can serve as functional materials with
potential applications in the areas of drug/gene delivery, photography, paints/coatings, sensors,
and so forth [72]. Azobenzene and its derivatives have a unique light-induced trans-cis
isomerization property [73]. Irradiating azobenzene units with light causes them to isomerize
from the more stable trans configuration to the less stable cis configuration. Thus, they have
been used as light-responsive units in many gel systems in which the sol-to-gel or gel-to-sol
phase transition of the gel systems is controlled by light-induced trans-cis isomerization of the
azobenzene units. A host-guest chemistry approach is also advantageous for producing light-

responsive hydrogels. Cyclodextrins
(CDs) and their derivatives acting as hosts can form supramolecular inclusion complexes with

a series of guests in which the guest molecules are included within the hydrophobic inner
cavities of the CDs [74].
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1.3.5 Electric field sensitive hydrogel

Although many materials that deliver drugs in response to ultrasound, light, and magnetic
signals have been developed, activating these materials typically requires large or specialized
equipment. Electrical signals, on the other hand, are easy to generate and control. Electric
stimuli have been successfully utilized to trigger the release of molecules via conducting
polymeric bulk materials or implantable electronic delivery devices [75-77].

1.3.6 Multi-stimuli responsive hydrogel

Responsive polymer hydrogels can largely and reversibly change their volume or shapes under
slight external stimuli, including temperature, pH, ionic strength, special chemicals, redox,
light, humidity, electric field, magnetic fields, etc. This property of responsive polymer
hydrogels can be utilized in diverse applications, such as sensors, valves, on-off switches,
biomimetic actuators, artificial muscles, and so on. A variety of stimuli-responsive hydrogels
has been emerging recently by putting this smart hydrogel into more than one responsiveness.
1.2.7 pH- and thermo-responsive hydrogel Stimuli-responsive polymers mimic biological
systems in a crude way where an external stimulus (e.g., pH or temperature) results in a change
in properties, including change in conformation, change in solubility, alteration of the
hydrophilic/ hydrophobic balance or release of a bioactive molecule (e.g., drug molecule). To
obtain a temperature and pH-sensitive polymer, it is only necessary to combine temperature-

sensitive monomers.

1.3.8 Magneto and thermo-responsive hydrogel

Dual temperature and magnetic responsive hydrogels are the most widely investigated because
these two stimuli are easy to apply. Poly(N-isopropylacrylamide) is the popular temperature-
responsive hydrogel due to its volume phase transition temperature (around 32°C) close to
normal body temperature.

Magnetic property is very important poperies of any materials for separation and many other
purposes. FesO4 and Ni nanoparticles are usually used as magnetic particles. If a magnetic
particle is incorporated with any temperature-responsive polymer network, the hydrogel will
respond with the temperature and magnetic field change. Magneto and thermo-responsive

hydrogel can be used in drug delivery, heavy metal removal electronics devices and so on.
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1.4 Biocompatibility of hydrogel

Biocompatibility is a field that first attracted the attention of researchers in the 1940s in the
context of medical implants and their beneficial and harmful interactions with the body. In
1987, the biocompatibility was formally defined as “the ability of a biomaterial to perform with
an appropriate host response in the specific application”. Biocompatibility is a very important
property of hydrogel for use in biomedical and tissue engineering fields. The goal of evaluating
the biocompatibility of any material is to determine any toxic effects on the body. Therefore, a
biomaterial must be assessed to determine the biological responses which could cause damage
or unwanted side effects to the host. The biocompatibility of the hydrogels was evaluated to

assess their potential as a drug carrier.

1.5  Nanocomposite Hydrogels (NCHGS)

Nanocomposite hydrogels are nanomaterial’s (metals, non-metals, metal oxide, and polymeric
moieties) filled, hydrated, polymeric networks that exhibit superior functionality to
traditionally made hydrogels. By controlling the interaction between nanoparticles and
polymer chains, a range of physical, chemical, and biological properties can be engineered [79]
and applied in diverse fields, including catalysis, electronics, bio-sensing, drug delivery, nano-
medicine, and environmental remediation. Properties imparted to the composites depend on the
type of nanoparticles incorporated, which in turn is determined by the proposed application of
the designed composite. Different types of nanocomposite hydrogels and their associated
properties are described below.

1.5.1. Metal Nanocomposite

Various types of metal nanoparticles such as Ag, Au, Cu, Fe-Co bimetallic, Co-Ni bimetallic
and Pt have been used as nanofiller (incorporated in the hydrogels) in the nanocomposite
hydrogels. These metallic nanoparticles incorporated nanocomposite hydrogels show unique
properties, including excellent antibacterial activity, optical properties, electrical conductivity,
hydrogenation catalysis, and waste removal application. Platinum (Pt) metal is well known as
a hydrogenation catalyst. Platinum nanocomposite hydrogels (PtNCHGs) were found to be an
efficient catalyst for the hydrogenation of p-nitroaniline [80]. Magnetic NPs of cobalt (Co) or
nickel (Ni) have been incorporated into hydrogels to form soft magnetic field-driven actuators

for muscle-like application [81]. Cu has been investigated as a cost-effective alternative to
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AgNPs and AuNPs antimicrobial agents [82]. Fe-Co bimetallic NPs synthesized in PAAM
hydrogel network to form magnetic hydrogels for waste removal application [83].

1.5.2 Metal oxide Nanocomposite

Hydrogels Iron oxide (FexOy) is a commonly synthesized ferromagnetic material that has been
incorporated into hydrogels to form ferrogels [84]. Ferrogels are effective absorbents for toxic
ions such as lead (Pb?"), chromium (Cr?*) and arsenic (As®*). [85].

1.5.3 Non-Metal Nanocomposite

Hydrogels Carbon-based materials (graphene oxide, nanodots, nanotubes), quantum dots, and
Si have been used to create composite hydrogel materials with unique properties and functions
which are nonmetal based NCHGs. Si-NCHGs have been used as a support for catalysts or
functional materials. Alvarez and co-workers developed antibiotic-loaded (gentamicin)
SINCHGs that exhibited prolonged antibacterial activity and increased mechanical strength
[86]. Carbon nanotubes [87]; graphene oxide [88], and even melanin [89] when placed in

hydrogels act as NIR light absorbing materials which are useful for photothermal drug delivery.

1.5.4 Polymeric Nanocomposite

Hydrogels Polymeric nanoparticles composed of micelles [90], nanogels [91], core-shell
particles [92] dendrimers [93], hyperbranched polymers, and liposomes have been developed
for a variety of applications. The use of polymeric NPs for reinforcement of hydrogels is not
restricted to biomedical applications. Polystyrene (PS), a material commonly used for

packaging and storage, could be used as filler in hydrogels to impart mechanical strength [94].

1.6 Nanoparticles (NPs)

The particles which have at least one of the dimensions in 1-100 nm range is called
nanoparticles (NPs). With the decrease in the dimensions of the materials to the nano level,
their properties change. The NPs possess unique physicochemical, optical, and biological
properties which can be manipulated suitably for desired applications [95]. Moreover, as the
biological processes also occur at the nano scale and due to their amenability to biological
functionalization, the NPs are finding important applications in the field of medicine [96]. The
NP is broadly grouped into organic NP and inorganic NP.
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Nanoparticles can be classified into different types according to their size, morphology,
physical and chemical properties. Some of them are carbon-based nanoparticles, ceramic
nanoparticles, metal nanoparticles, semiconductor nanoparticles, polymeric nanoparticles and
lipid-based nanoparticles. Nanoparticles are synthesized due to the reduction of material
dimensions, which have a remarkable effect on their characteristics that significantly vary from
their corresponding starting bulk materials. Nanoparticles possess these significant properties
due to - a.) large surface atom b.) large surface energy c.) spatial confinements and d.) reduced

imperfections [97].

1.7  Properties of nanoparticles

1.7.1 Optical Properties:

Metal nanoparticles show different optical properties as compared to their starting bulk
materials form. It also depends on their composition shape, size and the surrounding medium.
The optical properties of nanoparticles vary from the visible region based on the size and shape
of the nanoparticles. This is due to the interaction of electron clouds that are present on the
surface of metal nanoparticles with electromagnetic radiation. Some metal nanoparticles (such
as gold, silver and copper) are known to have specific unique optical properties within a certain
size limit of particles in the visible and in the NIR region [98].

1.7.2 Magnetic properties

At the nano range, the magnetic properties of different nanoparticles differ from that of starting
bulk material. At the nano level, ferromagnetic properties form a single domain with large
single magnetic moments. These will also change the magnetic properties drastically. At the
thermodynamic equilibrium state magnetization behavior of nanoparticles is similar to that of
atomic magnetization, but with a large magnetic moment. At a certain nanoscale level,

ferromagnetic particles become superparamagnetic.

Magnetic nanoparticles are a class of nanoparticle that can be manipulated using magnetic
fields. Such particles commonly consist of two components, a magnetic material, often iron,
nickel, and cobalt, and a chemical component that has functionality. While nanoparticles are
smaller than 1 micrometer in diameter (typically 1-100 nanometers), the larger microbeads are
0.5-500 micrometer in diameter. Magnetic nanoparticle clusters that are composed of a number

of individual magnetic nanoparticles are known as magnetic nanobeads with a diameter of 50—
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200 nanometers. Magnetic nanoparticle clusters are a basis for their further magnetic assembly
into magnetic nano chains. The magnetic nanoparticles have been the focus of much research
recently because they possess attractive properties which could see potential use in catalysis
including nanomaterial-based catalysts, biomedicine and tissue-specific targeting,
magnetically tunable colloidal photonic crystals, microfluidics, magnetic resonance imaging,
magnetic particle imaging, data storage, environmental remediation, nanofluids, optical filters,
defect sensor, magnetic cooling and cation sensors. The physical and chemical properties of
magnetic nanoparticles largely depend on the synthesis method and chemical structure. In most

cases, the particles range from 1 to 100 nm in size and may display superparamagnetism [99].

1.7.3 Surface Plasmon Resonance (SPR)

On the surface of nanoparticles large numbers of atoms are found, which forms electron clouds
on their surface. This free electron causes a dipole excitation under the electric field vector of
the incoming light due to the dipole excitation across the particles. These electrical charges act
as a restoring force and bring back electron clouds to their original position, thus causing the
oscillations of the electron cloud. So that the electron density within the surface layer vibrates;
however, the density in the interior part of the particles remains constant. This phenomenon is
known as surface plasmon resonance which is explained by Mie in 1908 based on Maxwell's

equation of scattering [99].

1.7.4 Thermal properties

It is found that metal and semiconductor nanoparticles have a remarkably lower melting point
or low transition temperature than their bulk form. It is found that when the particles size is
below 100 nm the melting point of the particle is lowered and it is allocated to increase in their
surface energy with a reduction of the size of nanoparticles. As the phase transition temperature
is declining this can be led to the changes in the surface energy to volume energy as a function
of size [100].

1.7.5 Mechanical properties

As the size of the particle decreases the mechanical properties of nanomaterials increases. Most
of the studies have been carried on the mechanical properties of one-dimensional structures
such as nanowires. The mechanical strength of nanowires or nanorods is enhanced, which is

attributed to the high internal perfection of the nanowires. Generally, imperfections such as
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dislocation, micro-twins’ impurities etc. in crystals are highly energetic and should be
eliminated from the correct crystal structures. The smaller the cross-section of nanowires, the
probability of a finding of imperfection as nanoscale diameter should be less as dimension

makes the elimination of such imperfections possible.

1.8  Polymerization

A polymer is a substance that is made up of very large molecules that are made up of many
repeating units called monomers. Polymerization is a process of reacting a large number of
monomer molecules together in a chemical reaction to form polymer chains or three-
dimensional networks. The macromolecules produced from a polymerization may have a linear
or a branched structure or the shape of a complex and three-dimensional network. [101-103]
Polymerization can occur via a variety of reaction mechanisms that depend on the complexity
of monomers due to the variety of functional groups [103]. Based on origin, polymers are two
types: synthetic and natural. Natural polymers occur in nature and can be extracted. They are
often water-based. Examples of naturally occurring polymers are silk, wool, DNA, cellulose
and proteins. Synthetic polymers are long-chain molecules possessing uniform repeat
monomers. The chains can have different lengths. Polymers have interesting physical and
chemical properties because of the length of the chain. Examples of synthetic polymers include
nylon, polyethylene, polyester, Teflon, and epoxy. Low density versus strength is one of the

most useful and interesting properties of polymers. [104]

1.9  Polymerization technique
There are various polymerization techniques for the formation of polymers. : Bulk, emulsion,

suspension, solution.

1.9.1 Bulk Polymerization:

By adding a soluble initiator with a pure monomer in the liquid state, bulk polymerization or
mass polymerization is carried out. The initiator should dissolve in the monomer, and the
reaction is initiated by heating or exposure to radiation. As the reaction proceeds, the mixture
becomes more viscous, the reaction is exothermic, and a wide range of molecular masses are
produced. This process can be used for Free radical polymerizations and some step-growth or

condensation polymerization.
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The main advantage of this method is the product of polymerization obtained from this type of
process is the purest form of polymer, and the greatest yield of polymer per unit volume. Bulk
polymerization has some advantages; the polymer obtained is pure, molecular weight
distribution can be easily changed using a chain transfer agent, the product obtained has high
optical clarity, and so on. The main disadvantage of this method is that as the medium gets
viscous, the diffusion of the growing polymer chain becomes restricted, collisions become less,
and thereby termination becomes difficult. Due to active radical sites accumulation, the rate of
polymerization increases enormously, and sometimes, the uncontrolled exothermic reactions

can lead to an explosion.

1.9.2 Suspension Polymerization

In a typical suspension polymerization system, one or more water-insoluble monomers
containing oil-soluble initiators are dispersed in the continuous aqueous phase. A combination
of strong stirring and small amounts of suspending agents (stabilizers) are used. Suitable
conditions of mechanical agitation are maintained through the whole polymerization process
[105-107]. To control the enormous amount of heat release in bulk polymerization, suspension
polymerization method was developed. This technique can polymerize only water-insoluble
monomers. Since each monomer droplets are isolated and independent of other droplets, each
of these droplets acts as a tiny bulk reactor. Heat transfer occurs from the droplets to the water
having a large heat capacity and low viscosity. As the entire bulk of the monomer is divided
into innumerable tiny droplets, control of the kinetic chain length of the polymer is also quite

good, so the product has a narrow molecular weight distribution.

The advantages of the method are better heat control of the reaction, and separation is much
easier than in solution polymerization. The disadvantage is that few monomers are water-

soluble.

1.9.3 Solution Polymerization:

In this process, the monomer is dissolved in a suitable inert solvent along with the chain transfer
agents wherever used. The free radical initiator is also dissolved in the solvent medium,
whereas ionic and coordination catalysts can be dissolved or suspended. The solvent enhances
the heat capacity, thereby reducing the viscosity and promotes proper heat transfer. Solution

polymerization techniques can advantageously be used where the polymer is used in solution
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form (as adhesive and coating compositions). Chain transfer to the solvent used cannot be ruled
out; hence it is difficult to obtain very high molecular weight products. The polymer formed
will also have to be isolated from the solution either by evaporation or precipitation in a non-

solvent and removal of their final traces is always extremely difficult [108].

1.9.4 Emulsion polymerization:

Emulsion polymerization is a process of great industrial importance. It offers profound
advantages over other polymerization processes due to its multiphase and compartmentalized
nature. An emulsion polymerization system provides the possibility to yield a product with
unique properties and performance characteristics. Researchers are interested in emulsion
polymerization because it offers the possibility of producing products with special properties

which are not easily produced by other types of polymerization processes. [109-111]

This is the most widely used method of polymerization. In emulsion polymerization, the
monomer is dispersed in an aqueous phase as fine droplets, which are then stabilized by
surface-active agents, protective colloids, and also by certain buffers. The surfactants can be
cationic or non-ionic. Surfactants lower the surface tension at the monomer water interface and
facilitate emulsification of the monomer in water. The surfactant will form micelles when their
concentration exceeds critical micelle concentration (CMC), which are dispersed throughout
the solution. In micelle formation, the emulsifier molecule aggregates so that the polar end of
the molecule aligns themselves outward, and the hydrocarbon end comes close to each other at
the interior. Due to the close proximity of the hydrocarbon ends of all emulsifier molecules,
the interior of the micelle acts as a hydrocarbon phase.

When the monomer is added and agitated, emulsification takes place. The resultant emulsion
is a complex system: A molecular solution of the emulsifier in water is the continuous phase
wherein the monomer droplets, and micelle (having solubilized monomer at their interior) are
uniformly dispersed. Polymerization techniques Emulsion systems generally utilize a water-
soluble initiator as persulfate or hydrogen peroxide. With the more and more polymer
formation, the polymer aggregates into fine particles and get surrounded and then stabilized by
the emulsifier layer of the micelle. At the end of the polymerization, the fine particles of the
polymer are stabilized by the emulsifier and dispersed uniformly in the aqueous layer [112-
114].
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Figure 1.9.1 Schematic representation of Emulsion polymerization [111]

1.10 Research Goal:

Smart hydrogels are well-defined three-dimensional polymer networks with the ability to
absorb large amounts of water in response to changes in environmental stimuli, allowing them
to change their volume and properties dramatically. Although macro or bulk hydrogels have
high potential in varieties of practical applications, submicrometer-sized hydrogels are faster
in responding to change their size with environmental stimuli due to their extremely large
relative surface area. Smart hydrogels can sustain high compressions, resist slicing and
withstand a high level of deformation, such as bending, twisting and stretching for their rapid
stimuli-responsive characteristics and highly elastic properties [115]. In separate
investigations, different methods were employed to synthesis submicrometer-sized hydrogel
particles with NIPAm as the main monomer because of its thermoresponsive and biodegradable

nature [116-117].

The incorporation of magnetic nanoparticles into hydrogel systems will afford the hydrogel
magnetism resulting in submicrometer-sized magnetic hydrogels. [118-119]. This
characteristic will permit remote control or separation of the hydrogel from the solution.
Magnetic hydrogels have attracted researchers' interest in recent years due to their dynamic
features [120].

Various heavy metals with a prescribed limit are important for the human body while above
the limit has adverse effects on health and the environment [121-122]. To remove toxic ionic
species of heavy metal, various methods have been developed but limited success has been

achieved to date because of their less efficacy [123-124].
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The present study aims to prepare a temperature-sensitive magnetic submicrometer-sized
hydrogel by emulsion polymerization of a thermo-sensitive monomer with an ionic
comonomer and magnetic nano particle in presence of a suitable initiator and cross-linker.
Different types of magnetic nano particles and co-monomer will be used to fabricate the
hydrogels and their heavy metals removal capacity via electrostatic interactions will be studied
in a systematic manner.

The main objectives with specific aims of the proposed research are

> Facile synthesis of different types of magnetic nanoparticles.

> Facile synthesis of different types of temperature-sensitive magnetic submicrometer-
sized hydrogel particles.

» Removal of heavy metal from water using magnetic submicrometer-sized hydrogel
particles.

» Separation of heavy metal containing submicrometer-sized hydrogel particles from the
system by applying an external magnetic field.
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21 Materials and instruments

2.1.1 Chemicals and reagents

The chemicals and reagents used in this research were analytical grade and used without further
purification. Distilled water was used as a solvent to prepare most of the solutions of this work.

The chemicals and reagents which were used in this research are given below:

1. N-isopropylacrylamide (NIPAmM)
(KJ Chemicals Corporation, Japan)

2. 2-Acrylamido-2-methylpropane sulfonic acid (AMPS)
(Sigma Aldrich, Germany)

3. Acrylic Acid (AAc)
(LOBA Chemie, India)

4. N,N-methylenebisacrylamide (BIS)
( Across organics, United States)

5. Potassium persulfate (KPS)
(Sigma Aldrich, United States)

6. Tetramethylethylenediamine (TEMED)
(Sigma Aldrich, United States)

7. Sodium dodecyl sulfate (SDS)
(Sigma Aldrich,Germany)

8. Mercuric chloride (HgCly)
(Sigma Aldrich, Germany)

9. Iron trichloride (FeCls)
(Sigma Aldrich, Germany)

10. Iron dichloride (FeCl.)
(Sigma Aldrich, Germany)

11. Sodium Hydroxide (NaOH)
(EMPROVE, Germany)

12. Nickel chloride hexahydrate (NiCl2.6H20)
(Sigma Aldrich, Germany)

13. Sodium dodecyl sulfate (SDS)
(Sigma Aldrich, Germany)

14. Dopamine hydrochloride (CsH11NO>)
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(Sigma Aldrich, Germany)

2.1.2 Instruments
Analysis of the samples was performed using the following instruments:

» Field emission scanning electron microscopy (JSM-7600F, Tokyo, Japan)
UV-visible Spectrophotometer (Shimadzu-1800)
Digital Balance (AB 265/S/SACT METTLER, Toledo, Switzerland)
Dynamic light scattering (DLS; Zetasizer Nano ZS 90; Malvern, UK)
Freeze dryer (Heto FD3)
Oven (Lab Tech, LDO-030E)
Shaker machine (Stuart, orbital shaker, SSL1)

vV V V VYV V V V

pH meter (Hanna, HI 8424, Romania)

2.2 Method of preparation

2.2.1 Fabrication of FesO4 nanocrystal

An iron salt solution was obtained by mixing 0.005mol FeCls; and 0.0025mol FeCl; in 50ml
deoxygenated distilled water. 20 milliliters of 1.5M NaOH was rapidly poured into the salt
solution under magnetic stirring at room temperature. A black precipitate instantly formed.
After continuously stirring for 10min, the precipitate was separated by centrifugation and
washed with the deoxygenated distilled water four times, followed with the deoxygenated
anhydrous ethanol once, then vacuum-dried at 50 °C overnight, and Fe3O4 nanocrystals were
obtained [1-3]. The size and morphology of Fe3Os particles were observed by a scanning

electron microscope (SEM).

2.2.2 Fabrication of FesO4-PD nanocrystal

To coat Fe3O4 cores with the polydopamine (PD) shell, 80 mg of FezO4 and 80 mg of dopamine
hydrochloride were dissolved in 40 mL of Tris buffer solution (10 mM, pH = 8.5). After
shaking for 24 h at room temperature, the products were separated and washed with ultrapure

water and ethanol several times [4-6].

38



2.2.3 Fabrication of Ni nanocrystal

First, 3.213 g of NiCl2.6H20 (1.35 mol of NiCl,) was dissolved in 3.75 g of distilled water.
2.822 g of 80% N2H4.H20 (4.5 mol of N2H4) was poured into the solution instantaneously with
vigorous stirring, which resulted in a pale violet precipitate. The precipitate on the wall was
washed with additional distilled water (.50 ml) for ~60 s. The solution temperature increased
up to ~65 ‘C by the exothermic formation of a Ni complex between NiCl, and N2Ha. When the
solution temperature became 50 ‘C by cooling in an ambient atmosphere, 2.88 g of a 50 wt%
NaOH solution (3.6 mol of NaOH, the temperature of NaOH solution=20 °C) was poured
instantaneously into the stock solution. The solution temperature initially decreased and then
increased spontaneously up to the second maximum (~54 "C), after which it decreased again to
room temperature. The reaction was complete 1 h after the temperature reached the second
maximum (54 ‘C). The black Ni precipitate was washed six times with distilled water and dried
at room temperature for 16 h under constant ventilation. For all the experimental conditions,
approximately 100% of the Ni source solution was successfully converted into Ni particles [7-
9]. The size and morphology of Ni particles were observed by a scanning electron microscope
(SEM)

2.2.4 Fabrication of Ni-PD nanocrystal

To coat the surface of Ni nanoparticles with polydopamine, dopamine hydrochloride (0.05 g)
and the prepared Ni nanoparticles (0.15 g) were dispersed in 70 mL of Tris buffer (pH = 8.5).
The mixture was stirred at 60 ‘C for 24 hours. The prepared polydopamine coated Ni

nanoparticles (Ni-PD) were washed with distilled water thoroughly [10-11].

2.2.5 Fabrication of submicrometer-sized hydrogels

Four types of hydrogel were fabricated i.e. (i) N-isopropylacrylamide-co- Acrylic acid
hydrogel (NIPAm-co-AAc) (ii) N-isopropylacrylamide-co- 2Acrylamido-2-methylpropane
sulfonic acid hydrogel (NIPAm-co-AMPS) (iii) Iron oxide-poly dopamine-N-
isopropylacrylamide-co- 2Acrylamido-2-methylpropane sulfonic acid hydrogel (FezO4-PD-
NIPAmM-co-AMPS)  hydrogel (iv) Nickel-poly dopamine-N-isopropylacrylamide-co-
2Acrylamido-2-methylpropane sulfonic acid hydrogel (Ni-PD-NIPAm-co-AMPS) hydrogel.
To fabricate these hydrogels BIS as a cross-linker, KPS as an initiator, TEMED as an

accelerator, SDS as a surfactant and deionized water as a solvent were used. The recipe for
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hydrogels with different nanoparticles with other gel precursors (e.g. cross-linker, initiator and

solvent) are appended in the following table.

Table-1: Recipe of gel precursors to synthesize NIPAm-co-AAc, NIPAm-co-AMPS, Fez0s-
PD-NIPAmM-co-AMPS and Ni-PD-NIPAmM-co-AMPS hydrogel particle

NP
Distilled
NIPAM | AMPS KPS BIS | TEMED | (FesO4- | SDS
Type ) water
(mM) (mM) (mM) (mM) (ml) PD/ Ni- | (mM) mi)
m
PD)
(9)
NIPAmM-
38.4 15 0.614 0.428 0 0 0.368 260
co-AAc
NIPAmM-
co- 384 1 0.614 0.428 0.04 0 0.368 260
AMPS
FesOa-
PD-
0.0350 g
NIPAmM- 384 1 0.614 0.428 .04 0.368 260
Fez04-PD
co-
AMPS
Ni-PD-
NIPAmM- 0.0350 g
38.4 1 0.614 0.428 .04 ) 0.368 260
co- Ni-PD
AMPS

2.2.6 Preparation of submicrometer-sized gel particles

At first, two types of submicrometer-sized thermos-responsive hydrogel particles were

prepared where NIPAm was used as the main monomer and AAc and AMPS were used as

comonomers. To fabricate NIPAm-co-AAc BIS and KPS were use as cross-linker and initiator,

respectively. SDS was used as a surfactant. NIPAm (38.4 mmol), AAc (.15mmol), BIS
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(0.428mmol), SDS (0.368 mmol) were dissolved in the distilled water. The pre-gel solution
was kept at 70 “C under a stream of nitrogen for one hour to make the solution free from oxygen.
Following the addition of KPS (0.614 mmol), the polymerization was carried out at 70 °C for
4.5 h under a nitrogen atmosphere. The micro and nano gel were purified by dialysis for > 7

days in distilled water.

The NIPAm -co-AMPS was prepared by following the same procedure as NIPAm-co-AMPS.
But emulsion polymerization is difficult in the presence of ionic moiety. To accelerate the

reaction 0.04 ml TEMED were dissolved in the mixture.

To fabricate our desired thermo and magnetic responsive submicrometer-sized hydrogels
particles FesOs-PD-NIPAmM-co-AMPS and Ni-PD-NIPAm-co-AMPS, NIPAmM was used as the
main monomer, AMPS was used as comonomer. In this polymerization, BIS and KPS were
used as cross-linker and initiator, respectively. To accelerate the reaction TEMED was used as
an accelerator, and SDS was used as a surfactant. Fe3Os-PD and Ni-PD magnetic

nanocomposites were used to develop the magnetic property of hydrogel.

A NaOH ©/\/
+ —_—
A Tns buffer

FeCl; FeCl, Feso4 NP Fe;0,-PD

tﬂ,
HN-NE, o _
A N’OH Tns buffer
NiCl, Ni NP Ni-PD
o o o Q ~ S icati
° o o QQ [+ + — + Hzc\)l\u CH8+ \)LNX/ “OH
o
° [+] o
NIPAm AMPS
SDS
Fe,0,-PD/Ni-PD . BIS
N, bubbling TEMED

70°C Mechanical stirrer

Polymerization
S
70 °C
4.5 hours

@ = PD Layer

Figure 2.2.1 Synthesis scheme of hydrogel

Solvent+ KPS
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First, 0.0350 g Fez0s-PD (or 0.0350 g Ni-PD) was dispersed in 240 ml distilled water by
sonication. NIPAm (38.4 mmol), AMPS (1mmol), BIS (0.428mmol), SDS (0.368 mmol) and
0.04 ml TEMED were dissolved in the distilled water The pre-gel solution was kept at 70 °'C
under a stream of nitrogen for one hour to make the solution free from oxygen. Following the
addition of KPS (0.614 mmol), the polymerization was carried out at 70 °C for 4.5 h under a
nitrogen atmosphere. The micro and nano gel were purified by dialysis for > 7 days in distilled
water [12].

2.2.7 Dialysis

150 Himedia dialysis membrane was used which average flat width 37.70 mm, average
diameter 25.4 mm, capacity approx. 5.07 ml/cm. To prepare the dialysis membrane was washed
with running water for 3-4 hours. Then it was washed with 0.3% solution (80 °C) of Sodium
Sulfide for one minute and then washed again with 60 °C hot water for two minutes. After that,
it was washed with a 0.2% (v/v) solution of Sulfuric acid. Finally, the dialysis tube was rinsed
with hot water [13].

2.3 Sample characterization

2.3.1 FTIR analysis of nanoparticles

FT-IR analysis of hydrogels was studied in FT-IR spectrometer in the region of 4000-1000 cm”
1. Small amount of sample was then oven-dried at 50°C and collected into a vial. A pellet was
made for FT-IR analysis with the sample. Then samples were mixed and ground well with KBr
crystal into mortar by using a pestle. Using 8-10 tons pressure a sample pellet was made by a
manual metallic pellet maker and carefully placed in the path of IR beam for analysis [14].

2.3.2 Field emission-scanning electron microscopy (FE-SEM):

The surface morphology of the magnetic nanoparticles and dopamine coated magnetic
nanoparticles were analyzed using Field emission-scanning electron microscopy (FE-SEM).
The completely air-dried samples were glued on a conducting carbon strip. The sample-loaded
strip was then mounted to a chamber evacuated to ~ 103 to 10 tor. A very thin platinum layer
(a few nanometers thick) was incorporated by sputtering platinum on the sample to ensure the
conductivity of the sample surface. The sample was then placed in the sample chamber to view

its surface. The microscope was operated at an accelerating voltage of 5.0 kV.
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2.3.3 Dynamic light scattering (DLS)

The hydrodynamic diameters of the submicrometer-sized hydrogels were determined by
dynamic light scattering (DLS; Zetasizer Nano ZS 90; Malvern, UK). The scattering angle was

kept at 90° and the wavelength was set at 632.8 nm (He-Ne laser beam).

2.4  Heavy metal removal analysis

2.4.1 Hg?removal analysis:

1.5 mL (~4mg) hydrogel dispersion was immersed in 20 ml of 60 ppm HgCl> solution and
shaken at 100 rpm for 24 hours. DPC was used for spectrophotometric determination of Hg
(I1). DPC solution was prepared by dissolving 250 mg of DPC in 50mL methanol. After 4 h,
HgCl> and DPC solution were mixed. Spectrophotometric measurements were executed using
a Shimadzu 160A Ultraviolet-Visible spectrophotometer at room temperature. Distilled water
was chosen as the reference. The equilibrium concentrations of Hg?* solutions were determined

using the calibration curve.

2.4.2 Cr®removal analysis:

1.5 ml (~4mg) hydrogel was immersed in 20 ml of 10 ppm potassium dichromate solution at
room temperature and shaken at 100 rpm for 24 hours. DPC was used for the
spectrophotometric determination of Cr (V1). DPC solution was prepared by dissolving 250mg
of DPC in 50mL methanol. After 4 h, potassium dichromate and DPC solution were mixed.
Spectrophotometric measurements were executed using a Shimadzu 1800 a UV-Visible
spectrophotometer at room temperature. Distilled water was chosen as the reference. The

equilibrium concentrations of Cr®* solutions were determined using a calibration curve. [15].
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CHAPTER 3
Results and Discussion



3.1 Synthesis of Hydrogel:

Different types of polymerization processes are generally used for hydrogel synthesis. The free-
radical polymerization process is one of the most common and facile polymerization processes
for hydrogel synthesis. Three fundamental steps of free radical polymerization are initiation,
propagation, and termination. In the initiation step, the initiator produces free radicals.
Chemical initiation, photochemical initiation, thermal initiation, radiation initiation are the
typical initiation process. Thus, the process of chain initiation involves two steps, the first being
the decomposition of the initiator (e.g. KPS, APS or AIBN) to yield a pair of free radicals R-,
and the second the addition of a monomer to the primary radical R- to yield the chain radical,
which is called the initiation. Following its generation, the free radical then reacts with a vinyl
monomer; that is, it adds to one of the electrons of the double bond of the vinyl monomer and

the remaining electron becomes the new free radical.

| —— 2R R*+M —» RM-"

Figure 3.1.1 Schematic illustration of the Initiation step

The propagation step would theoretically continue until all monomers are consumed. However,
pairs of radicals also tend to react with each other and thus annihilate their activities.
Combination or disproportionation are the two ways of termination. In the case of combination

or coupling, two growing polymer chains react to forming a single nonreactive polymer chain.

RMi-+M —” RMy" RMz2-+M —» RMz*

RMz*+M —” RMa* RMx*+M~—” RMxs1"

Figure 3.1.2 Schematic illustration of the Propagation step

And in case of disproportionation, a hydrogen atom is transferred from one radical to the other
resulting in two polymers, one with a saturated end and the other with an unsaturated end and
each with an initiator fragment. Usually, there is no need to distinguish between these two

different types of termination reactions.
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(a) Mx*+ My* —> Mx+y (b) Mx*+ '\/'y'_> Mx+ My

Figure 3.1.3 Schematic illustration of theTermination (a) Combination (b)

Disproportionation

In this work, the free radical precipitation polymerization process has been employed. NIPAm-
based hydrogels are prepared mainly by free-radical crosslinking copolymerization of the
AMPS monomer with KPS as an initiator, TEMED as an accelerator, SDS as a surfactant and

BIS as a cross-linker were used.

To develop the magnetic properties of submicrometer-sized hydrogel FesOs4 and Ni nano
particles were used. Chemical coprecipitation method was used to prepare the magnetite FezO4
nano particles. Two types of Fe salt were used, FeCl, and FeCls and NaOH added to create an
alkaline medium distilled water solution. Continuous stirring of Fe (I1) Chloride and Fe (I11)
Chloride was formed Fe?* and Fe®* ions that further coprecipitate in alkaline medium and

spherical Fe3O4 nano particles were obtained.

To prepare Ni nano particles, spherical metallic NiNPs were first synthesized, in the presence
of sodium hydroxide, by the reduction of nickel (I1) chloride with hydrazine hydroxide. The
interaction between nickel(ll) chloride and hydrazine solution produces a Ni complex. The
addition of sodium hydroxide solution started series of reactions from the decomposition of the
Ni complex via the formation of Ni(OH)2 and eventually, the Ni(OH)2 is reduced into spherical

Ni nanoparticles [1].

Fe304 and Ni nanoparticles were coated with dopamine to help them stick to the polymer chains

via the self-polymerization of dopamine [2].

R I AP T O

v \T 1% il [ *_“*1—

o O i KWy 2 KPS, BIS o\ =°
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NIPAmM AMPS Fe304/Ni-PD Fes04-PD-NIPAm-co-AMPS/
Ni-PD-NIPAmM-co-AMPS

48



Figure 3.1.4 Schematic expression of synthesis of Fe30s-PD-NIPAM-co-AMPS/
Ni-PD-NIPAm-co-AMPS hydrogels particles

Different types of copolymers where NIPAm as the main polymer chain and AMPS as a co-
monomer were used. Copolymers are polymers that are made up of two or more monomer
species. Here, anionic AMPS was used as a comonomer to remove different types of heavy
metal ions because the anionic moiety shows selectivity towards a positive charge. AMPS
contain a strongly ionizable sulfonate group that can easily remove metal ions from an aqueous
solution. AMPS has high ionic moiety, and in the presence of ionic moiety, emulsion
polymerization is very slow. To overcome the difficulties, TEMED was used as an accelerator

during polymerization.

3.2  FTIR analysis of hydrogels

FTIR spectroscopy is widely used to characterize and quantify polymer blends, as well as to
determine their compatibility through intermolecular hydrogen bonding and to explore their
degradation processes. FTIR was used to characterize the composition and structure of FezOa,
Fe30s-PD, Fe304-PD-NIPAmM-co-AMPS, Ni, Ni-PD and Ni-NIPAmM-co-AMPS.
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3.2.1 FTIR analysis of FesOs-PD-NIPAmM-co-AMPS hydrogel

1460 cR

1546 cm—

Transmittance %

Fe,0,-PD-NIPAM-co-AMPS | |

1270 cm™
3 ' i 1172 cm™?
: 12975 cm™ ‘ Lo
13437 cm’? 3 1654 cm™;
1 ‘ " 1 " 1 " 1 " ‘ 1 " 1
3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 3.2.1 FTIR spectrum of Fe304, Fe304-PD, Fe304-PD-NIPAmM-co-AMPS

In graph 3.2.1, red color line represents FTIR spectrum of FesO4, Blue color line represents
FTIR spectrum of Fez04-PD, and violet color line represents FTIR spectrum of Fe3s04-PD-
NIPAmM-co-AMPS.

In the FesO4 FTIR line, two symbolic peaks around 1392 cm™ and 585 cm™ represent Fe-O
stretching [3-5]. So, we can say that fabrication of our desired magnetic Fe3Os is successful.

The presence of polydopamine in the FTIR of FesO4-PD indicates by two characteristic bands;
the band 1546 cm™ was ascribed due to C=N and 3437 cm™ ascribed to -OH stretching
vibration. [6-8]. The magnetic phase bands of Fe-O around 1392 cm™ and 585 cm™ are also

there. So, the fabrication of our desired FesO4-PD is successful.

In the FTIR spectrum of Fe3O4-PD-NIPAmM-co-AMPS hydrogel particle, the peak around 2975
cm ! indicates the -CH: stretching band [9-13]; the primary amide carbonyl group peaks of
AMPS and NIPAm units and the secondary amide N-H deformation peaks are indicated by
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1654 and 1546 cm™* [14-18], respectively. The peak at 1460 cm ™! indicates C-H bending of
CH> groups [19,20], at 1381 cm™* indicates the vibration of the isopropyl group [19-22], at
1270 and 1172 cm™* indicating the asymmetric and symmetric stretching of S = O bond of SO3
groups. [23-25]. From physical appearance and FT-IR analysis, it may be concluded that the
fabrication of our desired Fe3Os-PD-NIPAmM-co-AMPS hydrogels particles is successful.

3.2.2 FTIR analysis of Ni-PD-NIPAmM-co-AMPS hydrogel

1650 cm™ P
‘ 1270 cm™

B
1460cm\1\%\:

' Ni-PD-NIPAM-co-AMPS
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Figure 3.2.2 FTIR spectrum of Ni-PD-NIPAmM-co-AMPS

FTIR was used to characterize the composition and structure of Ni, Ni-PD, Ni-PD-NIPAm-co-
AMPS hydrogel particles. In graph 3.2.2, the violet color line represents FTIR spectrum of Ni,
the blue color line represents FTIR spectrum of Ni-PD, and the red color line represents FTIR
spectrum of Ni-PD-NIPAm-co-AMPS hydrogel particles.

The FTIR spectrum of Ni gives a straight line representing that the fabrication of our desired
pure Ni nanoparticles is successful. The presence of Polydopamine in the FTIR of Ni-PD

indicates by two characteristic bands; the band 1510 cm™ was ascribed to C=N and 3440 cm™
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ascribed to -OH stretching vibration. [4-6]. So, the fabrication of our desired Ni-PD is
successful.

In FTIR spectrum of Ni-PD-NIPAm-co-AMPS hydrogel particles, the peak around 2975 cm™
indicates the -CH2 stretching band [9-13]; the primary amide carbonyl group peaks of AMPS
and NIPAm units and the secondary amide N-H deformation peaks are indicated by 1654 and
1546 cm™* [14-18], respectively. The peak at 1460 cm™* indicates C-H bending of CH2 groups
[19,20], at 1381 cm ™! indicating the vibration of the isopropyl group [19-22], at 1270 and 1129
cm ! indicating the asymmetric and symmetric stretching of S = O bond of SO3 groups. [23-
25]. From physical appearance and FT-IR analysis, it may be concluded that the fabrication of
our desired Ni-PD-NIPAmM-co-AMPS hydrogel particles is successful.

3.3 Scanning Electron Microscopy (SEM)

3.3.1 Scanning Electron Microscopy (SEM) analysis of FesOs and Fes3O4-PD

nanoparticles

25 Average particle size 14nm

Frequency
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Diameter (nm)

X 100,000 5.0kV SEI
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% Average Particle size 19nm
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Figure 3.3.1 (a) SEM image of FezO4 (b) SEM image of Fe304-PD

The surface morphologies of the FesOs and Fe3Os—PD nanoparticles were monitored by
scanning electron micrographs. Figure 3.3.1(a) shows spherical and monodispersed Fe3Os
having an average diameter of ~14 nm, and Figure 3.3.1(b) shows FesOs coated with
polydopamine having an average size of ~19 nm. The creation of a 5 nm thick PD coating on
the FesO4 nano particles was suggested by the increase in particle diameter (14 nm), which is

consistent with prior results [26].
SEM analysis shows that the particle size of Fe3Oa is in nano range and particles are uniform.

It was also found that after coating the FesO4 nano particles, the dopamine coated FesO4 nano

particles size is still in the nano range and particles are uniform.
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3.3.2 Scanning Electron Microscopy (SEM) analysis of Ni and Ni-PD nanoparticles

Average particle size 58nm
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Figure 3.3.2 (a) SEM image of Ni (b) SEM image of Ni-PD

The surface morphologies of the Ni and Ni-PD nanoparticles were analyzed by scanning
electron micrographs. Figure 3.3.2 (a) shows Ni nanoparticles having an average diameter of
~58 nm, and Figure 3.3.2 (b) shows Ni coated with polydopamine having an average size of
~77.5 nm. The creation of a 19.5 nm thick PD coating on the FesOs4 nano particles was
suggested by the increase in particle diameter (58 nm), which is consistent with prior results
[27-28].

SEM analysis shows that the particle size of Ni is in nano range and particles are uniform. It
was also found that after coating the Ni nano prticles, the dopamine coated FesO4nano particles

size is still in the nano range and particles are uniform.
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3.4  Energy dispersive x-ray (EDX) spectral analysis

Element analysis of FesO4, PD-Fe304, and Ni and PD-Ni nanoparticles have been performed

by Energy Dispersive X-ray (EDX) method.
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Figure 3.4.1(a) EDX analysis for Fe3O4 (b) EDX analysis for FesOs—PD

The EDX patterns are presented in Figure 3.4.1(a) shows peaks observed at 0.525, 6.398 keV
for K lines of O, and Fe respectively. It indicates that the product is composed of Fe and O
which is FesOgs. In Figure 3.4.1(b) exhibits that the peaks appear at 0.277, 0.392, 0.525, 6.398
keV for K lines of C, N, O, and Fe, respectively. So EDX indicates that the surfaces of FezO4
nanoparticles are coated by polydopamine successfully. Two peaks appear around .9 amd 2.2
keV which are for Na and Cl. NaOH, FeCl., and FeClz were used as reactants and a minor

quantity of Cl and Na impurities were left behind with the FesO4 nano particles [29].

95



001

a 1000
900 —
800 +
700 —
600 —

Element Atom%b

% 500 — Ni 100
&)
400
&
300 7 Q =
200 4 M e
100 - Z z Z
0 f T f 1 . Py
000 1.00 200 300 400 500 600 7.00 800 900 10.00
keV
002
b
20004 —
1500 =
1600 — NZ Element Atom%
1400 A
C 37.30

z 12004 QO

= [ ]

g 1000 A N 2.51
800‘% o = 0 7.28
600 |

L) oL
400—% o =< Ni 52.92
200 | Z Z 7z
0 | | | | | [ A [ [

0.00 1.00 2.00 3.00 400 500 6.00 7.00 800 9.00 10.00
keV

Figure 3.4.2(a) EDX analysis for Ni (b) EDX analysis for Ni-PD

Figure 3.4.2(a) exhibits that the peaks appear at 0.851 keV for L cell of Ni. Figure 3.4.2(b)
shows that the peaks appear at 0.277, 0.392, 0.525 keV for K lines of C, N, O and 0.851 keV
for L cell of Ni. So EDX indicates that the surfaces of Ni nanoparticles are successfully coated
by polydopamine. Two peaks appear around .4 amd .6 keV which are for N and O. NaOH,
N2Ha4 were used as reactants and a minor quantity of O and N impurities were left behind with

the Ni nano particles.
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3.5  Dynamic light scattering (DLS)
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Figure 3.5.1(a) DLS analysis of FesO4-PD-NIPAM-co-AMPS submicrometer sized hydrogel,
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(b) DLS analysis of Ni-PD-NIPAM-co-AMPS submicrometer sized hydrogel.

DLS (dynamic light scattering) is a very powerful method for analyzing macromolecule

diffusion in solution. DLS gives a measure of particle size-dependent time-related light

scattering fluctuations (correlation function). This correlation function is first transformed into

an intensity weighted diffusion coefficient, and subsequently into an intensity weighted

hydrodynamic diameter, or Z-average value for dispersed particles [30-31].

The hydrodynamic size of Fe304-PD-NIPAM-co-AMPS and Ni-PD-NIPAM-co-AMPS gel
particles were measured by DLS. Figure 3.5.1(a) shows that the average hydrodynamic size of
Fe304-PD-NIPAM-co-AMPS nanogel particles is 403.9 nm. Figure 3.5.2(b) shows that the

average hydrodynamic size of Ni-PD-NIPAM-co-AMPS particles is 305.4 nm.
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3.6 Heavy metal removal analysis

3.6.1 Hg?removal analysis
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Figure 3.6.1 (a) Successive UV-Vis spectra of removing of Hg?* by FesO4-PD-NIPAM-co-
AMPS and Ni-PD-NIPAm-co-AMPS hydrogels particles(b) Calibration curve of Hg?*

concentration (ppm) vs absorbance (a.u.) value.

To calculate Hg?* removal efficiency, UV-vis spectra was used. For quantitative analysis, a
calibration curve of concentration (M) vs absorbance (a.u) of Hg?* has been plotted and a linear
line (y= mx) is observed. Using the calibration, the amount of Hg?* removal efficiency has
been measured. Different concentrations of Hg?* solutions were used to create the calibration
curve, and the change in absorbance was observed and reported using UV-vis spectra. The Hg?*
removal of efficiency of Fe304-PD-NIPAmM-co-AMPS submicrometer-sized hydrogel is 167
mg/g. The Hg?* removal of efficiency of Ni-PD-NIPAmM-co-AMPS submicrometer-sized

hydrogel is 162 mg/g.
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Image 3.6.2: Schematic expression of Hg?*removal from water

Hg?** was removed by the hydrogel network in different ways. There is ionic interaction

between Hg?* and SO* ion in the side chain of the polymer network. A coordination bond may

form between NH; and Hg?*. The benzene ring in the polymer chain may also form a bond

with Hg?*. Also, some Hg?" may remove by the three-dimensional structure of hydrogel

because of diffusion. The Hg?* removal efficiency of Fes04-PD-NIPAmM-co-AMPS and Ni-PD-

NIPAmM-co-AMPS hydrogels are, therefore, high.

3.6.2 Cr®removal analysis:
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Figure 3.6.3 (a) Successive UV-vis spectra of removing of Cré* by FesOs-PD-NIPAm-co-
AMPS and Ni-PD-NIPAmM-co-AMPS submicrometer-sized hydrogel (b) Calibration curve of

Cr®* concentration (ppm) vs absorbance (a.u.) value.
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To calculate Cr®* removal efficiency UV-vis spectra was used. For quantitative analysis, a
calibration curve of concentration (M) vs absorbance (a.u) has been plotted and a linear line
(y= mx) is observed. Using the calibration, the amount of Cré" removal efficiency has been
measured. Different concentrations of Cr®* solutions were used to create the calibration curve,
and the change in absorbance was observed and reported using UV-vis spectra. The Cr®*
removal of efficiency of FesOs-PD-NIPAm-co-AMPS nanogel is 8.837 mg/g. The Cr®*
removal of efficiency of Ni-PD-NIPAm-co-AMPS nanogel is 8.837 mg/g.

As Cr®* stay in the water system as Cr,O7>, HCrO*~ ions, there is no ionic interaction between
the polymer chain and Cr,07%". Some Cr.07% ions may remove from water because of diffusion.
So, Cr®* removal efficiency of FesO4-PD-NIPAM-co-AMPS and Ni-PD-NIPAM-co-AMPS is
lower than Hg?* removal efficiency. According to this study, Fe304-PD-NIPAmM-co-AMPS
and Ni-PD-NIPAm-co-AMPS are also effective in cationic solution, as are other hydrogels.

3.7 Magnetic Property of Hydrogel

Figure 3.7 (a) Initial state of Fe3O4-PD-NIPAmM-co-AMPS submicrometer-sized hydrogel
particles (b) After 50 seconds of applying magnetic force (c) Initial state of Ni-PD-NIPAm-
co-AMPS (d) After 50 seconds of applying magnetic force

After removing heavy metal ions submicrometer-sized hydrogels can separate from the
medium easily by applying external magnetic force. Under the assistance of a Rare Earth
Neodymium Magnet (70x30mm) N52 magnet, hydrogels were separated from the system. It
took 90 seconds to separate most of the heavy metal-containing Fe304-PD-NIPAmM-co-AMPS
particles from water by applying external magnetic force and 50 seconds to remove most of
the heavy metal Ni-PD-NIPAm-co-AMPS. So, initially, we can say that Ni-PD-NIPAm-co-
AMPS submicrometer-sized hydrogel particles have stronger magnetic properties than FezOs-

PD-NIPAmM-co-AMPS submicrometer-sized hydrogel particles.
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CHAPTER 4
Conclusions



Conclusions

This work has given a new vision of research towards magnetic submicrometer-sized hydrogel.
Different types of thermo and magnetic responsive nano hydrogels have been synthesized
successfully where NIPAm is used as the main monomer and AMPS is used as comonomer
where 70°C temperature is kept through the whole polymerization. Synthesized hydrogels
particles are confirmed by FT-IR analysis. AMPS is used as a comonomer to insert the ionic
component into the hydrogel. The size of submicrometer hydrogels is determined by DLS
analysis and the average hydrodynamic size of Fe3Os-PD-NIPAM-co-AMPS and Ni-PD-
NIPAM-co-AMPS hydrogel is 403.9 nm and 305.4 nm respectively. Preparing uniform size
hydrogel particle is challenging, especially when an ionic monomer is used. To overcome those
challenges SDS is used as a surfactant and TEMED is used as an accelerator. In this work, a

facile route is developed to synthesize submicrometer-sized hydrogel particles.

Hydrogels are employed to remove Hg?* and Cr®* ions, with UV-vis spectroscopy revealing
that both hydrogel particles have a high removal efficiency. It is difficult to extract hydrogel
particles from wastewater after heavy metals are removed by them. To overcome those
difficulties, the magnetic property is incorporated in the hydrogel. FesO4 and Ni are used to
develop the magnetic property into submicrometer-sized hydrogel particles. Dopamine is
coated on FesO4 and Ni nanoparticles to assist them to attach to polymer chains. At first, FezO4
and Ni nanoparticles are prepared and then coated the surface of nanoparticles by using
dopamine. The average size and atom of nanoparticles and nanocomposites are observed by
SEM and EDX analysis. Fez04-PD and Ni-PD nanoparticles have an average particle size in

the nano range, according to SEM measurements.

Finally, as submicrometer-sized hydrogels particles are incorporated with magnetic properties,
they can easily be separated from the medium after water treatment. A new door of research
has been opened up to remove various heavy metals or hazardous chemicals from wastewater.
Also, these hydrogel particles can be used in drug delivery, dye removal, drug delivery, contact
lens, biosensor, tissue engineering, food industry, and so on. Further study is being carried out
to investigate how these hydrogel particles behave in various environments, as well as how

they change when different comonomers are incorporated.
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