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CHAPTER 1

What is Hydrogel?

INTRODUCTION & LITERATURE REVIEW
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Agel is a solid, jelly-like material that can have pedges ranging
from soft and weak to hard and tough. Gels arenddfas a substantially dilute cross-
linked system, which exhibits no flow when in theasly-staté” By weight, gels are
mostly liquid, yet they behave like solids due tdheee-dimensional cross-linked
network within the liquid. It is the crosslinks wih the fluid that give a gel its
structure (hardness) and contribute to stickindask). In this way gels are a
dispersion of molecules of a liquid within a salidwhich the solid is the continuous
phase and the liquid is the discontinuous phase
Composition:

Gels consist of a solid thdemensional network that spans the volume
of a liquid medium and ensnares it through surfesesion effects. This internal
network structure may result from physical bonglsy§ical gel$ or chemical bonds
(chemical gel$, as well as crystallites or other junctions ttehainintact within the
extending fluid. Virtually any fluid can be used as extender including water
(hydrogels), oil, and air (aerogel) . Both by weighd volume, gels are mostly fluid
in composition and thus exhibit densities similaithose of their constituent liquids.
Edible jelly is a common example of a hydrogel &ad approximately the density of
water

1.1.Gel:

Types of gels:
1.1.1.Hydrogels:

Hydrogel (also called aguageln network of polymer chains that are
hydrophilic, sometimes found as a colloidal gelwhich water is the dispersion
medium. Hydrogels are highly absorbent (they cartain over 99% water) natural or
synthetic polymers. Hydrogels also possess a degfrdkexibility very similar to
natural tissue, due to their significant water et

Common uses for hydrogels include:

1.Currently used as scaffoin tissue engineering. When used as
scaffolds, hydrogels may contain human cells taairefissue. 2.Environmentally
sensitive hydrogels which are also known as 'S@atfs$’ or 'Intelligent Gels'. These
hydrogels have the ability to sense changes oftgidperature, or the concentration
of metabolite and release their load as resuluohs change. 3.As sustained-release
drug delivery systems. 4.Provide absorption, degimg and debriding of necrotic
and fibrotic tissue. 5.Hydrogels that are respamsiv specific molecules, such as
glucose or antigens, can be used as biosensorgelhsas in DDS. 6.Used in
disposable diapers where they absorb urine, aaniary napkins.
7.Contact lenses (silicone hydrogels, polyacryties) 8.EEG and ECG medical
electrodes using hydrogels composed of cross-lipgagmers (polyethylene oxide
and polyAMPS and polyvinylpyrrolidone) 9.Water gexplosives 10.Rectal drug
delivery and diagnosis
Other, less common uses include:

Breast implants, Granufes holding soil moisture in arid areas

,Dressings for healing of burn or other hard-tolhe@unds. Wound gels are excellent
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for helping to create or maintain a moist environmdReservoirs in topical drug
delivery; particularly ionic drugs, delivered bytophoresis

Common ingredients ag polyvinyl alcohol, sodium polyacrylate,
acrylate polymers and copolymers with an abundahbgdrophilic groups.
Natural hydrogel materials are being investigated tissue engineering; these
materials include agarose, methylcellulose, hyalano and other naturally derived
polymers.
1.1.2.0rganogels:

Arorganogel is a non-crystalline, non-glassy (thermoplastiolids
material composed of a liquid organic phase entdpp a three-dimensionally cross-
linked network.

The liquid can be, for example, an organic solverteral oil, or vegetable oil. The
solubility and particle dimensions of the struchirare important characteristics for
the elastic properties and firmness of the organ@jéen, these systems are based on
self-assembly of the structurant molecufe®.

Organogels have potential for use in a number opliegions, such as in
pharmaceutical®) cosmetics, art conservatith, and food® An example of
formation of an undesired thermoreversible netweskthe occurrence of wax
crystallization in petroleurf{’

1.1.3.Xerogels:

A xerogelis a solid formed from a gel by drying with unhémeld shrinkage. Xerogels
usually retain high porosity (25%) and enormougaser area (150-9004g), along
with very small pore size (1-10 nm). When solvamhoval occurs under hypercritical
(supercritical) conditions, the network does notirgh and a highly porous, low-
density material known as aerogelis produced.

Heat treatment of a xerogel at elevated tempeyapupduces viscous sintering
(shrinkage of the xerogel due to a small amountistous flow and effectively
transforms the porous gel into a dense glass.

1.2.Hydrogels( in Detail):

Hydrogels are polymenietworks those imbibe large quantity of
water without dissolving themselves. Hydrogels aontwater solubiliging groups
suchas-OH, -COOH, -NKHICONH and —-SGH .

These polymers are insoluble in water due to psehthree-diamensional network.
In the equilibrium swollen state there exists aabheé between dispersive and
cohesive forces . Cohesive forces are due to covatesslinking® | electrostatic |
hydrophobic or dipole — dipole interactiét®) . In the swollen state of hydrogel ,
characteristic properties depend upon degree anuolenaf crosslinking and tacticity
and crystallinity of polymer .

Hydrogels may or may not have ordered structurewever , structure of ordered
hydrogels resemble hydrogel of biological systemd ¢hey are highly reaction
specific and exhibit superior biocompatibilfty’.

Natural hydrogel such as those found in musctesdons ,cartilage ,intestines and
blood have ability to imbibe water without losssbiape or mechanical strendtfi .
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1.2.1.Classification of Hydrogel:
hdrogels may be of natural origin or prepared byatgmerisation of
two monomers or with some natural polymers likecstg cellulose or gelatin with
suitable monomer . These are classified with resjpetheir origin , composition and
mode of synthesi¢®®

1.2.1.1.Classification based on preparation method:

Homopolymer hydrogels (one type hydrophilic mer). Copolymer
hydrogels (two types of mers, at least one hydtaphi Multipolymer hydrogels
(more than three types of mers). Interpenetratiolyrperic hydrogels (swelling a
network of polmerl in mer2, making inteshing network of polymerl and
polymer2®’

1.2.1.2.Classification based on ionic charges:

Neutral hydrogels, Anionic Ihgdels,Cationic hydrogels, Ampholytic
hydrogels

1.2.1.3.Classification based on structure:

Amorphous hydrogels (chains randomdrranged), Semicrystalline
hydrogels (dense regions of ordered macromoleciles,crystallites) ,Hydrogen-
bonded hydrogels

1.2.1.4.Classification based on stimuli response(INTELLIGENT OR SMART
HYDROGELS)

1.2.1.5.Classification based on crosslinkinGhemically crosslinked and Physically
crosslinked., described in chapter 2)

1.2.1.6.Classification based on origin:
1.2.a.Homopolymer hydrogel&®and Co polymer hydrogels:
1.2.a.1.Poly(vinyl alcohol):

A hydrophilic polymer ; poWnqyl alcohol) (PVA) is a material that
holds tremendous promise as a biological drugdsfidevice because it is nontoxic,
hydrophilic, and exhibits good mucoadhesive proeert The linear PVA chains are
cross-linked using glyoxal, glutaraldehyde, or berand semicrystalline gels were
prepared by exposing aqueous solutions of PVAgeagng freezing and thawing by
Peppas and Hassan (2000) . Structure cross-linkigdl the quasi-permanent
crystallites. Peppas method is the preferred ntetbiopreparation as it allows for the
formation of an “ultrapure” network without the usé toxic cross-linking agents.
Ficek and Peppas (1993) used PVA gels for the seled bovine serum albumin
using novel PVA microparticles.



1.2.a.2.Poly(ethylene glycol):

Hydrogels of poly(ethylene oXIdéPEO) and poly(ethylene glycol)
(PEG) are used in biomedical applications . Threpgration techniques are used for
cross-linked PEG networks: (i) chemical cross-ingkbetween PEG chains,
(i) radiation cross-linking of PEG chains, and)(shemical reaction of mono- and
difunctional PEGs. Stringer and Peppas (1996) harepared PEO hydrogels by
radiation cross-linking . It is safe as no toxioss-linking agents are required.
Additionally, they investigated the diffusional l@tour of smaller molecular weight
drugs, such as theophylline, in these gels.

1.2.b.Hydrogel Based on Acrylic Acid ,Acrylic Estes and substituted
methacrylates or Acrylates:

Above monomers in presence of cross linkers mostiynctional
ethylene dimethacrylates (EDMA) and 3-oxopentanletigy dimethacrylates
(DEGDMA) or trifunctional crosslinking agents such as
trimethlolpropanetrimethacrylate (TPT) are alsoduse get desirable gelé®.The
most commonly used hydrogel of this class is poely2iroxyethylmehacrylate )
,poly(HEMA) @%2D it highly stable to hydrolysis because of estandé?.However
its only disadvantage is its friable nature .HoweifeHEMA is crosslinked with
ethylene diacrylate it gives pliable , soft xeragehd hydrogel§® .Properties of
poly(HEMA) can be modified by crosslinking but velgw network density is
responsible for poor mechanical strefjttand swelling®?.

Strength can be increased by incorporation of hyypopylmethacrylate (HPMA)
into the network .Swellability of HEMA can be inased by crosslinking with higher
di hydroxy alcohols and DEGDMA and 3,6,9-trioxauca®ethylene dimethacrylates
(TEGDMA)™®.Hydrogels of HEMA with superior mechanical and sié strength
can be obtained by copolymerisation with hydropbasimonomer&®.

1.2.c.Hydrogel Based onAcrylamide and substituted Acrylamide:

APolyacrylamide Gelis a separation matrix used in electrophoresis of
biomolecules, such as proteins or DNA fragmentsreHelectrophoresis means
applying an electric field to mediate the movemait particles through the
polyacrylamide gel. Acrylamide monomers undergoiaad polymerisation with
crosslinking agents to form hydrogels .A Am hydisgare crosslinked by N,N-
methylene bisacrylamide (N,N-MBAAmM). These hydragehave sufficient
hydrophilicity but are low in hydrolytic stabilitgnd tensile strength .

Radiation induced crosslirgkimf AAm and Acrylic Acid forms
transparent hydrogel useful for coating cathetewsgjcal sutures ,and antifogging
films .



1.2.c.1.Poly(N-isopropylacrylamide):

g H
1

2
N
C
0 M

CH
CHg/ CHa

Chemical structure of poly(N-isopropylacrylamide)

Poly(N-isopropylacrylamide) is a temperature-responsive polymer that was firs
synthesized in the 19568

It forms a three-dimensional hydrogel when crogslth with N,N’-methylene-bis-
acrylamide (MBAm) oN,N’-cystamine-bis-acrylamide (CBAm).

Crosslinking of Acrylamide®®?
H chain H chain
H,C=C NVVV‘—CHI—C; —AAAAA-
T
C=0 copolymerization with C=0
HII\I acrylamide (M.W.=71) l\ITH
I - I
CH, CH,
jo |
=0 N
H-C=C chain (f‘o chain
H wwwwn— CH,— C —Anann
H

"bis" Monomer (M.W.= 154)

1.2.c.2.Polyvinylpyrrolidone

Polyvinylpyrrolidone (PVP), also commonly called Polyvidone or Povidoneais
water-soluble polymer made from the monomNerinylpyrrolidone®”

PVP is soluble in water and other polar solventeeWdry it is a light flaky powder,
which readily absorbs up to 40% of its weight imaspheric water. In solution, it has
excellent wetting properties and readily forms &lm

This makes it good as a coating or an additiveottings. PVP was first synthesized
by Prof. Walter Reppe. PVP was initially used as a blood plasma sulistiind later
in a wide variety of applications in medicine, phacy, cosmetics and industrial

production'®®
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N-2-Vinyl-2-pyrrolidone(NVP) Polyvinylpyrrolidone (PVP)

It is used as a binder in many pharmaceutical tsf5f@ it simply passes through the
body when taken orally. However, autopsies havendothat crospovidone does
contribute to pulmonary vascular injury in substrabusers who have injected
pharmaceutical tablets intended for oral consumptf.PVP added to iodine forms
a complex called povidone-iodine that possessemfeisant propertie§? This
complex is used in various products like solutiamistment, pessaries, liquid soaps
and surgical scrubs. It is known for instance urtdertrade name Betadine .It is used
in pleurodesis (fusion of the pleura because oéseant pleural effusions). For this
purpose, povidone iodine is equally effective aate sas talc, and may be preferred
because of easy availability and low c8&t.

PVP is also used in many technical applications:

As adhesive in glue stick and hot melts ,as spexiditive for batteries, ceramics,
fiberglass, inks, inkjet paper and in the chemioakchanical planarization process ,as
emulsifier and disintegrant for solution polymetiaa ,

As photoresist for cathode ray tubes (CRT) ,us@doeous metal quenching ,for
production of membranes, such as dialysis and watefication filters ,as a binder
and complexation agent in agro applications suctreg protection, seed treatment
and coating ,as a thickening agent in tooth whitgmjel$® , as an aid for increasing
the solubility of drugs in liquid and semi-liquicbsage forms (syrups, soft gelatine
capsules) and as an inhibitor of recrystallisatiaa an additive to Doro's RNA
(eszf)traction buffer and as an liquid-phase disperginhancing agent in DOSY NMR
PVP is also used in personal care products, sucthasmpoos and toothpastes, in
paints, and adhesives that must be moistened, audid-style postage stamps and
envelopes. It has also been used in contact lehsigts and in steel-quenching
solutions®=® PVP is the basis of the early formulas for hamagp and hair gels, and
still continues to be a component of some.

As a food additive, PVP is a stabilizer. It is als®ed in the wine industry as a fining
agent for white wine. Other references state thayvmnyl pyrrolidone and its
derivatives are fully from mineral synthéfié origin. Therefore, its use in the
production should not be a problem for vegans.

In molecular biology, PVP can be used as a blockiggnt during Southern blot
analysis as a component of Denhardt's buffer. lalso exceptionally good at
absorbing polyphenols during DNA purification.

In microscopy, PVP is useful for making an aquemasinting mediunt®

1.2.d.INTELLIGENT OR SMART HYDROGELS “®

Hydrogels may exhibit swellingghavior dependent on the external
environment. Environmentally responsive materidievs drastic changes in their
swelling ratio due to changes in their external fgperature, ionic strength, nature
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and composition of the swelling agent, enzymaticteemical reaction, and electrical

or magnetic stimuli (Peppas, 1993). The abilityblf or temperature-responsive gels
to exhibit rapid changes in their swelling behawaod pore structure in response to
changes in environmental conditions lend these matgdavourable characteristics as
carriers for bioactive agents, including peptided aroteins. This type of behavior

may allow these materials to serve as self-regtlquelsatile drug delivery systems.

1.2.d.1.pH-Sensitive Hydrogels:

These hydrogels are swoibtenic networks containing either acidic or
basic pendant groups. In agqueous media of appteppid and ionic strength, the
pendant groups can ionize developing fixed chaayeshe gel. All ionic materials
exhibit a pH and ionic strength sensitivity.

The mesh size of the polymeric networks can chasigeificantly with small pH
changes. These gels typically contain side ionesalde groups such as carboxylic
acids or amine groups.

The most commonly studied ionic polymers includdy@erylamide) (PAAmM),
poly(acrylic acid) (PAA), poly(methacrylic acid) MAA), poly(diethylaminoethyl
methacrylate) (PDEAEMA), and poly(dimethylaminodthy methacrylate)
(PDMAEMA). The swelling and release characteristafsanionic copolymers of
PMAA and PHEMA (PHEMAeo-MAA) have been investigated.

In acidic media, the gels did not swell signifitgn however, in neutral or basic
media, the gels swelled to a high degree becausenafation of the pendant acid
group. Brannon-Peppas and Peppas (1991) havetaliiedsthe oscillatory swelling
behavior of these gels.

1.2.d.2.Temperature Sensitive Hydrogels:

Temperature-sensitive polymers typically exhibit lawer critical solution
temperature (LCST), below which the polymer is bdu

Above this temperature, the polymers are typicajglrophobic and do not swell
significantly in water (Kim, 1996). However, belaive LCST, the crosslinked gel
swells to significantly higher degrees becausehef increased compatibility with
water. Cross-linked polisopropyl acrylamide) (PNIPAAmM) is prepared having
LCST 34.3C. Below this temperature, significant gel swellimgcurred. The
transition about this point was reversible. Thasraon temperature can be raised by
copolymerizing PNIPAAmM with small amounts of ionimonomers. Dong and
Hoffman (1991) prepared heterogeneous gels contaifNIPAAmM that collapsed at
significantly faster rates than homopolymers of PAAmM. Yoshidaet al (1995) and
Kaneko et al (1996) developed an ingenious method to prepamebetype graft
hydrogels of PNIPAAmM. The main chain of the craskdd PNIPAAmM contained
small-molecular-weight grafts of PNIPAAmM. Under ddions of gel collapse (above
rapid collapse. These materials had the abilitycotlapse from a fully swollen
conformation in less than 20 minutes, whereas coahpa gels that did not contain
graft chains required up to a month to fully colap Such systems show major
promise for rapid and abrupt or oscillatory releafdrugs, peptides, or proteins.
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1.2.d.3.Complexing Hydrogels:

Some hydrogels may exhibitvironmental sensitivity due to the
formation of polymer complexes. Polymer complexesiasoluble, macromolecular
structures formed by the noncovalent associatiopabymers with affinity for one
another. The complexes form as a result of thecszsson of repeating units on
different chains (interpolymer complexes) or onaafe regions of the same chain
(intrapolymer complexes). Polymer complexes aressi@ed by the nature of the
association ; as stereocomplexes, polyelectrolpeptexes, or hydrogen-bonded
complexes. The stability of the associations isetielent on such factors as the nature
of the swelling agent, temperature, type of dissmtumedium, pH and ionic strength,
network composition and structure, and length efitheracting polymer chains.

In this type of gel, complex formation results live tformation of physical cross-links
in the gel. As the degree of effective cross-ligkis increased, the network mesh size
and degree of swelling is significantly reduced. asesult, if hydrogels are used as
drug carriers, the rate of drug release will deseedramatically upon the formation of
interpolymer complexes. Bell and Peppas (1995) hdigeussed a class of graft
copolymer gels of PMAA grafted with PEG, poly(MAGEG).

These gels exhibited pH-dependent swelling behadi@ to the presence of acidic
pendant groups and the formation of interpolymemglexes between the ether
groups on the graft chains and protonated pendanipg. In these covalently cross-
linked, complexing poly(MAAg-EG) hydrogels, complexation resulted in the
formation of temporary physical cross-links duehtgrogen bonding between the
PEG grafts and the PMAA pendant groups.

The physical cross-links were reversible in naamd dependent on the pH and ionic
strength of the environment. As a result, theseptering hydrogels exhibit drastic
changes in their mesh size in response to smalhgedsaof pH. Promising new
methods for the delivery of chemotherapeutic agersing hydrogels have been
recently reported.

Novel biorecognizable sugar-containing copolymeasehbeen investigated for the
use in targeted delivery of anti-cancer drugs.

Petersoret al (1996) have used polN{2-hydroxypropyl methacrylamide) carriers
for the treatment of ovarian cancer.

1.2.e.Hydrogels based on origff®
1.2.e.1.Hydrogels based on natural polymers:

Natural biodegradable podysy such as hyaluronic Acidiprin ,
collagen, gelatin (produced by partial hydrolysis of cokay, and chondroitin
sulphate, have inherent biocompatibility and indsjgecific cell-material interactions.
Other polysaccharides such as alginate, dextratosan, and pullulan have also often
been applied. Many of these polymers are biocorlgataind depending on their
molecular weight they may be excreted by the kign&pructural elements of several
important polysaccharides are shown in Figureeptide sequences, synthesized by
solid-phase peptide synthesis or by genetic engmgeare increasingly used as
components for the preparation of hydrogels. Peptidsed for the preparation of
hydrogels can perform a specific function, suckrasslinking, cell adhesion,
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enzymatic degradation and heparin binding. The ntmawback of these peptide
containing biomaterials is their time-consuming andtly synthesis.

1.2.e.2.Hydrogels based on synthetic materials:

The most commonly used synthetic hydrogels are doase poly(ethylene glycol)
(PEG). Due to its high hydrophilicity PEG shows digrany interactions with
proteins and can be excreted through the kidneystoupnolecular weights of
approximately 30,000. Amphiphilic block copolymersnsisting of hydrophilic PEG
blocks and hydrophobic blocks have been widely iegpfor the preparation of
hydrogels

Figure (a). PLA and PLGA have been mostly usedasydrophobic blocks. Other
hydrophobic blocks include PCL and poly(D,L-3-méttycolide) (PMG). These
amphiphilic block copolymers self-assemble in walee to hydrophobic interactions
and may form physically crosslinked hydrogels. PE& also been derivatized
withpolymerizable (meth)acrylate groups for the niation of hydrogels by
photoirradiation or redox initiation. Another oftarsed biocompatible polymer is
poly(vinyl alcohol) (PVA). Similar to PEG, this poher is protein repellant with the
additional advantage that its many hydroxyl growgkow for easy chemical
modification. PVA hydrogels have been mostly form®dphotopolymerization of
(degradable) PVA (meth)acrylate derivatives Figa)e Poly(N-isopropylacrylamide)
(PNIPAAM) (co)polymers have also been investigatethiomaterials.
Poly(organophosphazenes) present a new type ofrialatehat degrade through
hydrolysis. They may be prepared with a varietgide groups, thus offering a wide
range of material properties.

Although hydrophilic polymers may be ested by the kidneys dependent on
their molecular weight, they become non-soluble nmhihey are chemically
crosslinked to form hydrogels. To allow for the dhtation of hydrogels based
on water-soluble, non-biodegradable polymers, aghPEG, PVA and PNIPAAm,
biodegradable sequences, such as BLAlegradable peptide sequenceshave to be
incorporated in the hydrogel network.

1.2.e.3.Hybrid hydrogels based on both synthetic @matural materials:

Cell-responsive hybrid hygets have been prepared by using a
combination of PEG and additives such as chondraitilphate, collagen mimetic
peptide and cell-adhesion and enzyme cleavableidespT emperature-responsive
hybrid hydrogels have been prepared by combinitgrabpolymers with PNIPAAmM.
Hybrid hydrogels that are pH-sensitive have beerpared by combining natural
polymers with poly(acrylic acid). Natural polymehnave also been combined with
PLA to obtain degradable hydrogels and to tunestheling properties.
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Figure (a). PEG- poly(hydroxy acid) block copolymes used for hydrogel

Figure(b). Structural elements of polysaccharides sed for hydrogel preparation
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1.3.Properties of Hydrogels:
1.3.1.Mechanical Properties:

For non biodegradable applicajoit is essential that the carrier gel
matrix maintain physical and mechanical integridechanical stability of the gel is,
therefore, an important consideration when desgrantherapeutic system. For
example, drugs and other biomolecules must be geatefrom the harmful
environments in the body such as, extreme pH enrient before it is released at the
required site. To this end, the carrier gel musalde to maintain its physical integrity
and mechanical strength in order to prove an effedtiomaterial. The strength of the
material can be increased by incorporating crosisigh agents, co monomers, and
increasing degree of crosslinking.

There is however an optimum degree of crosslinkiag, a higher degree of
crosslinking also leads to brittleness and lesstielty. Elasticity of the gel is

important to give flexibility to the crosslinked ains, to facilitate movement of
incorporated bioactive agent. Thus a compromisevd®t mechanical strength and
flexibility is necessary for appropriate use of¢benaterials.

1.3.2.Biocompatible Properties:

It is important for simetic materials, such as hydrogels, to be
biocompatible and nontoxic in order for it to beiseful biomedical polymer. Most
polymers used for biomedical application must passytotoxicity and in-vivo
toxicity tests.

Most toxicity problems associated with hydrogeiseadue to unreacted monomers,
oligomers and initiators that leach out during &gtlon. Thus an assessment of the
potential toxicity of all materials used for fakaton of gel is an integral part of
determining suitability of the gel for biologicgb@lications.

To lower chances of toxic effects, the use ofiatars is being eliminated, with the
advent of gamma irradiation as polymerization téphe. Steps are also taken to
eliminate contaminants from hydrogels, by repeatedhing and treatment. Also
kinetics of polymerization has been studied, stoaachieve higher conversion rates,
and avoid unreacted monomers and side products.

1.3.3. Equilibrium properties of Hydrogels:

1.3.3.1Volume phase transition in Hydrogels:

When swelling equilibria of N-stibsted acrylamide gels, such as N-
isopropylacrylamide,N-n-propylacrylamide, Ncyclopyacrylamide, N-
ethoxyethylacrylamide gel@i‘o), were measured in water at various temperatute. |
was observed that the gels showed thermoshrirdsvedling behaviors and that the
swelling behaviors were strongly dependent on tfsubktitutes.
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Swelling equilibria of the N-isopropylacrylamidel geesre measured in
the presence of additives (salts and organic comggju The additives did not affect
the swelling ratio but depressed the transitionpemature.lt is also observed that
volume phase transitions also affected by extestuaduli (pH, light ,temperature and
electric field).
1.3.3.1.1.Effect of hydrotropes on volume phase tngition :

In the volume phase transition (VPT) exhibited bylygN-
isopropylacrylamide) hydrogels the effect of hydopes on VPT was monitoréd.
Hydroxybenzenes, hydroxybenzoates, and benzeneatdfy which constitute the
class of hydrotropes, permit an assessment ofesufilecular and structural features
on the VPT because ortho, meta, and para isomiées i their hydrotropy.

Among the compounds studied, in a selected coratent range it was observed that
dihydroxybenzoic acid was the most efficient in éimg the transition temperature
and salicylate anion raises the transition tempegathilem-hydroxybenzoate offers

minimum perturbation. The results are indicativeeafropic cooperativity of many

interactions stabilizing a conformation as the idigvforce for the volume phase
transition.

1.3.3.1.2.Effect of chemical structure on the volugtphase transition:

Neutral polisopropylacrylamide) (PIPAAM), POIN;N-
diethylacrylamide) (PDEAAmM), and poNisopropylmethacrylamide) (PIPMAmM)
hydrogels and their weakly charged counterffatwere studied using ultrasmall-
angle x-ray scattering. The volume-phase transitionydrogels was observed as an
increase in the inhomogeneity correlation lengthtited networks. The change in
inhomogeneity correlation length was abrupt in rdUIPAAM and PIPMAmM gels
with increase in temperature but was continuousetral PDEAAmM gels. Addition
of ionic comonomer to the network backbone supga$ise volume-phase transition
in poly(N-alkylacrylamide)s but not in PIPMAmM.

The observed differences in temperature-inducedimel change of these three
polymers in water were explained by considering tilgdrogen-bonding constraints
on their thermal fluctuations. Both PIPAAmM and PD&EA undergo volume collapse
since their thermal fluctuations are constrainedhyyrogen bonding with water to an
extent that beyond a critical temperature they ssgkopic compensation. Although
thermal fluctuations in both PIPAAmM and PIPMAmM aaually constrained, thermal
energy of the latter can be relaxed via the ratatd a-methyl groups allowing it
greater flexibility.
1.3.3.1.3.Effect of Hydrolysis and Temperature onthe Volume-phase
transitions:

The degree of hydrolysis of togel also affects its VPT in a significant
way. The unhydrolyzed hydrogels show only contimio/PT but with 60%
hydrolysis in alkaline solution , volume changeréases 500 fold$**%. Acetone
concentration at which volume transition occurgeases with degree of hydrolysis
VPT also occurs on temperature variatiéi“®. Hydrogels swells at higher
temperature but collapses at lower temperaturduri® transition of N-i-PAAmM
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sodium acrylate copolymer gels in pure water isuacfion of temperature for
copolymer compositioné”.

It has been observed that with increase in ionesabbups , volume changes at the
transition increases and so does transition tesmtyner .

1.3.3.1.4.Effect opH and lonic strength on the Volume-phase transitins:

Reversible phase transitioniafic gels responds tpH “® and ion
composition®. Discontinuous volume phase transitions in ioniaedylamide gels
“3) . Presence of fixed charges on macromoleculanstdgtermine large swelling of
polymer due to equilibrium established betweenagel external solution whose ionic
strength strongly affects degree of swelling . @Qnation of pH or addition of salt to
solvent , effective number of counter ions alsoiesras does the ionic osmotic
pressure and hence swelling get affected .
1.3.4.Dynamic Properties of Hydrogels:

Polymeric network of a gel isnstantly in random thermal motion
giving rise to space and time fluctuation of polymdensity . These density
fluctuations reveal fundamental properties of gat&l can be observed by light
scatterin§°>¥ or neutron scattering techniq(rés®.

Viscoelastic quantities have been investigated asination of temperature and
polymeric network®®>") Temperature dependence of light scattering reveitisal
behaviour of gels as temperature approaches d¢rtimiats , intensity of scattered
light increases to infinity and relaxation timewstodown to zer&®.

1.3.5.Kinetic properties of hydrogels:

The most important properfyhgdrogel is its ability to imbibe water
while elasticity of stretched network opposes osmsivelling . Resultant of these
two forces is swelling pressure and a pressure segboon hydrogel that stops
swelling equals the instantaneous swelling pressure
If the osmotic pressure of a solution in contadhvgel is increased by presence of
solute , swelling pressure increases and swellegyehses . The swelling pressure
(Psw) Obeys the empirical relationship :

Psw = KxC"

Here K and n are constants with values between 3aadd C is polymer network
concentratio®®. Thus, swelling pressure exponentialy with polymm@ncentration .
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1.4.Applications of Hydrogels:

1.4.1.Applications of Hydrogels in Drug Delivery:

Advances in recombinant protéacthnology have identified several
protein and peptide therapeutics for disease treattnHowever, the problem which
plagued researchers was how to effectively deliiese biomolecules. Due to their
large molecular weight, and three dimensional stine¢ the most commonly used
route for drug administration is by intravenousobcutaneous injection.

Unfortunately proteins and peptides arenprto proteolytic degradation, thus
they experience short plasma circulation times r@pid renal clearance, leading to
multiple daily injections or increased dosage imleorto maintain the required
drugtherapeutic levels . Multiple injections anfficlilt for the patient, while high
doses might be toxic, and induce serious immungeorese. Hydrophobic polymeric
controlled release formulations, such as PLGA, raffesustained release mechanism
in which drug release rates can manipulated by gihgnpolymer molecular weight
and composition.

These polymers however induce adverse effectsheoencapsulated proteins or
peptides during network preparation and delivéty as well as trigger the immune
response. Hydrophilic hydrogels, on the other hamdyide relatively mild network
fabrication technique and drug encapsulation canét making them the ideal
material for use in drug delivery. Thus hydrogets primarily used for encapsulation
of bioactive materials and their subsequent coletlotelease. If designed properly,
hydrogels can be used in a variety of applicatisush as sustained, targeted, or
stealth biomolecule delivery. Hydrogel based deliaevices can be used for oral,
ocular, epidermal and subcutaneous application.Figel.1 below indicates various
sites that are available for the application of nogels for drug delivery. These
applications are discussed in detail below.

1.4.1.1.Drug Delivery in the Gl Tract:

The ease of administration dofigs, and the large surface area for
absorption makes the Gl tract most popular routelfog delivery.
It is however, also a very complex route, so thasatile approaches are needed to
deliver drugs for effective therapy. Hydrogel-basegtices can be designed to deliver
drugs locally to specific sites in the Gl tract.r Fexample, Patel and Amiff"
proposed stomach —specific antibiotic drug deliveygtems for the treatment of
Helicobacter pylori infection in peptic ulcer disease. They developedionic
hydrogels with pH sensitive swelling and drug retegroperties for antibiotic
delivery in the acidic environment of the stomathere are still many drawbacks for
peroral delivery of peptides and proteins to Gktirdike protein inactivation by
digestive enzymes in the Gl tract and poor epidh@ermeability of the drugs.
However certain hydrogels may overcome some @$dhproblems by appropriate
molecular design or formulation. For example Akimﬁ‘f) reported novel peroral
dosage forms of hydrogel formulations with proteadebitory activities. Recently
oral insulin delivery using pH responsive compléxahydrogels was reportéd .



15

The hydrogels used were crosslinked copolymers MMR with graft chains of
polyethylene glycol

Ocular

Oral cavity

Stomach Transdermal
sman f § o R

intestine

Subcutaneous

implants
Colon
Vagina
Rectum

Figure 1.1 Tissue location§” applicable for hydrogel based drug delivery
systems .

These hydrogels protect the insulin in the harsidi@a environment of the stomach
before releasing the drug in the small intestine.

The colonic region has also been considered asssilge absorption site for orally
administered proteins and peptides, mostly due towaer proteolytic activity in
comparison to that in the small intestine. Sevéradrogels are currently being
investigated as potential devices for colon-speaifiug delivery. These include
chemically or physically crosslinked polysacchasideich as dextrafi”, guar gum
% and insulin®®. They are designed to be highly swollen or degtadé¢he presence
of colonic enzymes or microflora, providing colgpesificity in drug delivery.

1.4.1.2.Rectal Delivery:

This route has been used to deliwany types of drugs for treatment of
diseases associated with the rectum, such as heomsr This route is an ideal way
to administer drugs suffering heavy first-pass inetiam. There are however, some
drawbacks associated with rectal delivery.

For example, due to discomfort arising from giversabe forms, there is substantial
variability in patients acceptance of treatment Also, if drugs diffuslg of the
suppositories are delivered in an uncontrolled regntiey are unable to be retained
at a specific position in the rectum, and tend
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to migrate upwards to the colon. This leads toatemn of availability of drugs,
especially those that undergo extensive first-péissnation.

Hydrogels offer a way in which to overcome thesuititions, provided that the
hydrogels show bioadhesive properties. It was tepof®” that increased
bioavailability of propanol subject to extensivesfipass metabolism was observed by
adding certain mucoadhesive polymeric compoundgotoxamer —based thermally
gelling suppositories. The polymeric compounds eéstvere polycarbophil and
sodium alginate. Miyazaki et af®® investigated the potential application of
xyloglucan gels with a thermal gelling propertymaatrices for drug delivery. Another
important issue in rectal drug delivery is to aveettal irritation. The products
discussed above, indicated no such mucosal iottatfter drug administration.

1.4.1.3.0cular Delivery:

Drug delivery to the eyedifficult due to its protective mechanisms,
such as effective tear drainage, blinking, and pesmeability of the cornea . Thus,
eye drops containing drug solution tends to beieated rapidly from the eye and the
drugs show limited absorption, leading to poor bplmic bioavailability. Due to the
short retention time, a frequent dosing regimendsessary for required therapeutic
efficacy. These challenges have motivated reseerctee develop drug delivery
systems that provide prolonged residence time.

The earlier dosage forms, such as suspensioniatrdemts could be retained in the
eye, but sometimes gave patients an unpleasamgddmtcause of the nature of solids
and semisolids. Hydrogels, because of their elgstiperties can represent an ocular
drainage-resistant device. In-situ forming hydregale attractive as an ocular drug
delivery system because of their facility in dosasga liquid, and long term retention
property as a gel after dosing.

Cohen et a®? developed an in-situ gelling system of alginatéhviigh gluronic acid
contents for the ophthalmic delivery of pilocarpiit@is system extended the duration
of the pilocarpine to 10 hr, compared to 3 hr whéacarpine nitrate was dosed as a
solution. Chetoni et & reported silicone rubber hydrogel composite opintic
inserts.

An in-vivo study using rabbits showed a prolongelbase of oxytetracycline from
the inserts for several days.

1.4.1.4.Transdermal Delivery:

Drug delivery to the skin Hmeen generally used to treat skin diseases or
for disinfection of the skin. In recent years, howea transdermal route for the
delivery of drugs has been investigated. Swolledrbgels can be delivered for long
duration and can be easily removed. These hydrageisalso bypass hepatic first-
class metabolism, and are more comfortable fop#teent.

Hydrogel based delivery devices have been propbseSun et al®® | such as
composite membranes of crosslinked PHEMA with aevopolyester support.



17

Also hydrogels have been repoff8d which have been obtained by the
copolymerization of bovine serum albumin (BSA) &18G. These hydrogels can be
used as controlled release

devices in the field of wound dressing. Hubf&llhas also carried out extensive
research on in-situ photopolymerization made frerminally diacrylated ABA block
copolymers of lactic acid oligomers (A) and PEG (B) barriers and local drug
delivery in the control of wound healing. Curreaesearch in this field is now focused
on electrically-assisted delivery using iontoph&xesd electroporatiétt. Hydrogel-
based formulations are being looked at for tramsdériontophoresis to obtain
enhanced permeation of products in question sudmoasione$® and nicotine.

1.4.1.5.Subcutaneous Delivery:

Among the varied possible pharmécal applications of hydrogels, the
most substantial application is probably in impédohe therapeutics. Implantable
devices that are subcutaneously inserted tendid¢t imnmune response of the body,
leading to inflammation, carcinogenicity and immganicity. Thus biocompatibility
becomes a major issue, and all implantable maseralst be compatible with the
body. Hydrogels are an ideal candidate for implaletanaterials.

They have high water content, environment sinmdabiological tissue, making them
relatively biocompatible. They also have other jprtips which make them a viable
choice'?; (1) minimal mechanical irritation upon in-vivmplantation due to their
soft, elastic properties (2) prevention of protabsorption and cell adhesion arising
from the low interfacial tension between water &ydrogels (3) broad acceptability
for individual drugs with different hydrophilicitteand molecular sizes, and (4) can
manipulate crosslinking density and swelling folease of incorporated drug in
specific manner. Thus hydrogels are an ideal natéo be used for delivery of
proteins and peptides. Hydrogel formulations fdscsutaneous delivery of anticancer
drugs have been proposed.

For example, crosslinked PHEMA was applied to @bate (Ara-C) .

Current studies on implantable hydrogels are leadowards the development of
biodegradable systems, which @brequire surgical removal once the drug has been
administered. Biodegradable PEG hydrogels are atalwe forefront of this research,
and several novel systems have been developed.typeeis synthesized via a
polycondensation reaction between functional PEi@saand branched PEG polyols.
Another type is PEG based hydrogels having funatigmoups in which the protein
drugs can be covalently attached to the gel netwiark

ester linkages. In this case, the release of theabilized proteins would be
controlled by the hydrolysis of ester linkage bedawe¢he gel and protein, followed by
diffusion of protein, and degradation of gel.

1.4.2.Applications of Hydrogels in Tissue engineerg:

Afibrin scaffold is a network of protein that holds together angpsuts a
variety of living tissues. It is produced naturdbly the body after injury, but also can
be engineered as a tissue substitute to speedifpedhe scaffold consists of naturally
occurring biomaterials composed of a cross-linkiedrf network and has a broad use
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in biomedical applications. Fibrin consists of theod proteins fibrinogen and
thrombin which participate in blood clotting. Fibrglue or fibrin sealant is also
referred to as a fibrin based scaffold and usedotatrol surgical bleeding, speed
wound healing, seal off hollow body organs or cdvelles made by standard sutures,
and provide slow-release delivery of medicationke liantibiotics to tissues
exposed’>"¥

Fibrin scaffold use is helpful in repairing injusigo the urinary tradf® liver®
lung " spleer® kidney and hear?® In biomedical research, fibrin scaffolds
have been used to fill bone cavities, repair nesjrbeart valve$? vascular graff&?
and the surface of the eye.

1.4.3.Application of Hydrogel in Agriculture®®:

There are two main types ofi@dtural hydrogels, each with its own
purpose. Both are polyacrylamide (PAM) polymerst the linear PAM is used
primarily for the prevention of soil erosi6fl, while the cross-linked PAM is used to
absorb large quantities of water and then relelaseer time (known as Reclaiming
and Ameliorating Polymer Gel) . The latter canfinend in garden stores under the
name of "super-absorbent crystals” or somethinglainThe effectiveness of linear
PAM has been proven many times over the last seyeeaas, while the use of cross-
linked PAM is under some debate, as certain sall emvironmental conditions can
force variable results.

Hydrogels has also been used for fixation of hédbi ,for controlled release of
insecticides and fertilizers .

1.4.4.Applications of Hydrogels in Biosensor:

Hydrogels are valuable matsrfar use in biosensof&” . They can be
used for immobilization as well as for creatingtpating layers controlling diffusion
and enhancing biocompatibility. Highly stable biosers use hydrogels for
entrapment of enzymes on microelectrodes.

Fluorescent glucose biosensorare devices that measure the concentration of
glucose in diabetic patients by means of sensjire¢ein that relays the concentration
by means of fluorescence, an alternative to ampetracrsension of glucose.

The majority of these sensors, rely on entrappiegorotein in hydrogels, as these are
more sturdy and protect the protein more than alsirmoating or membrane.

Several types of hydrogel exist that have been tsedtrap small molecules such as
dyes®) biomolecules, such as enzyfif=r whole cell$®"® In the case of protein,
they can work either by physically entrapping thet@n having pores smaller than
the proteins or by chemical linkage of the prot&inthe matrix. In physically
entrapping gels, the protein has to be added whengel is crosslinked, so the
conditions used must not damage the protein, ekgjutie hydrogel.

Microarrays based on poly(ethylene glycol)(PEG) rbogel is responsive to phenol
and carry out enzyme-catalyzed oxidation of phe@agiroduce quinones , thus used
in biosensor based on phefidi

A poly(vinyl alcohol) (PVA) cross-linked with polg€rylic acid) (PAA) swells with
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pH as a result of an osmotic effect. Reversiblellsvgeof a PVA/PAA hydrogel
sensitive to pH, resulting in refractive index chas in the hydrogel layer, providing
information on the stage of the wound healing ps&t®

A biotin-coated quartz crystal microbalance (QCMipcwas prepared by dip-coating
a long-chain alkanethiol-modified crystal with poepled dextran-biotin hydrogels.
The resulting biotin chip was used to affinity-imioiize streptavidin (SAv) and was
then further employed for various biosensor ass@yg., in immunoassay and
peptide-displaying cell detectiorj?-

Poly (ethylene glycol) (PEG) hydrogel photopattegnwas employed to Enzyme-
based electrodes ,( an important class of biosshsdrere byproducts of enzymatic
breakdown of an analyte are detected electrochdigfféa

1.4.5.Hydrogel in environmental study:

Hydrogels, based on 2-anjto-2-methyl-1-propansulfonic acid

(AMPS) ©® were synthesized via photopolymerization technigund used for the
preparation of magnetic responsive composite hyelsog hese composite hydrogels
with magnetic properties were further utilized fioe removal of toxic metal ions such
as Cd(l1), Co(ll), Fe(ll), Pb(11), Ni(l1), Cu(ll) ad Cr(lll) from aqueous environments.
The magnetic nanoparticles (MNPs) were prepared situ process in
poly(acrylamide)-gum acacia (PAM-GA) hydrod&ls. These hydrogel magnetic
nanocomposites were utilized for the removal ofidonetal ions such as Co (ll), Ni
(i), Cu (1) and protein purification. (PAM-GA) tdrogels were synthesized by
employing free radical polymerization usihgN-methylenebisacrylamide (MBA) as
cross-linker andammonium persulféNeM,N1,N1-tetramethylethylenediamine
(APS/TMEDA) as redoxinitiating pair.

Uranyl ion adsorption from aqueagdutions has been investigated by
chemically crosslinked acrylamide/sodium acryl@A$A) hydrogelS®.

Application of poly (3-Acrylagdpropyl)-trimethylammonium chloride
(PAPTMACI) hydrogelS® were synthesized in the form of small cylindersthw
using N, N’-methylene-bisacrylamide (MBA) as crasisér. N,N,N’,N’-
tetramethylethylenediamine (TEMED) was used as @elarator, and ammonium
persulfate (APS) was used as redox initiator. asimnts for removal of toxic anions
such as arsenate from water were investigated.

Anionic poly(sodium acrylate)AlRa®” |, hydrogels bearing negatively
charged —COOgroups were used as sorbents for the removal lofexb organic or
inorganic model pollutants, namely Crystal VioletdaCu(ll), from water. It was
found that PANa hydrogels adsorb stronger Cu(lhsidhan Crystal Violet, as a
consequence of the formation of coordination coxgsebetween the hydrogel and
the metal ions, while just electrostatic interagticare the major driving forces for
Crystal Violet.

Removal of Pbgll) and Cd(ll) snfrom aqueous solutions using
guanidine modified hydrogéf&
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1.5.Aims and Obijctives of This
Project

1.To use Natural resources to get Hydrogel.




CHAPTER 2
SYNTHESIS OF
HYDROGEL
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2.1.Preparation Methods of Hydrogels

Hydrogels are polymeric netkg This implies that crosslinks have to
be present in order to avoid dissolution of therbpdilic polymer chain in aqueous
solution.Hydrogels are most frequently used fortamled release of bioactive agents
and for encapsulation of cells and biomoleculesmbny of these cases the three
dimensional structure of the hydrogels have tontegjrate into harmless non toxic
products to ensure biocompatibility of the gel. Tlagure of the degradation products
can be tailored by a proper selection of the hyelrdilding blocks. Keeping this
consideration in mind, various chemical and physicasslinking methods are used
today for the design of biocompatible hydrogelse@ifcally crosslinked gels have
ionic or covalent bonds between polymer chains.nEtt®ugh this leads to more
mechanical stability, some of the crosslinking dgamsed can be toxic, and give
unwanted reactions, thus rendering the hydrogelitaide for biological use. These
adverse effects can be removed with the use ofigddlys crosslinked gels. In
physically crosslinked gels, dissolution is preeehby physical interactions between
different polymer chains. Both of these methods wsed today for preparation of
synthetic hydrogels and are discussed in detailthis paper, the hydrogels were
crossslinked via free radical polymerization on@sgre to UV radiation, without the
use of a crosslinking agent.

2.1.1. Chemically Crosslinked Gels

As stated earlier, chemicallpsslinked gels are mechanically quite
stable due to the ionic and covalent bond which pisas these gels. However the
addition of crosslinking agent leads to adverseatéfif the compound is toxic, which
on liberation in the body becomes quite harmfule Marious methods for chemical
crosslinking are as follows:

Crosslinking of Polymers

In this method chentlicarosslinked gels are formed by radical
polymerization of low molecular weight monomers,bwanched homopolymers, or
copolymers in the presence of crosslinking agehts Teaction is mostly carried out
in solution for biomedical applications. Most hydhilic polymers have pendant
hydroxyl group, thus agents such as aldehydes,icraahel oxalic acid, dimethylurea,
diisocyanates etc that condense when organic hybrgxoups are used as
crosslinking agents.

The solvent used for these reactions is usuallienvdut methanol, ethanol and
benzyl alcohol have also been used. These soleantbe used only if after formation
of network structure, the solvent can be exchangddwater.
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End-linking and crosslinking reactions may alsourdn the absence of cross-linking
agents if a free radical initiator can be used wharms free radicals in the backbone
chain.

2.1.1.1 Copolymerization/Crosslinking Reactions

Copolymerization reactiorre aised to produce polymer gels, Many
hydrogels are produced in this fashion, for examgdely (hydroxyalkyl
methylacrylates). Initiators used in these reastiare radical and anionic initiators.
Various initiators are used, such as Azobisisolumiyrile (AIBN), benzoyl peroxide
etc. Solvents can be added during the reactionewredse the viscosity of the
solution.

2.1.1.2.Crosslinking by High Energy Radiation

High energy radiationck as gamnga?and electron beam radiation
can be used to polymerize unsaturated compoundsterWsoluble polymers
derivatized with vinyl groups can be converted ihtgdrogels using high energy
radiation. For example, PEG derivatized to PEGDA darm hydrogels once
irradiated with UV radiations. Polymers without &dihal vinyl groups can also be
crosslinked via radiation. On exposure to gammaealectron beam radiation, aqueous
solutions of polymers form radicals on the polynebiains (e.g by the hemolytic
scission of C-H bonds). Also the radiolysis of wateolecules generates the
formation of hydroxyl groups which can attack pogmthains also resulting in the
formation of microradicals. Recombination of theseroradicals on different chains
results in the formation of covalent bonds andIfnim a crosslinked structure. The
swelling and permeability characteristics of thel gepend on the extent of
polymerization, a function of polymer and radiatidnse (in general crosslinking
density increases with increasing radiation doEkeg.
advantage of using this process for gel formatsothat in can be done in water under
mild conditions without the use of a crosslinkingeat. However there are some
drawbacks to using this method, the bioactive meltéras to be loaded after gel
formation, as irradiation might damage the ager$oAn some gels like PEG and
PVA, the crosslinks consist of C-C bonds, whichravebiodegradable.

Crosslinking Using Enzymes

Recently a new method was publisﬁ?—:&ﬂsing an enzyme to synthesize PEG-based
hydrogels. A tetrahydroxy PEG was functionalizedhwaddition of glutaminyl
groups and networks were formed by addition ofdglutaminase into solution of
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PEG and poly (lysine-cophenylalanine). This enzyatalyzed reaction between
carboxamide group of PEG and theamine group of lysine to obtain an amide
linkage between polymers. The gel properties catalbered by changing ratios of
PEG and lysine.

2.1.2. Physically Crosslinked Gels

Chemically crosslinked getgply use of a crosslinking agent, which is
often toxic. This requires that the crosslinkingiaigbe removed from gel, which can
affect the gel integrity. For these reasons, plasicrosslinked gels are now coming
into prominence. Several methods have been inwastigexploring preparation of
physically crosslinked gels. Below are mentionedhaoof the most widely used
methods and their areas of application.

2.1.2.1. Crosslinking by lonic Interactions

An example of crosslinking vianic interactions is crosslinking of
Alginate. Alginate consists of glucuronic acid cegs and mannuronic residues and
can be crosslinked by calcium ions. Crosslinkingn &g carried out at normal
temperature and pH. These gels are used as matrentapsulation of cells and for
release of proteins. Also Chitosan based hydrogats,well as dextran based
hydrogels, crosslinked with potassium ions are atber gels synthesized with ionic
interactions. In addition to anionic polymers beicrgsslinked with metallic ions,
hydrogels can also be obtained by complexatiorobfgmions and polycations.

2.1.2.2. Crosslinking by Crystallization

An aqueous solution of PVAatthundergoes a freeze-thaw process
yields a strong highly elastic gel. Gel formatisrattributed to the formation of PVA
crystallites which act as physical crosslinkingsiin the network. The gel properties
could be modified by varying polymer concentratitemperature, and freezing and

thawing cycle times. These gels have been showe teseful for drug releal®

2.1.2.3. Crosslinking by Hydrogen Bonds

Poly(acrylic acid) and poly(methacrylic acid) focmomplexes with poly(ethylene
glycol) by hydrogen bonding between the oxygerhefioly(ethylene glycol) and the
carboxylic acid group of poly((meth)acrylic acfé‘ﬁ Also hydrogen bonding has been
observed in poly (methacrylic acid-g-ethylene glyc®he hydrogen bonds are only
formed when the carboxylic acid groups are prothat This also implies that the
swelling of gels is pH dependent. Recently a hydr@ystem was developed using
the principle of DNA hybridization via hydrogen hiing ® 1n this approach,
oligodeoxyribonucleotides were coupled to a watdulde polymer. Hydrogels were
prepared by addition of a complementary oligodiaatitie (ODN) either conjugated
to the same water soluble polymer or, in its freenf, to an aqueous solution of the
ODN derivatized water soluble copolymer.

2.1.2.4.By Protein Interaction

Genetic Engineering has also hessd for the preparation of hydrogels.
The major advantage is that the sequence of pepéidd, therefore its physical and
chemical properties can be precisely controlledH®y proper design of the genetic
code in synthetic DNA sequenc@% Cappello and colleagues prepared sequential
block copolymers containing a repetition of silkdiand elastine —like blocks, in
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which the insoluble silk like segments are assediat the form of aligned hydrogen
bonded beta strands or sheets. These hydrogelalsarbe used for drug delivery
with drug release influenced by concentration, pay composition, and temperature.
Crosslinking by antigen-antibody interaction wasnaberformecﬁ?), in which

an antigen (rabbit 1gG) was grafted to chemicallgsslinked polyarylaide in the
presence of an additional crosslinker. Additionddfydrogels have been prepared by
immobilizing both the antigen and the antibody e tform of an interpenetrate
network polymer network. This approach might perdriig delivery in response to
specific antigen.
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2.2.1.HYDROGEL 1

It is based on homo polymer of Acrylamide.
Monomer:

Acrylamide (99%) => (gHsNO): CH,=CHCONH,
From SRL
Initiator:
KPS (98%) =>K ,S,03
From S.D.Finechem .Ltd

Crosslinker:

N,N'-Methylenebisacrylamide ( N,N-MBAAm )(98%) . C;H1oN>O,

From Merck.
Media: bMW(H,0)

Apparatus:
Test tube, Water bath, Magnetic stirrer, Standctimal balance
Thermometer etc.

Procedure:

Take 5 gram Acrylamide; dised it in water and make volume up to

3/4" of test tube .Shake and make solution homogenétms. add .01% amount of
initiator and make homogeneous solution. Finallg &% amount of crosslinker and
shake well. Now put the test tube on water bathinMan the temperature at 60
to7dC. It will take nearly 40 min to form a tight trament gelly mass .This is so
called Polyacrylamide hydrogel named as HYDROGERQ iny project. Now break
the test tube gently and wash hydrogel with DMW rémove un polymerised
monomer and other unreacted chemicals. Now cutubst shaped hydrogel in small
pellet shape. Put all pellets in petry dish andipin oven at 68C. Heat it till the
gross weight is smaller than the chemicals taken.
Precaution:

Acrylamide is a carcinogenic amdirotoxic material so handle it properly.
Avoid over heating otherwise polymer will may dedga
Initiator and crosslinking materials are taken asimum as possible.
Solution must be homogeneous for preparation ofdyel and should be made in
order as prescribed in procedure.
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2.2.2.HYDROGEL 2

It is based on copolymer of Acrylamide and Acrgmd

Monomer:

Acrylamide (99%) => (€HsNO): CH,=CHCONH
FromSRL

Acrylic acid (99%) => (GH40,): CH,=CHCOOH
FromCDH

Initiator: KPS (98%) =>K,S,05

From S.D.Finechem .Ltd

Crosslinker: N,N'-Methylenebisacrylamide ( N,N-MBAAmM )(98%)
C7H10N20>

H H
I [
‘-'__/.-"\[r T \ﬁ
0 0

From Merck.

Media: bMw (H,0)

Apparatus: Test tube, Water bath, Magnetic stirrer, StandctEkal balance
Thermometer etc.

Procedure:

Take 5 gram Acrylamide; dissd it in water; now add equimolar
amount of Acrylic acid and make volume up to™&f test tube .Shake and make
solution homogeneous. Now add .01% amount of toitiand make homogeneous
solution. Finally add .02% amount of crosslinked amake well. Now put the test
tube on water bath .Maintain the temperature ap8dC. It will take nearly 55 min
to form a tight nearly transparent gelly mass .Tikiso called Poly(acrylamide-co-
acrylic acid )hydrogel named as HYDROGEL 2 in mgpjpct. Now break the test
tube gently and wash hydrogel with DMW to removealgmerised monomer and
other unreacted chemicals. Now cut test tube shhpdbgel in small pellet shape.
Put all pellets in petry dish and put it in over6elC. Heat it till the gross weight is
smaller than the chemicals taken.

Precaution:
Acrylamide is a carcinogenic and neurotoxic mates@ehandle it properly.
Avoid over heating otherwise polymer will may dedga

Initiator and crosslinking materials are taken asimum as possible.

Solution must be homogeneous for preparation ofdgel and should be made in
order as prescribed in procedure.

Both monomers must be in equimolar amount.
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2.2.3.HYDROGEL 3

It is based on copolymer of Acrylamide and Meth&crgcid

Monomer:

Acrylamide (99%) => (€HsNO): CH,=CHCONH
FromSRL

Methacrylic acid (99%) => (§160,): CH>=C(Me)COOH
FromSRL

Initiator: KPS (98%) =>K,S,05

From S.D.Finechem .Ltd

Crosslinker: N,N'-Methylenebisacrylamide ( N,N-MBAAmM )(98%)
C7H10N20>

From Merck.
Media: bMw (H,0)

Apparatus: Test tube, Water bath, Magnetic stirrer, StandctEkal balance
Thermometer etc.

Procedure:

Take 5 gram Acrylamide; dissd it in water; now add equimolar
amount of Methacrylic acid and make volume up #'3f test tube .Shake and make
solution homogeneous. Now add .01% amount of toitiand make homogeneous
solution. Finally add .02% amount of crosslinked amake well. Now put the test
tube on water bath .Maintain the temperature ap8dC. It will take nearly 50 min
to form a tight nearly transparent gelly mass .Tikiso called Poly(acrylamide-co-
Methacrylic acid )hydrogel named as HYDROGEL 3 ig project. Now break the
test tube gently and wash hydrogel with DMW to regmanpolymerised monomer
and other unreacted chemicals. Now cut test tulagesh hydrogel in small pellet
shape. Put all pellets in petry dish and put ibwen at 68C. Heat it till the gross
weight is smaller than the chemicals taken.

Precaution:

Acrylamide is a carcinogenic and neurotoxic matesgehandle it properly.

Avoid over heating otherwise polymer will may dedga

Initiator and crosslinking materials are taken asimum as possible.

Solution must be homogeneous for preparation ofdgel and should be made in
order as prescribed in procedure.

Both monomers must be in equimolar amount.

Handle Methacrylic acid gently because it has pohgemell which may cause
headache.
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2.2.4HYDROGEL 4

It is based on copolymer of Acrylamide and Sugamficane juice.

Monomer:

Acrylamide (99%) => (€HsNO): CH,=CHCONH

FromSRL

Freshly prepared cane juice. For sugapkiz;O11) and other monosaccharides.

Initiator: KPS (98%) =>K,S,04
From S.D.Finechem .Ltd

Crosslinker:  N,N-Methylenebisacrylamide (  N,N-MBAAmM )(98%)
C7HlONZ()2

From Merck.
Media: bMw (H,0)

Apparatus: Test tube, Water bath, Magnetic stirrer, Standgctial balance
Thermometer etc.

Procedure:

Take 5 gram Acrylamide; dissd it directly in filtered juice and make
volume 3/4 of test tube with juice .Shake and make solutiombgeneous. Now add
.01% amount of initiator and make homogeneous isoiuFinally add .02% amount
of crosslinker and shake well. Now put the testetdm water bath .Maintain the
temperature at 60 to70. It will take nearly lhour to form a tight yellisi
transparent gelly mass .This is so called Poly{aorge- co -sugar)hydrogel named
as HYDROGEL 4 in my project. Now break the testetylently and wash hydrogel
with DMW to remove unpolymerised monomer and otln@reacted chemicals. Now
cut test tube shaped hydrogel in small pellet shapeall pellets in petry dish and put
it in oven at 6BC. Heat it till the gross weight is smaller thae tthemicals taken.

Precaution:
Acrylamide is a carcinogenic and neurotoxic matesgehandle it properly.
Avoid over heating otherwise polymer will may dedga

Initiator and crosslinking materials are taken asimum as possible.

Solution must be homogeneous for preparation ofdgel and should be made in
order as prescribed in procedure.

Juice must be freshly prepared and filtered muttes to get clear sugar solution.
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2.2.5.HYDROGEL 5

It is based on copolymer of Acrylamide and Sugamfisapodilla extract.

Monomer:

Acrylamide (99%) => (€HsNO): CH,=CHCONH
FromSRL

Freshly prepared sapodilla extract for carbohydrate
Initiator: KPS (98%) =>K,S,05

From S.D.Finechem .Ltd

Crosslinker:  N,N-Methylenebisacrylamide (  N,N-MBAAmM )(98%)
C7H10N202

From Merck.
Media: bMw (H,0)

Apparatus: Test tube, Water bath, Magnetic stirrer, Standgctial balance
Thermometer etc.

Procedure:

Take 5 gram Acrylamide; dissd it directly in freshly prepared &
filtered sapodilla extract and make volume™36f test tube with extract .Shake and
make solution homogeneous. Now add .01% amount ndfator and make
homogeneous solution. Finally add .02% amount a$simker and shake well. Now
put the test tube on water bath .Maintain the teatpee at 60 toAT. It will take
nearly lhour to form a tight nearly transparentlygehass .This is so called
Poly(acrylamide- co — sapodilla extract )hydrogaihmed as HYDROGEL 5 in my
project. Now break the test tube gently and wastirdgel with DMW to remove
unpolymerised monomer and other unreacted chemibll® cut test tube shaped
hydrogel in small pellet shape. Put all pelletpétry dish and put it in oven at %D
Heat it till the gross weight is smaller than tiemicals taken.

Precaution:

Acrylamide is a carcinogenic and neurotoxic matesgehandle it properly.

Avoid over heating otherwise polymer will may dedga

Initiator and crosslinking materials are taken asimum as possible.

Solution must be homogeneous for preparation ofdgel and should be made in

order as prescribed in procedure.
Extract must be freshly prepared and filtered ntirties to get clear sugar solution.
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2.2.6.HYDROGEL 6

It is based on copolymer of Acrylamide and SugamfiPineapple juice.

Monomer:

Acrylamide (99%) => (gHsNO): CH,=CHCONH
FromSRL

Freshly prepared Pineapple juice for sugars .

Initiator: KPS (98%) =>K,S,05
From S.D.Finechem .Ltd

Crosslinker: N,N'-Methylenebisacrylamide ( N,N-MBAAmM )(98%)
C7H10N20>

From Merck.
Media: bMw (H,0)

Apparatus: Test tube, Water bath, Magnetic stirrer, StandctEkal balance
Thermometer etc.

Procedure:

Take 5 gram Acrylamide; dissd it directly in freshly prepared &
filtered Pineapple juice and make volume™&f test tube with juice .Shake and
make solution homogeneous. Now add .01% amount ndfator and make
homogeneous solution. Finally add .02% amount ofsimker and shake well. Now
put the test tube on water bath .Maintain the teatpee at 60 toAT. It will take
nearly lhour to form a tight nearly transparentlygehass .This is so called
Poly(acrylamide- co —Pineapple juice )hydrogel ndnas HYDROGEL 6 in my
project. Now break the test tube gently and wastirdgel with DMW to remove
unpolymerised monomer and other unreacted chemibl® cut test tube shaped
hydrogel in small pellet shape. Put all pelletpétry dish and put it in oven at %D
Heat it till the gross weight is smaller than timemicals taken.

Precaution:
Acrylamide is a carcinogenic and neurotoxic matesgehandle it properly.
Avoid over heating otherwise polymer will may dedga

Initiator and crosslinking materials are taken asimum as possible.

Solution must be homogeneous for preparation ofdgel and should be made in
order as prescribed in procedure.

Juice must be freshly prepared and filtered muttes to get clear sugar solution.
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Table 1: For composition of cane juic®

Juice composition
%0 Bx
Sugars Sucrose 81-87
Reducing sugars 3-6
Otigosaccharides 0,06-0,6
Polysaccharides®® 0,2-0,8
(including gums and dextrans)
Salts Inorganic salts 1,5-3,7
Organic non-sugars | Organic acids 0,7-1,3
Amino acids 0,5-2,5
Dextrans® 0,1-0,6
Starchbe 0,11-0,5
Gums 0,02-0,05
Waxes, fats, phospholipids 0,05-0,15
Colourants 0,1
Insolubles Sand, bagasse, etc 0,15-1

a Ravelo ef al. (1991a, b)
b Bruijn (1966)
¢ Alexander (1954)

Above % amount of different materials is regardioigl solid in cane juice

COMPOSITION OF SUGARCANE JUICE ©

PARAMETER [ VALUE (%) ] Water 70to 75%  Sucrose 11 to 16% (avg. =
13.0%) Reducing sugars 0.4to0 2% Organicsugars 0.5t0 1%  Mineral
matters 0.5to 1%  Fiber 10 to 16%

Sugarcane contains about 70%wafter, in which sucrose & other substances are held
in solution, forming about 88% by weight of juicethe stem. The remaining 12%
represents the insoluble cane fiber compordm.cane juice has an acidic pH
ranging between 4.9 to 5.5.



Table 2:chemical Composition Sapodill&®

Constituents Approximate Amount
Moisture content % {w.b.) 73.37
Protein (g) 0.70
Fat (g) 1.10
Minerals (g) 0.05
Fiber (g) 2.60
Carbohydrates (g) 21.40
Energy (cal) 98.00
Phosphorous (mg) 72.00
Iron (mg) 1.25
Calcium (mg) 28.00
Thiamine (mg) 0.02
Riboflavin (mg) 0.03
Carotene (mg) 97.00
Ascorbic acid (mg) 0.06
*/100 g of edible portion

Table 3: Chemical Composition of Pineapple (Ananas

comosus)®?
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Chemical composition of the edible portion of pineapple (all varieties)

(the data from USDA Nutrient Database)

INutrient |Units  ||Value per 100 gram$
\Proximates H H |
\Water g | 86.00 |
Protein g 0.54 |
Total lipid (fat) g 0.12 |
Ash Lo |0.22 |
ICarbohydrate, by differencég [13.12 |
Fiber, total dietary lg 1.4 |
Sugars, total g 9.85 |
'Sucrose g l9.85 |
Glucose (dextrose) g 5.99 |
[Fructose g 11.73 |
\Vitamins H H |
Vitamin C, total ascorbic adjthg 147.8 |
Vitamin A, U IS, 58 |
\Vitamin A, RAE Imcg_RAES3 |
Other | | I

ICarotene, beta | meg | 35




CHAPTER 3

CHARACTERIZATION OF
HYDROGELS
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3.1.Introduction:
Characterisation of polymers amatlified polymers can be carried out by
physical and chemical methods both in qualitativeé quantitative manner.
In this chapter investigations of characterisatbérhydrogels prepared in chapter 2
has been studied by FTIR ,SEM ,XRD methods. A bméfoduction of these
characterisation techniques is given below.

3.1.1Introduction of characterisation techniques:

3.1.1.1.Fourier transform infrared spectroscopy:

Infrared spectroscopy(IR spectroscopy) is the spectroscopy that deals
with the infrared region of the electromagnetic cdpem. It covers a range of
techniques, mostly based on absorption spectrosdbjsyused to identify and study
chemicals. A common laboratory instrument that ukes technique is a Fourier
transform infrared (FTIR) spectrometer.

The infrared portion of the electromagnetic speutronsists the near-, mid- and far-
infrared. The near-IR, approximately 14000—4000c{@.8—2.5um wavelength) can
excite overtone or harmonic vibrations. The midanéd, approximately 4000—
400 cm® (2.5-25um) may be used to study the fundamental vibratiansl
associated rotational-vibrational structure. The-irffrared, approximately 400-
10 cm* (25-1000um), lying adjacent to the microwave region, has kwergy and
may be used for rotational spectroscopy.

Fourier transform infrared spectroscopy (FTIR)® is a technique which
is used to obtain an infrared spectrum of absampteanission, photoconductivity or
Raman scattering of a solid, liquid or gas. An FHpectrometer simultaneously
collects spectral data in a wide spectral rangdenhspersive spectrometer measures
intensity over a narrow range of wavelengths ame.t The termFourier transform
infrared spectroscopyoriginates from the fact that a Fourier transfor(@
mathematical algorithm) is required to convertridne data into the actual spectrum

The first low-cost spectrophotometer capable obréing an infrared spectrum was
the Perkin-Elmer Infracord produced in 1§57
3.1.1.1.1. FTIR interferogram:

This is the "raw data"™ which cam Bourier transformed into the FTIR

spectrum Fourier transform spectroscopy is a legstive way to obtain the same
information.

It uses a Michelson interferometer, that allowsmsavavelengths to pass through but
blocks others (due to wave interference. The psanggequired turns out to be a
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common algorithm called the Fourier transform (leetiee name, "Fourier transform
spectroscopy”). The raw data is sometimes call€thaerferogram®.

ThermoScientific Nicolet 380 FT-IR Spectrometer
3.1.1.1.2.Michelson interferometer:

Schematic diagram of a Michelson interferometenfigorred for FTIR:

Fixed mirror
—
Eeam splitter Mowing mirror
[Source HCollimator ] H I
Sample
compartment

|
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3.1.1.1.3.Resolution:  The spectral resolution in wavenumbers pensequal to
the reciprocal of the maximum retardation in cm.

The throughput advantage is important for highddggmn FTIR as the
monochromator in a dispersive instrument with thee resolution would have very
narrow entrance and exit slits.

3.1.1.1.4. Beam splitter:

A thin film, usually of a plastic material, is usad beam splitter.

3.1.1.1.5. Fourier transform:

The interferogram in practice consists of a seinténsities measured for
discrete values of retardation thus, a discretei€otransform is needed.

3.1.1.1.6. IR FREQUENCIES

e,
SRl St
4000 N-H o H 3200 2800 2300 2100 1800 1500  Finger print
[X-H Attached to heIEWM Triples W
' ln"al | | | I o af [l nl e le e . | L g l |
| 2380 60, A
4000 3000 COsy 2000 i ﬂutllaa0 1 DD[]cm

3.1.1.2.Scanning Electron MicroscopéSEM):

Ascanning electron microscop€SEM) is a type of electron microscope
that images a sample by scanning it with a higlhrggnbeam of electrons in a raster
scan pattern. The electrons interact with the atibvasmake up the sample producing
signals that contain information about the sampef$ace topography, composition,
and other properties such as electrical condugtivithe first SEM image was
obtained by Max Knoll, who in 1935 obtained an imagf silicon steel showing
electron channeling contrd®t. The types of signals produced by an SEM include
secondary electrons, back-scattered electrons (BSEgracteristic X-rays, light
(cathodoluminescence), specimen current and traiezhelectrons. The signals result
from interactions of the electron beam with atomsranear the surface of the sample.
Because the intensity of the BSE signal is strongligted to the atomic number (Z) of
the specimen, BSE images can provide informatiamutithe distribution of different
elements in the sample. Characteristic X-rays andted when the electron beam
removes an inner shell electron from the samplesiog a higher energy electron to
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fill the shell and release energy. These charatierK-rays are used to identify the
composition and measure the abundance of elenrettite sample.

SEM opened sample chambél®

Electron gun —|

E g
First condensor lens —
[ /]
5 77 7 £
Second condensor lens —/ 1
A 1]
I
V1

— Electron beam

— X-ray detector

////

electron detector

Deflection coils £ N %
A e
[/ a1 ¥4 ¢ Objective lens
11 L4 Ld [
Backscatter | P

Sample ——%

| | Secondary
Vacuum pump electron detector

Schematic diagram of SEM™
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S-3700 N M ODEL FOR SEM BY HITACH| %
3.1.1.2.1.Scanning process and image formation :

In a typical SEM, an electron beam is thermionica&mitted from an
electron gun fitted with a tungsten filament cao@ther types of electron emitters
include lanthanum hexaboride (LgBcathodes. The electron beam, which typically
has an energy ranging from 0.5 keV to 40 keV, mu$ed by one or two condenser
lenses to a spot about 0.4 nm to 5 nm in diam@&tez.beam passes through pairs of
scanning coils or pairs of deflector plates inehectron column, typically in the final
lens, which deflect the beam in tkandy axes so that it scans in a raster fashion over
a rectangular area of the sample surface. Whemprihgary electron beam interacts
with the sample, the electrons lose energy by tede@aandom scattering and
absorption within a teardrop-shaped volume of fiecenen known as the interaction
volume, which extends from less than 100 nm to raaldbl um into the surface. The
energy exchange between the electron beam anaiti@es results in the reflection of
high-energy electrons by elastic scattering. Thanbecurrent absorbed by the
specimen can also be detected and used to creaigesnof the distribution of
specimen current. Electronic amplifiers of varidypes are used to amplify the
signals which are displayed as variations in brighs on a cathode ray tube. The
raster scanning of the CRT display is synchronwsgt that of the beam on the
specimen in the microscope, and the resulting ingeerefore a distribution map of
the intensity of the signal being emitted from #tanned area of the specimen. The
image is digitally captured and displayed on a caot@p monitor and saved to a
computer's hard disk.
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3.1.1.2.2. Sample preparation:

All samples must also be ofagpropriate size to fit in the specimen
chamber and are generally mounted rigidly on aispat holder called a specimen
stub. For conventional imaging in the SEM, specisnanust be electrically
conductive at the surface, and electrically grountte prevent the accumulation of
electrostatic charge at the surface. Metal objemsiire little special preparation for
SEM except for cleaning and mounting on a specinséb. Nonconductive
specimens are usually coated with an ultrathin iegabf electrically-conducting
material, commonly gold, deposited on the sampleeeiby low vacuum sputter
coating or by high vacuum evaporation. Conductivatemals in current use for
specimen coating include gold, gold/palladium allpjatinum, osmiunt® iridium,
tungsten, chromium and graphite. Two reasons &atieg, even when there is
enough specimen conductivity to prevent charging,ta increase signal and surface
resolution, especially with samples of low atomigmber (Z) and improvement in
resolution arises because backscattering and sagomdiectron emission near the
surface are enhanced and thus an image of theceudadormed. An alternative to
coating for some biological samples is to incre&se bulk conductivity of the
material by impregnation with osmium using variasitshe OTO staining method (O-
osmium, T-thiocarbohydrazide, O-osmilit?. For SEM, a specimen is normally
required to be completely dry, since the specintember is at high vacuum. Low-
temperature scanning electron microscopy is aplplec to the imaging of
temperature-sensitive materials such a$#%end fats?

3.1.1.2.3Materials:

Geological specimens thatlargo WDS or EDS analysis are often
carbon coated. Metals are not generally coated psicmaging in the SEM because
they are conductive and provide their own pathwaygitound. Metals, geological
specimens, and integrated circuits all may alschHmamically polished for viewing in
the SEM.

3.1.1.3.XRD Patterns:

X-radiation (composed of Xsa is a form of electromagnetic
radiation. X-rays have a wavelength in the rang8.01 to 10 nanometers . X- RAY
machines were introduced in 1974 by Samuel Eilagtbér
X-ray powder diffraction is a non-destructive teichug™® widely applied for the
characterisation of crystalline materials. The rodthas been traditionally used for
phase identification, quantitative analysis and ftietermination of structure
imperfections. Now applications have been extenttechew areas, such as the
determination of crystal structures and the exactof three-dimensional
microstructural properties. Various kinds of micamd nano-crystalline materials can
be characterised from X-ray powder diffraction,lilming inorganics, organics, drugs,
minerals, zeolites, catalysts, metals and ceramics.

The observed diffraction line profiles in a powddfraction pattern are distributions
of intensities 1(R) defined by several parameters: (i) the reflecaogleposition 20,
at the maximum intensity (related to the latticaspgd of the diffractinghkl plane
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and the wavelengtih by Bragg.s law,A = 2d simd), (ii) the dispersionof the
distribution, full-width at half-maximum and inteadrbreadth, (iii) the lineshape
factor, and (iv) theintegrated intensityproportional to the square of the structure
factor amplitude). The specific applications dedivem each of them have been
listed as ;

3.1.1.3.1.Diffraction Line parameterwith Applications

3.1.1.3.1.1.Peak position: Unit-cell parametefinement, pattern
indexing, space group determinatiorbfabsent reflections ) anisotropic thermal
expansion, macrostress: sinthethod and phase identificatiaatl{.

3.1.1.3.1.2.Intensity: Phase abundance, Reaction kinetics,
Crystal structure analysis (whole pattern), Rietveefinement (whole pattern)
search/match, Phase identification, preferred tateom, texture analysis.

3.1.1.3.1.3.Width/breadth and shape: Instrumental resolution function
microstructure: line profile analysmicrostructure (crystallite size, size distribution
lattice distortion, structure mistakes, dislocasiocomposition gradient), crystallite
growth kinetics three-dimensional microstructuré@e pattern).

3.1.1.3.1.4.Non-ambient and dynamic diffraction: in situdiffraction under
external constraints reaction kinetics

3.1.1.3.1.5.Application of X-RAY detecting Polymerrystallinity : A polymer
can be considered partly crystalline and partly gunous. The crystalline domains
act as a reinforcing grid, like the iron framewark concrete, and improves the
performance over a wide range of temperature. Hewetwo much crystallinity
causes brittleness. The crystallinity parts givargmarrow diffraction peaks and the
amorphous component gives a very broad peak (H&loJhe ratio between these
intensities can be used to calculate the amouattystallinity in the material.
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x-ray machineé'¥ D8-BRUKER

incoming reflecte
X-rays L Wwave front by X-rays

Fig: Showing parameters of XRD")
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3.3.SEM IMAGE OF HYDROGELS

DTU_S3700 10.0kV 10.7mm x1.00k SE

3.3.1.1.SEM IMAGE OF HYDROGEL 1(A)

DTU_S3700 10.0kV 10.7mm x3.00k SE 10.0um

3.3.1.2.SEM IMAGE OF HYDROGEL 1(B)
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DTU_S3700 15.0kV 12.1mm x3.00k SE 10.0um

3.3.2.2.SEM IMAGE OF HYDROGEL 2(B)



3.3.3.2.SEM IMAGE OF HYDROGELS3 (B)



DTU_S3700 10.0kV 12.2mm x5.00k SE

3.3.4.2.SEM IMAGE OF HYDROGELA4 (B)
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DTU_S3700 10.0kV 11.0mm x1.00k SE 50.0um

3.3.5.1.SEM IMAGE OF HYDROGELS (A)

DTU_S3700 10.0kV 10.8mm x5.00k SE

“IIO‘CIJuan

3.3.5.2.SEM IMAGE OF HYDROGELS (B)
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3.5.Experimental :

FTIR , SEM and XRD Studies of Hydrogels :

3.5.1.FTIR:

FTIR measurements of variousrbgdls including Polyacrylamide and
its copolymers were performed using Thermo Scientiicolet 380 FT-IR
SpectrometerSamples were thoroughly grounded mixed with KBre Thixture was
compressed to prepare a pellet for FTIR analysisRFspectra were recorded in the
range from 4000 to 500 ¢

3.5.2.SEM:

SEM of hydrogel samples weeeorded on Hitachi(S- 3700N) .All
samples were gold coated prior to measurement.
3.5.3.XRD:

XRD hydrogels were recorded D8-BRUKER (Between 2 to 20
At .5 degree per minutes).

3.6.Result and Discussion

3.6.1.FTIR of Hydrogels
3.6.1.1.FTIR of Hydrogel 1:

=>Two bands between 3100-3500 “tmorresponds to -N-H stretching of amide
group.

=> The peak at 2945.5 ¢icorresponds to >CHasymmetric stretching of carbon
chain.

=> The strong peak at 1666.3 ¢nsorresponds to >C=0 stretching of amide group.
=> The strong peak at 1415.3 ¢nsorresponds to -C-H bending.

=> The peak at1322.5¢hmcorresponds to C-H in plane bending; corresponds t
unreacted monomer (acrylamide).

=> The peak at1121.2 ¢tnorresponds to —C-C=0 (C-C) stretching.
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3.6.1.2.FTIRof Hydrogel 2:

=>Broad band between2400-3400torresponds to —O-H stretching hydrogen
bonded. It supports the presence of —-COOH group &orylic acid.

=> Peak at 2929 chishows the presence of —C-H stretching in polymekbane.
=> Peak at 1669.6 chshows the presence of >C=0 stretching of amidemro
=> Peak at 1456.4 chcorresponds to -C-H bending.

=> Peak at 1261.6¢Mcorresponds to —C-O (-COOH) stretching.
3.6.1.3.FTIR of Hydrogel 3:

=>Broad band between 2400-3400 ‘worresponds to —O-H stretching hydrogen
bonded. It supports the presence of —-COOH group &orylic acid.

=> Peak 1674.9 cthshows the presence of >C=0 stretching of amidefgro
=> Peak at 1442cthshows the presence —O-H bending of carboxylic gdp.
=> The peak at1164.1 ctoorresponds to —C-C=0 (C-C) stretching.
3.6.1.4.FTIR of Hydrogel 4:

=>Broad band between 3200-3600 ‘tmurresponds to —O-H stretching hydrogen
bonded. It supports the presence of —OH group Bogar.

=> Peak 1645.9 cthshows the presence of >C=0 stretching of amidemro
=> Peak at1049.9 cheorresponds to-C-O stretching.
=>The IR band at2338 c¢th which may corresponds to adsorbed,&0

=>The IR band at2119,7 ¢ which may corresponds to nitrile .It seems toabe
error.

3.6.1.5.FTIR of Hydrogel 5:

=>Broad band between 3200-3600 tmorresponds to —O-H stretching hydrogen
bonded. It supports the presence of —OH group Bogar.

=> Peak 1673.1 cthshows the presence of >C=0 stretching of amidemro
=> Peak at1054.4 cheorresponds to-C-O stretching.

=>The IR band at2154 ¢th which may corresponds to adsorbed@0
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3.6.1.6.FTIR of Hydrogel 6:

=>Broad band between 3200-3600 ‘worresponds to —O-H stretching hydrogen
bonded. It supports the presence of —OH group Bogar.

=> Peak 1666.9 cthshows the presence of >C=0 stretching of amidefgro
=> Peak at1064.2 cheorresponds to-C-O stretching.

=>The IR band at2338.2 ¢hwhich may corresponds to adsorbed,ED
3.6.2.SEM of HYDROGELS

3.6.2.1.SEM of HYDROGEL 1.

From SEM image 1(a) & 1(b;clear that surface of hydrogel of
polyacrylamide is not plane and smooth ;it rougld #mere are some space where
water is entrapped. FIG 1(a) is at 1K and FIG lik)at 3K; on increasing
magnification it is seen that material is havingace like sponge.

3.6.2.2.SEM of HYDROGEL 2:

From SEM image 2(a) & 2(b);clear that surface of hydrogel of
poly(acrylamide-co-acrylicacid) is discontinuous lsmooth. FIG 2(a) is at 1K and
FIG 2(b) is at 3K.It seems more dense in comparitiohydrogel of polyacrylamide.
Surface is having no pores. That is the reasas;nbt swelling much. Observed % of
swelling is lower in comparision to hydrogel 1.

3.6.2.3.SEM of HYDROGEL 3:

From SEM images 3(a) &)3 it clear that surface of hydrogel of
poly(acrylamide-co-meth acrylic acid) is discontis but smooth. FIG 3(a) is at 1K
and FIG 3(b) is at 3K.lt seems more dense in comsipar to hydrogel of
polyacrylamide. Surface is having no pores. Thathes reason; it is not swelling
much. Observed % of swelling is lower in compansio hydrogel 1.

3.6.2.4.SEM of HYDROGEL 4:

From SEM image 4(a); it allethat surface of hydrogel of
poly(acrylamide-co-cane juice) is continuous buigio. FIG 4(a) is at 1K and FIG
4(b) is at 5K. From FIG 4(b); it is clear that theare some pores on surface i.e., it is
swelling much. From FIG 4(a); surface seems likedsan which water can penetrate
easily.



56

3.6.2.5.SEM of HYDROGEL 5:

FIG 5(a) is at 1K aRli 5(b) is at 5K. From FIG 5(a); it is clear
that there is something film like structure on tharface of poly(acrylamide-co-
sapodilla extract) hydrogel; which is quite smoadthis also seen that surface is
having some tack. From FIG 5(b); it is seen thatemia is sponge like and can be
easily swelled.

3.6.2.6. SEM of HYDROGEL 6:

FIG 6(a) is at 3KdaRIG 6(b) is at 5K. From SEM images of
poly(acrylamide-co-pine apple juice) hydrogelisitclear that surface is quite rough.
Some small particles in discontinuous manner ase aken on the surface. SEM
image shows that material is easily penetrables Thithe reason quite swelling is
observed.

3.6.3.XRD OF HYDROGELS

3.6.3.1.X ray of Hydrogel 1:
From X-ray data of hydrogelitlis clear that material is amorphous in
nature as no sharp peak is detected in data.

3.6.3.2.X ray of Hydrogel 2:

From X-ray data of hydrogeliRis clear that material is amorphous in
nature as a broad peak is detected in data. Frerddta it is also clear that hydrogel
of copolymer of Acrylamide with Acrylic acid is ghitly more crystalline than that of
polyacrylamide; as peak is lesser broad in thig tlagn that of hydrogel 1.

3.6.3.3.X ray of Hydrogel 3:

From X-ray data of hydro@elt is clear that material is amorphous in
nature as a broad peak is detected in data. Frerddta it is also clear that hydrogel
of copolymer of acrylamide with Meth acrylic acisl slightly more crystalline than
that of polyacrylamide; as peak is lesser broatiisicase than that of hydrogel 1.

3.6.3.4.X ray of Hydrogel 4:
From X-ray data of hydebd; it is clear that material is amorphous

in nature as no sharp peak is detected in data. iiore amorphous than that of
hydrogel 1 as in present case only backgroundusdo

3.6.3.5.X ray of Hydrogel 5:
From X-ray data of hygel 5; it is clear that material is

amorphous in nature as a broad peak is detectéatén From the data it is also clear
that hydrogel of copolymer of acrylamide with sajflacextract is slightly more
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crystalline than that of polyacrylamide; as pealesser broad in this case than that of
hydrogel 1. It is also more crystalline than hydsogf acrylamide and cane juice.

3.6.3.6.X ray of Hydrogel 6:

From X-ray data of hydrogeit is clear that material is amorphous in
nature as a broad peak is detected in data. Frerddta it is also clear that hydrogel
of copolymer of acrylamide with pineapple juicesigyhtly more crystalline than that
of polyacrylamide; as peak is lesser broad in tlaise than that of hydrogel 1. It is
also more crystalline than hydrogel of acrylamidd aane juice.



CHAPTER 4
Swelling Study of Hydrogel
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4: Swelling Study
4 .1.Introduction:

Hydrogels are polymers characteribgdtheir hydrophilicity, insolubility
and responsiveness to swelling in water .They steeln equilibrium volume and
preserve their shape. Hydrophilicity is due to preg of -OH , -COOH , -S8 and
-CONH, groups or their derivatized salt forms .The stapif shape and insolubility
is due to the presence of three- dimensional nétwidre tendency of such networks
in dry state to get solvated is referred as higke fenergy network or hungry
network$"® Balance between cohesive and dispersive forceswiollen state is
responsible for properties of gels .Cohesive foas be covalerff) electrostatic ,
hydrophobic or dipole- dipole interactiéh® . Imbibing large amount of water by
hydrogel results in their poor mechanical prope?fi)e However some natural
hydrogel®) found in muscles , tendons ,cartilage , intestamel blood retain
mechanical strength and shape . Hydrogels reinforegh fibers improves the
mechanical performance.

Polymerization or copolymerization of a vayief monomers with minor amount
of crosslinking agents may synthesize hydrogelsiclahydrogels are prepared
combining neutral or ionic monomers or by partigditolysis of gel after synthe$ls
12 Such gels behave in cyclic manner in solutiodifferent pH . Neutral gels based
on water- soluble polymers or copolymer backboregehbeen prepared and these
show LCST phenomenon .If hydrogel is composedgiftly crosslinked matrix then
gel will shrink significantly over a narrow temparee range . Thermosensitive gels
loose absorbed water at and above LEZand become stiff***)

This phenomenon is reversed when hydrogel is cdmdolv LCST where gel returns
to swollen and soft state . Varieties of methodslkarown for change of LCST , rate
of shrinking and swelling and permeation rate dfssances in gels . These techniques
include , copolymerising monomer exhibiting LCSTtlwimore hydrophilic or
hydrophobic monomef$®  variation of crosslinking densfty*® or change of the
ionic strength of solutidf*??Since swelling and shrinking occurs over a low
temperature range hence earlier absorbed substaandse released or delivered at
specific temperatures .

In general, highly swollen hydrogels in@duthose of cellulose derivatives,
poly(vinyl alcohol), polyN-vinyl-2-pyrrolidone) (PNVP), and poly(ethylene gbl),
among others. Moderately and poorly swollen hydiogare those of
poly(hydroxyethyl methacrylate) (PHEMA) and manyitsfderivatives.

In general, a basic hydrophilic monomer can beolyoperized with other more or
less hydrophilic monomers to achieve desired smgllproperties. Such processes
have led to a wide range of swellable hydrogelsGesgoniset al (1976), Peppas
(1987, 1997), and others have pointed out.

Knowledge of the swelling charastgcs of a polymer is of utmost
importance in biomedical and pharmaceutical apptioa since the equilibrium
degree of swelling influences (i) the solute diftus coefficient through these
hydrogels, (ii) the surface properties and surfaodility, (iii) the optical properties,
especially in relation to contact lens applicatjarsd (iv) the mechanical properties.
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4.2.Factors affecting swelling behaviour of hydrogels
Swelling behaviour of hydrogels is mainly affectday the structural and
environmental factors as discussed briefly .Atildznium swelling there is a balance
between cohesive and dispersive forces . Factosethffect swelling behaviour are
given below?®®
4.2.1.Structural factors affecting swelling:

These are also termed as internal facod these factors can be tailored by

hydrophilic and hydrophobic moieties and changenohomer concentration results
in the formation of hydrogel of varying swellabylit

A porous structure accelerate the extérswelling®?® - De Boer et &f".
have reported that solution crosslinked polyethgleauld swell to higher limit than
bulk crosslinked samples. It has been observedntiogification of poly(N-i-PAAm)
gel with biomer via semi-interpenetrating netwdokmation did not affect the gel
collapse point but decreases extent of swellind tharmo sensitivity .
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It has been reported that in a mixture of o-toluede water , hydrolysed

recent years . Decrease in swelling levels ,i.egative thermo sensitivity , is
observed in gels obtained by crosslinking of polythese exhibits LCST in aqueous
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situation .LCST results from influence of temperatwon polymer-polymer and
polymer- water interactions such as hydrogen bandimd hydrophobic interactions.
LCST is shown by hydrophobic , water soluble noorni¢ polymers poly(N-i-
PAAmM).Some other examples are N-n-propyl acrylamigied N-cyclopropyl
acrylamide Swelling of these hydrogels is greaffgced by anionic surfactants .
These surfactants convert non-ionic gel in to pelgteolyte gel through binding of
surfactants®® and it causes change in transition temperaftifdPolyeletrolyte
hydrogels present in contact with solution of elglgte sorb some ions preferentially
leaving others in solutioff® .This behaviour reveals that counter ion- poly ion
interaction is most essential factor governing fioms of polyelectrolyte hydrogels .
Hydrogel contract in presence of electric field® .First part of this chapter deals
with swelling study of hydrogels prepared in chap® as a function of time
temperature and pH of medium to determine poteatidluse of hydrogels.

4.3.1. THEORY OF SWELLING BEHAVIOR %

The physical behaviohgtirogels is dependent on their equilibrium
and dynamic swelling behavior in water, since upogparation they must be brought
in contact with water to yield the final, swolleatwork structure. Figure given below
shows one of two possible processes of swellingdryy hydrophilic crosslinked
network is placed in water. Then, the macromoleccitains interact with the solvent
molecules owing to the relatively good thermodyramompatibility. Thus, the
network expands to the solvated state.

A vg =1 u2.5"‘ 1

————
Polymer swells

B VU<t Va5 Vg <1

_.._-...
Polymer swells

Fig: (A) Swelling of a network prepared by cross«ing in dry state. (B) Swelling of
a network prepared by cross-linking in solution.



61

The Flory-Huggins theory can be used to calculagenhodynamic quantities related
to that mixing process. Flory (1953) developed ithigal theory of the swelling of
cross-linked polymer gels using a Gaussian diginbuwf the polymer chains.

His model describing the equilibriunegdee of cross-linked polymers
postulated that the degree to which a polymer ndtwwelled was governed by the
elastic retractive forces of the polymer chains tredthermodynamic compatibility of
the polymer and the solvent molecules. In termtheffree energy of the system, the
total free energy change upon swelling was wridgn

AG = AGastic T AGmix (1)

Here 2Celastic is the contribution due to the elastic retractiveces an & Cmix
represents the thermodynamic compatibility of tiedymer and the swelling agent
(water). Upon differentiation of Eg. 1 with respdot the water molecules in the
system, an expression can be derived for the claémpatential change of water in
terms of the elastic and mixing contributions duswelling.

H1 = 11,0 = Aptepygric T Aptmix (2)

Here,ul is the chemical potential of water within the geldx1,0 is the chemical

potential of pure water. At equilibrium, the chealipotentials of water inside and
outside of the gel must be equal. Therefore, thstiel and mixing contributions to the
chemical potential will balance one another at idgpuum. The chemical potential
change upon mixing can be determined from the bkatixing and the entropy of
mixing.

Using the Flory—Huggins theory, the chemical pb&rof mixing can be expressed
as:

Npige = RT [ln[l —2vr )yt vas+ xi 1131_5] (3)

where y1 is the polymer-water interaction paramete,s is the polymer volume
fraction of the gelT is absolutdemperature, ant is the gas constant.

This thermodynamic swelling contribution is coubgganced by the retractive elastic
contribution of the cross-linked structure. Thedats usually described by the rubber
elasticity theory and its variations (Peppas, 19&quilibrium is attained in a
particular solvent at a particular temperature wihentwo forces become equal.

The volume degree of swellin@,(i.e., the ratio of the actual volume of a sample

in the swollen state divided by its volume in thg dtate), can then be determined
from Eq. 4.

Volume of polymer Vp
Volume of swollen gel  V,,

U2 s
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Researchers working with hydrogels for biomedigaplization prefer to use other
parameters in order to define the equilibrium-singlbehavior. For example, Yasuda
et al. (1969) introduced the use of the so-called hydnatatio,H, which has been
accepted by those researchers who use hydrogeadsriitact lens applications (Peppas
and Yang, 1981). Another definition is that of theight degree of swelling), which

is the ratio of the weight of the swollen samplé¢htat of the dry sample.

4.3.2.Rubber Elasticity Theory

The other theory used ttedaine crosslinked structure of a gel is the
rubber elasticity theory. Hydrogels resemble natuubbers in their property to
elastically respond to applied stress. Thus wherosslinked network is stretched, it
reaches an equilibrium strain while the stress nesneonstant. A hydrogel subjected
to small deformation, less than 2098 will fully recover to its original dimension
rapidly. The rubber elasticity theory™” is used to explain this behavior,
thermodynamically. This theory was first develogsdTreolar® and Flory®® for
vulcanized rubbers and modified to polymers. La®pressions were developed
which apply to hydrogels prepared in presence ieso®® .
According to the modified theory for hydrogels paegd in presence of solvent, we
have

1
T_pRT(l_ZHc)(H_L) 1’2,55
i, i, )\ az)\v,,

Heret is the stress applied to the polymer samplis, the density of the polymer, R
is the universal gas constant, T is the absolupemxental temperature, ac the
average molecular weight between crosslinks.

To be able to analyse the structure of the hydragkelg this theory, experiments need
to be performed using a tensile system. This theanybe used to analyse chemically,
physically crosslinked as well as hydrogels exmpgittemporary crosslinks due to
hydrogen bonding.

4.4 EXPERIMENTAL:

Swelling behaviour of all hydrogels prepared inptka 2 was studied in aqueous
media.
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4.4.1.Measurement of the % of Swelling as a functioof time
For the swelling studies, thied samples were placed in distilled water
at Room temperatuf@{(@pprox a0 the month'of Febrliary'201.1) and removed from
water at regular time intervals(1,2,3,4,5,6,7,8 @Adhours). After the water on the
surfaces of the hydrogels was wiped off with maiste filter paper, the weights of
the hydrogels were recorded. The swelling (%) vedsutated as follows;

Ws - Wd
Ps =— X100
wWd

4.4.2.Measurement of the % of Swelling as a functioof pH:

Samples were dipped in water mgndifferent pH (5,6,7,8,9) for 2 hours
then removed and wiped off with moistened filtepga the weights of the hydrogels
were recorded. The swelling (%) was calculatedoas@in the case of time.

4.4.3.Measurement of the % of Swelling as a functioof temp:

Samples were dipped in watdemperature (RT, 27,32,37,and@2
for 2 hours then removed and wiped off with moistefilter paper, the weights of the
hydrogels were recorded. The swelling (%) was dated as above in the case of
time.
4.5.Result and Discussions:

Swelling behaviour of mars hydrogels has been explained on the
basis of various theories modelled, especially, stady volume transitions in
hydrogels. Volume transition has been attributedydrophobic interaction§”.
Compressible lattice theory has been used to premansitions by defining
interaction parameters on the basis of large diffees in cohesive energy densities of
components®®39 External lattice fluid hydrogen bond theory to deb swelling
behaviour of PEO and poly(N-i-PAAm) hydrogels wasgwsed by Lele et &. It
was suggested by hydrogen bonding interactionsedisas hydrophobic interactions
are crucial for volume transitions. Further dissiolu of network chains in the solvent
is prevented by crosslinks of temporary or of peremt nature. Equilibrium swelling
is achieved by balance of osmotic forces of mixamgl elastic forces of network.
Prange et &“have suggested that every segment of the moleawie three types of
contact sites : proton donating, proton accepting #ose , which interact through
dispersion forces. Swelling behaviour pattern ofiotegs polymeric hydrogels as a
function of time, pH and temperature has been dsadi below.
4.5.1.Swelling as a function of time:

4.5.1.1.Swelling of hydrogel 1 vs time

For hydrogel 1; % of swelling for 8 hours is 258%ddor next 16 hours i.e., at 24
hours % of swelling is 352%; also fot hour it is 100 %. Thus we can say that % of
swelling with time is not linear but it is betweBnear and exponential curves. It is
clear that extent of swelling increases with tinaé $welling rate decreases with time;
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perhaps it is due to the fact that as time goethere is decrease in number of holes
/pores present in network. Also there competitiebween swelling and deswelling ;
as we know that as extent of water in polymer neétviacreases there must increase
in deswelling rate; thus resultant swelling ratestdecrease and it obtained in graph
1.

4.5.1.2.Swelling of hydrogel 2 vs time:

For hydrogel 2; % of swelling for 8 hours is 152%ddor next 16 hours i.e., at 24
hours % of swelling is 231%:; also fot hour it is 50 %. Thus we can say that % of
swelling with time is not linear but it is betweBnear and exponential curves. It is
clear that extent of swelling increases with tinné $welling rate decreases with time;
perhaps it is due to the fact that as time goethere is decrease in number of holes
/pores present in network. Also there competitiebween swelling and deswelling ;
as we know that as extent of water in polymer nétviacreases there must increase
in deswelling rate; thus resultant swelling ratestrdecrease and it obtained in graph
2. It is also seen that extent of swelling for samee in the case of hydrogel 2 is
lesser than that in case of 1 because there is degmee of crosslinking in case of 2
due presence of more polar groups present for lotksg); —COOH and -CONH
both are present in hydrogel 2.

4.5.1.3.Swelling of hydrogel 3 vs time:

For hydrogel 3; % of swelling for 8 hours is 85 #daor next 16 hours i.e., at 24
hours % of swelling is 125 %; also fof hour it is 20 %. Thus we can say that % of
swelling with time is not linear but it is betwebnear and exponential curves. It is
clear that extent of swelling increases with tinné $welling rate decreases with time;
perhaps it is due to the fact that as time goethere is decrease in number of vacant
holes /pores present in network. Also there competitiortwben swelling and
deswelling ; as we know that as extent of watepatymer network increases there
must increase in deswelling rate; thus resultargll;yg rate must decrease and it
obtained in graph 3. It is also seen that exterstnadlling for same time in the case of
hydrogel 3 is lesser than that in case of 1 becthese is more degree of crosslinking
in case of 3 due presence of more polar groupeptésr crosslinking; —-COOH and -
CONH, both are present in hydrogel 3.

4.5.1.4.Swelling of hydrogel 4 vs time:

For hydrogel 4; % of swelling for 8 hours is 295&#d for next 16 hours i.e., at 24
hours % of swelling is 373 %; also fof hiour it is 100 %. Thus we can say that % of
swelling with time is not linear but it is betwebnear and exponential curves. It is
clear that extent of swelling increases with tinné $welling rate decreases with time;
perhaps it is due to the fact that as time goethere is decrease in number of vacant
holes /pores present in network. Also there competitiotwben swelling and
deswelling ; as we know that as extent of watepatymer network increases there
must increase in deswelling rate; thus resultaisg rate must decrease and it is
obtained in graph 4. It is also seen that exterstnadlling for same time in the case of
hydrogel 4 is higher than that in case of 1 bec#use is lower degree of
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crosslinking in case of 4 due presence of lesskar gwoups present for crosslinking;
(—OH with -CONH ) and due to bulky nature of sugar.

4.5.1.5.Swelling of hydrogel 5 vs time:

For hydrogel 5; % of swelling for 8 hours is 380a#td for next 16 hours i.e., at 24
hours % of swelling is 578 %; also fof hour it is 101 %. Thus we can say that % of
swelling with time is not linear but it is betwebnear and exponential curves. It is
clear that extent of swelling increases with tinné $welling rate decreases with time;
perhaps it is due to the fact that as time goethere is decrease in number of vacant
holes /pores present in network. Also there competitiortwben swelling and
deswelling ; as we know that as extent of watepatymer network increases there
must increase in deswelling rate; thus resultaisg rate must decrease and it is
obtained in graph 5. It is also seen that exterstnadlling for same time in the case of
hydrogel 5 is higher than that in case of 1 becatmsze is lower degree of
crosslinking in case of 5 due presence of lessiar gooups present for crosslinking;
(—OH with -CONH - COOH, polypeptides ). Pores are also more dipitioy nature

of chemicals present in pineapple like protiengassi, lipids and fats etc.

4.5.1.6.Swelling of hydrogel 6 vs time:

For hydrogel 6; % of swelling for 8 hours is 367a#d for next 16 hours i.e., at 24
hours % of swelling is 527 %; also fof hour it is 87 %. Thus we can say that % of
swelling with time is not linear but it is betwebnear and exponential curves. It is
clear that extent of swelling increases with tinné $welling rate decreases with time;
perhaps it is due to the fact that as time goethere is decrease in number of vacant
holes /pores present in network. Also there competitiortwben swelling and
deswelling ; as we know that as extent of watepatymer network increases there
must increase in deswelling rate; thus resultaisg rate must decrease and it is
obtained in graph 6. It is also seen that exterstnadlling for same time in the case of
hydrogel 6 is higher than that in case of 1 becatmsze is lower degree of
crosslinking in case of 6 due presence of lesskr gpoups present for crosslinking;
(—OH with -CONH - COOH, polypeptides ). Pores are also more dipitioy nature

of chemicals present in pineapple like protiengassi, lipids and fats etc.

4.5.1.7.Swelling of hydrogels vs time:

From combined graph 7; it is clear that due moosslinking in the case of hydrogel
2 and hydrogel 3; extent of swelling is lower whitecase of hydrogels from natural
resources; extent of swelling is higher due lowegrde of crosslinking.

Thus regarding swelling behaviour; hydrogels froatunal resources are superior
than that of polyacrylamide hydrogels. Hydrogelnir&@apodilla (Manilkara Zapota)
is best regarding swelling and hydrogel from Acnyide co polymerised with
Methacrylicacid is worst regarding swelling.
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4.5.2.Swelling of hydrogel vs pH:

45.2.1. Swelling of hydrogel 1 vs pH:

From graph 8; it is clear that for pH range (5:%0S is maximum at pH 5 and
decreases as pH increases and gets minimum valpid &tand again increases in
alkaline media and gets another maxima at pH Bolyacrylamide hydrogel; there is
only amide functional group. At lower pH amide gm®tonated to some extent so
there will be repulsion between —NHand—NH" due to this electrostatic repulsion ;
% S is maximum and %S decreases with pH and at @4 ho amide group is
protonated hence there will be hydrogen bondingvéen -CO and- NHof different
amide groups hence %S is minimum. As pH incredseetis conversion of amide
group to carboxylate grolfp) so again electrostatic repulsion increases henSe %
increases .

4.5.2.2..Swelling of hydrogel 2 vs pH:

From graph 9; it is clear that for pH range (5-%S is maximum at pH 5 and
decreases as pH increases and gets minimum valpid &tand again increases in
alkaline media and gets another maxima at pH 9hydrogel 2 there are two
functional groups —CONHand —COOH,; at lower pH acid group is in unioniaun
while amide is in protonated form there will be ubgpon between protonated groups
and no chance of hydrogen bonding in acid and pedeal amide group so %S is
higher . At pH 7 both amide as well as acid arenionised form so there is hydrogen
bonding hence %S is least. When alkalinity increasgain there is ionised —COO
group is present hence electrostatic repulsiorteaisd high %S.

4.5.2.3..Swelling of hydrogel 3 vs pH:

From graph 10; it is clear that for pH range (5 %S is maximum at pH 5 and
decreases as pH increases and gets minimum valpid &tand again increases in
alkaline media and gets another maxima at pH 9hydrogel 3 there are two
functional groups —CONHand —COOH,; at lower pH acid group is in unioniaun
while amide is in protonated form there will be ubgpon between protonated groups
and no chance of hydrogen bonding in acid and pedeal amide group so %S is
higher . At pH 7 both amide as well as acid arenionised form so there is hydrogen
bonding hence %S is least. When alkalinity increasgain there is ionised —COO
group is present hence electrostatic repulsiorteaisd high %S.

4.5.2.4.Swelling of hydrogel 4 vs pH:

From graph 11; it is clear that for pH range (5 %S is maximum at pH 5 and
decreases as pH increases and gets minimum valpid &tand again increases in
alkaline media and gets another maxima at pH 9hydrogel 4 there are two
functional groups —CONHand —OH; at lower pH alcohol as well as amidénis
protonated form there will be repulsion betweentqgmated groups and no chance of
hydrogen bonding so %S is higher . At pH 7 bothdmras well as hydroxyl groups
are in unionised form so there is hydrogen bontiegce %S is least. When alkalinity
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increases again there is ionised —C@@@up is present with -OH hence electrostatic
repulsion exists and lesser chance of hydrogel ingrehd hence high %S.

4.5.2.5.Swelling of hydrogel 5 vs pH:

From graph 12; it is clear that for pH range (5-%S is maximum at pH 5 and
decreases as pH increases and gets minimum valpid #&tand again increases in
alkaline media and gets another maxima at pH Bythrogel 5 functional groups are
—CONH, -COOH and —OH; at lower pH alcohol as well asdems in protonated
form and —COOH is unionised so there will be rejonldetween protonated groups
and no chance of hydrogen bonding so %S is highempH 7; all functional groups
are in unionised form so there is hydrogen bondieigce %S is least. When alkalinity
increases again there is ionised —C@@up is present with -OH hence electrostatic
repulsion exists and lesser chance of hydrogel ingrehd hence high %S.

4.5.2.6.Swelling of hydrogel 6 vs pH:

From graph 13; it is clear that for pH range (5 %S is maximum at pH 5 and
decreases as pH increases and gets minimum valpid #&tand again increases in
alkaline media and gets another maxima at pH Bytliogel 6 functional groups are
—CONH, -COOH and —OH; at lower pH alcohol as well asdems in protonated
form and —COOH is unionised so there will be rejonldetween protonated groups
and no chance of hydrogen bonding so %S is highempH 7; all functional groups
are in unionised form so there is hydrogen bontiexgce %S is least. When alkalinity
increases again there is ionised —C@@up is present with -OH hence electrostatic
repulsion exists and lesser chance of hydrogel ingrehd hence high %S.
4.5.2.7.Swelling of hydrogels vs pH:

From graph 14; it is obvious that hydrogel basedatural resources are more pH
responsive than that of copolymerised with carbiexatid .1t is due to the fact that
there is more crosslinking and hydrogen bondingaise of later case .

4.5.3.Swelling of hydrogel vs temp:

4.5.3.1.Swelling of hydrogel 1 vs temp:

From graph 15; it is clear that extent of swellingreases with temperature ; it may
be due to thermal expansion of crosslinks . At RG@mperature; % S is 107% but at
42°C; % S is 471% .Thus between Room temperature 21@ #here regular increase
in % of swelling with temperature but it will dease after a certain temperature.

4.5.3.2.Swelling of hydrogel 2 vs temp:

From graph 16; it is clear that extent of swellingreases with temperature; it may be
due to thermal expansion of crosslinks . At Roormperature; % S is 48% but at

32°C; % S is 98% .Thus between Room temperature af@ Bre regular increase

in % of swelling with temperature but it is neaclynstant after this because a@?2
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%S is 103%. Lower % of swelling at same temp fairbgel 2 than 1 is explained as
in explanation 2.

4.5.3.3.Swelling of hydrogel 3 vs temp:

From graph 17; it is clear that extent of swellingreases with temperature; it may be
due to thermal expansion of crosslinks. At Room perature; % S is 16% but at

42°C; % S is 87% .Thus between Room temperature af@ #re regular increase

in % of swelling with temperature. Lower % of swedl at same temp for hydrogel 3

than 1 is explained as in explanation 3.

4.5.3.4.Swelling of hydrogel 4 vs temp:

From graph 18; it is clear that extent of swellingreases with temperature; it may be
due to thermal expansion of crosslinks. At Room perature; % S is 146% but at
42°C : % S is 253% .Thus between Room temperaturet@i@ithere regular increase

in % of swelling with temperature but it will deaise after a certain temperature .At
room temperature %S for hydrogel 4 is more thanitlcan be explained as in

explanation 4.

4.5.3.5.Swelling of hydrogel 5 vs temp:

From graph 19; it is clear that extent of swellingreases with temperature; it may be
due to thermal expansion of crosslinks. At Room perature; % S is 159% but at
42°C; % S is 214% .Thus between Room temperature 21@ #here regular increase

in % of swelling with temperature but it will deaise after a certain temperature. At
room temperature %S for hydrogel 5 is more thant lian be explained as in

explanation 5.

4.5.3.6.Swelling of hydrogel 6 vs temp:

From graph 20; it is clear that extent of swellingreases with temperature; it may be
due to thermal expansion of crosslinks. At Room perature; % S is 125% but at
42°C; % S is 408% .Thus between Room temperature 2@ there regular increase

in % of swelling with temperature but it will deaise after a certain temperature. At
room temperature %S for hydrogel 6 is more thart Ian be explained as in

explanation 6.

4.5.3.7.Swelling of hydrogels vs temp:

From graph 21; it is evident that for all hydrogetisere is an increase in %S as
temperature increases. For hydrogel 2 and hydrotid® is lower %S due high

crosslinking and for hydrogel based on natural weses initially at room temperature
%S is higher than that for hydrogel 1 due low dinksg but as temperature rises
more increase in pore size for hydrogel 1 is oke@grvn comparision to hydrogel

based on natural resources.
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SWELLING RESULTS OF HYDROGELS IN TABULER
FORM

TABLE 1

SWELLING OF HYDROGEL 1 vs TIME

TIME wd Ws W %S

SN | (HOURS)|(gm) | (gm) | (gm)

1 0 0.634 0.634 0 0

2 1 0.634 1.268 0.634 100
3 2 0.634 1.585 0.951 150
4 3 0.634 1.806 1.172 185

5 4 0.634 1.933 1.299 205

6 5 0.634 2.022 1.388 219
7 6 0.634 2.161 1.527 241
8 7 0.634 2.219 1.585 250
9 8 0.634 2.269 1.635 258

10 24 0.634 2.865 2.231 352

TABLE 2
SWELLING OF HYDROGEL 2 vs TIME
TIME wd Ws W %S

S.N (HOURS)| (gm) (gm) (gm)

1 0 1.511 1.511 0 0
2 1 1.511 2.266 0.755 50
3 2 1.511 2.719 1.208 80
4 3 1.511 3.052 1.541 102
5 4 1.511 3.278 1.767 117
6 5 1.511 3.445 1.934 128
7 6 1.511 3.581 2.07 137
8 7 1.511 3.701 2.19 145
9 8 1.511 3.807 2.296 152
10 24 1511 5.001 3.49 231




TABLE 3

SWELLING OF HYDROGEL 3 vs TIME

TIME wd Ws w %S
S.N | (HOURS) (gm) | (gm) | (gm)
1 0 0.665 | 0665 | O 0
2 1 0.665 | 0.798 | 0.133] 20
3 2 0.665 | 0.897 | 0.232| 35
4 3 0.665 | 0977 | 0.312]| 47
5 4 0.665 1.05 0.385| 58
6 5 0.665 1.11 0.445| 67
7 6 0.665 1.157 | 0.492| 74
8 7 0.665 1.197 | 0.532| 80
9 8 0.665 1.23 0.565| 85
10 24 0.665 1.496 | 0.831 125

TABLE 4
SWELLING OF HYDROGEL 4vs TIME

TIME wd Ws \W %S
SN (HOURS) (gm) | (gm) | (gm)
1 0 0.34 0.34 0 0
2 1 0.34 0.68 0.34 100
3 2 0.34 0.836 | 0.496 146
4 3 0.34 0.965 | 0.625 184
5 4 0.34 1.074 | 0.734| 216
6 5 0.34 1.166 | 0.826| 243
7 6 0.34 1.237 | 0.897| 264
8 7 0.34 1.295 | 0.955| 281
9 8 0.34 1.343 1.003| 295
10 24 0.34 1.608 | 1.268| 373




TABLE 5

SWELLING OF HYDROGEL 5 vs TIME

SWELLING OF HYDROGEL 6 vs TIME

TIME wd Ws \W %S
SN | (HOURS)| (gm)| (gm)| (gm)
1 0 0.394| 0.394 0 0
2 1 0.394| 0.736f 0.342 87
3 2 0.394| 0.973 0.579 14y
4 3 0.394| 1.15| 0.756 192
5 4 0.394| 1.327] 0.933 23F
6 5 0.394| 1.481 1.087 27pb
7 6 0.394| 1.615 1.221 310
8 7 0.394| 1.733 1.339 34D
9 8 0.394| 1.839 1.44% 36
10 24 0.394| 247 2076 52/

TIME wd Ws W %S
SN | (HOURS) (gm) | (gm) | (gm)
1 0 0.433| 0.433 0 0
2 1 0.433 0.87 0.437 101
3 2 0.433 1.121| 0.688 159
4 3 0.433 1.337 0.9 209
5 4 0.433 1.524| 1.087 252
6 5 0.433 1.684| 1.247 289
7 6 0.433 1.827 1.39 322
8 7 0.433 1.957 1.52 352
9 8 0.433| 2.078 1.641 380
10 24 0.433| 2.935 2.498 578
TABLE 6

/1
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SWELLING OF HYDROGELS vs TIME
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TIME %S1 %S2 %S3 %S4 %S5 %S6
S. (HOURS)
1 0 0 0 0 0 0 0
2 1 100 50 20 100 101 87
3 2 150 80 35 146 159 147
4 3 185 102 47 184 209 192
5 4 205 117 58 216 252 237
6 5 219 128 67 243 289 276
7 6 241 137 74 264 322 310
8 7 250 145 80 281 352 340
9 8 258 152 85 295 380 367
10 24 352 231 125 373 578 527
TABLE 8
SWELLING OF HYDROGEL 1 vs pH
S.N pH wd Ws W % S
1 5 0.065| 0.325 0.26 400
2 6 0.048 | 0.204| 0.156 325
3 7 0.063| 0.131] 0.068 107
4 8 0.092| 0.412 0.32 348
5 9 0.084 | 0.382] 0.298 355
TABLE 9
SWELLING OF HYDROGEL 2 vs pH
S.N pH wd Ws W % S
1 5 0.301| 0.583] 0.282 94
2 6 0.257 | 0.496| 0.239 93
3 7 1.511 2.23 0.719 48
4 8 0.137| 0.215| 0.078 57
5 9 0.164 | 0.294 0.13 79




TABLE 10
SWELLING OF HYDROGEL 3 vs pH
S.N pH wd Ws w % S
1 5 0.257 | 0.376] 0.119 47
2 6 0.307 | 0.451] 0.144 47
3 7 0.665| 0.774| 0.109 16
4 8 0.255 | 0.385 0.13 51
5 9 0.263 | 0.432] 0.169 64
TABLE 11
SWELLING OF HYDROGEL 4 vs pH
S.N pH wd Ws w % S
1 5 0.111 | 0.414| 0.303 273
2 6 0.14 0.401| 0.261 186
3 7 0.34 0.835| 0.495 146
4 8 0.176 | 0.522| 0.346 197
5 9 0.158 | 0.536| 0.378 239
TABLE 12
SWELLING OF HYDROGEL 5 vs pH
S.N pH wd Ws W % S
1 5 0.238 0.72 0.482 203
2 6 0.131| 0.387| 0.256 195
3 7 0.433 1.12 0.687 159
4 8 0.102 | 0.324| 0.222 218
5 9 0.11 0.365| 0.255 232
TABLE 13
SWELLING OF HYDROGEL 6 vs pH
S.N pH wd Ws W % S
1 5 0.09 0.366| 0.276 307
2 6 0.083 | 0.312| 0.229 276
3 7 0.399 | 0.886| 0.487 125
4 8 0.159 | 0.469 0.31 192
5 9 0.114 | 0.386] 0.272 239
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TABLE 14
SWELLING OF HYDROGELS vs pH
S.N pH % S1 % S2 % S3 % S4 % S % $6
1 5 400 94 a7 273 203 307
2 6 325 93 47 186 195 276
3 7 107 48 16 146 159 125
4 8 348 57 51 197 218 192
5 9 355 79 64 239 232 239
TABLE 15
SWELLING OF HYDROGEL 1 vs Temp (K)
S.N | Temp(K)] wd Ws W % S
1 RT 0.634 1.31 0.676 107
2 300 0.156 0.63 0.474 304
3 305 0.084| 0.426] 0.342 407
4 310 0.09 0.465| 0.375 417
5 315 0.139| 0.794] 0.655 471
TABLE 16
SWELLING OF HYDROGEL 2 vs Temp (K)
S.N | Temp(K)] Wwd Ws W % S
1 RT 1.511 2.23 0.719 48
2 300 0.467| 0.764] 0.297 64
3 305 0.222 0.44 0.21§ 98
4 310 0.188| 0.376) 0.188 100
5 315 0.214| 0.435 0.221 103
TABLE 17
SWELLING OF HYDROGEL 3 vs Temp (K)
S.N | Temp(K)] Wwd Ws W % S
1 RT 0.665| 0.774| 0.109 16
2 300 0.19 0.263] 0.073 38
3 305 0.139| 0.222] 0.083 60
4 310 0.839| 1.476] 0.637 76
5 315 0.088| 0.166] 0.078 87




TABLE 18

SWELLING OF HYDROGEL 4 vs Temp (K)
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S.N | Temp(K)] Wwd Ws W % S
1 RT 0.34 0.835| 0.495 146
2 300 0.39 1.09 0.7 179
3 305 0.419| 1.254] 0.83% 199
4 310 0.14 0.453| 0.313 224
5 315 0.215 0.76 0.545 253

TABLE 19
SWELLING OF HYDROGEL 5 vs Temp (K)

S.N | Temp(K)] Wwd Ws W % S
1 RT 0.433 1.12 0.687 159
2 300 0.216| 0.632] 0.416 193
3 305 0.15 0.455| 0.305 203
4 310 0.13 0.407| 0.277 213
5 315 0.255| 0.801] 0.546 214

TABLE 20
SWELLING OF HYDROGEL 6 vs Temp (K)

S.N | Temp(K)] Wwd Ws W % S
1 RT 0.394| 0.886| 0.492 125
2 300 0.207| 0.565] 0.358 173
3 305 0.151| 0.612] 0.461 305
4 310 0.105| 0.501] 0.396 377
5 315 0.059 0.3 0.241 408

TABLE 21
SWELLING OF HYDROGELS vs Temp (K)

SN | Temp(K)| % S1 % S2 % S3 % S % Sb % S6
1 RT 107 48 16 146 159 125
2 300 304 64 38 179 193 173
3 305 407 98 60 199 203 305
4 310 417 100 76 224 213 377
5 315 471 103 87 253 214 408
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SWELLING RESULT OF HYDROGEL IN GRAPHICAL FORM

SWELLING OF HYDROGEL 1 vs TIME
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GRAPH 4
SWELLING OF HYDROGEL 4 vs TIME

400
250 Wad
200 /.,,—0-"‘/
E 250 /
g 200
3= 150
100
50
o] —4/.
o 1 2 El a s S 7 = za
Time{hr)
GRAPH 5
SWELLING OF HYDROGEL 5 vs TIME
SO0 ’

% Swelling
W
g

200
100 /
0 1 2 2 :ime(hr:; [ ’ 2 24
GRAPH 6
SWELLING OF HYDROGEL 6vs TIME

700

GO0

500 /
£ 400 //
% 200
= oo /

100

O 1

24

Time{hr)




GRAPH 7

SWELLING OF HYDROGELS vs TIME
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GRAPH 10
SWELLING OF HYDROGEL 3vs pH
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GRAPH 13
SWELLING OF HYDROGEL 6vs pH
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GRAPH 16
SWELLING OF HYDROGEL 2vs Temp (K)
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GRAPH 19
SWELLING OF HYDROGEL 5 vs Temp (K)
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CHAPTER 5

Metal lons Uptake Study
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5.1.Introduction:

The most significant fieihere hydrogels are finding application is
environmental study and management .Treatment ¢érvsystems and removal of
toxic metal ions from water is one of front lineadlenge. Conventional precipitation
processes do not always work up to satisfactorgllend synthetic ion exchange
resins are quite expansive. Natural polymers bkdulose, starch, dextran and
chitosan are extensively used in low cost technologiesttierremoval of metal ions
from water bodiesMy attempt during the project was to use fruit juice in place of
polymers above mentioned and perform the same tasks it was done with the
help above grafted copolymer hydrogels for metal io uptake study.

These polymers are of renewable origin; environadeniendly and offer highly cost
effective technologies. However, utility of thesalymers in membrane processes is
restricted due to lack of selective binding andirthegh interaction leading to
solubilisatoin. However graft copolymers of theselymers when used as ion
exchangers, especially, as cross linked networkse hadvantage over the
conventional ones due to low cost of preparation.

These copolymers offer large hythibc surface area despite being
insoluble in water and enrich or separate metak ity binding, adsorption,
chelation and ion exchange processes.

Metal ions form complexes with polymers having ahoglucose unit at glycolic
group$”. Copolymerising of suitable monomers with hydrapiccand hydrophilic /
ionic moieties combine high degree of permeabitg longer stabilit and enables
complexation with low molecular weight surfactabtgth in water and low polarity
media®.

5.2.Review of hydrogels used in metal ion uptake
(1)Pectin and acrylamide based hydrogels have been used for the sorption of
some common metal ions pollutants found in soil, industrial, and mining water
bodies®)
(2) Cellulosic-based hydrogels(extracted cellulcmed its derivatives such as
hydroxypropyl cellulose (HPC), cyanoethyl cellulpsaydroxyethyl cellulose,
hydrazinodeoxy cellulose, cellulose phosphate waithylamide (AAm) and N, N-
methylene bisacrylamide synthesized by simultanegarama ray initiation) were
used for sorption of & CU/** and CF* ion<™

(3)Hydrogels based on reaction of chitosan withyyialyl alcohol, chitosan and
polyvinyl alcohol with glutaraldehyde, N/Niisomaleimide, and N,N
biisophthalimide were used for uptake ofCand Cd" ion<®.

4: Hydrogels of Poly(N-acryloyl-N-ethylpiperazingdowed good uptake of divalent
metal ions such as Nj Cc’*, and zA&*, with high selectivity for Ni2p ions due to the
formation of a more stable ligand-metal compfex

5. Hydrogel obtained by grafting of Acrylamide momer onto cellulose was used for
sorption of Cu, Cr, Ni, Pb di catioff$

6. Graft polymerization of polyacrylonitrile ontceeltulosic material obtained from
Rubber Hevea brasiliensiskeed shell using ceric ammonium nitrate as initiato
yields hydrogel which was used for sorption of Kin, Ni, Cu, and Pb ion?.
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7. Novel hydrogels based on modified cellulosicg aracrylamido-2-methyl propane
sulphonic acid were used for sorption of F€#* and CF* metal iong*

8. N-vinylpyrrolidone/acrylic acid/2-acrylamido-2-metpropane sulfonic acid
(NVP/AAC/AMPS) based hydrogels were used to upt@ké’ * Cu#* and F&" ions
from their aqueous solutioffs

9. Hydrogel based on acrylamide and acrylic acid syathesized and crosslinked by
gamma radiation and used for uptake o?*(g;ﬁ)

10. Two chitosan hydrogels (prepared by NaOH némdétéon and by polyphosphate
ionotropic gelation) have been tested in the dagestor P4" and Pt* sorptiort™®

11. Sulfathiazole-based novel UV-cured hydrogelbents for mercury removal
aqueous solutiont?

12. Poly(3-acrylamidopropyltrimethylammonium chiter (o(APTMACI)) hydrogels
were synthesized and utilized as absorbents fordgheval of toxic arsenate from
aqueous mediuft?

In this chapter an attempt has been made to stuglysdrption of some hazardous
metal ions like Hg(ll),Pb(Il) and Cd(ll) as a furat of time , pH and Temperature.
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5.3.1.Chemicals used for metal ion uptake studyeen as follows

1: Copper Sulphate

2: Cadmium Nitrate

CuSQ.5H,0 [98.5%)]

Cd(NG;)2[99%]

From Qualigens Fine Chem Ltd

From Qualigens Fine Chem Ltd

M.W: 249.68

M.W: 308.48

3: Lead Nitrate

4: Mercuric Nitrate

Pb(NG;),[99%] gENGs),.H.0[99%]
Ranbaxy From Loba Chemi. Pvt. Ltd
M.W: 331.23 M.W: 342

5: Sodium Hydroxide

6: PAN Indicator;

1-(2- Pyridinylazd@-Naphthol

NaOH

&H11N30(0.1% Ethanol solution

From Qualigens Fine Chem Ltd

From Loba Chemi. Pvt. Lt

M.W: 40

M.W:249.27

7: Glacial Acitic acid

8: Sodium Acetate

CHsCOOH CHCOONa.3HO0[98%)]
From Merck From CDH

M.W: 60.05 M.W: 136.08

9: Ethanol 10:EDTA Di Sodium salt

C,HsOH[99.9%]

GoH1aN2NaOsg- 2H,0[99.5%)]

From Jingasu Huaxi International Trade

FrQualigens Fine ChemLtd.Co.Ltd|

M.W: 46

M.W:372.24




(1)

(2)
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In present study | have studied metal ion uptakdHgf{ll), Pb(Il), and Cd(ll) ions
by hydrogels prepared in Chapter No 2 bgpmplexometric(EDTA double
Titration) using0.1 % ethanolic solution of of PAN indicator as indicator .

5.3.2.Preparation of Solutions:

(1) Buffer solution of pH 5.2 is prepared using HENDERE EQUATION For

pH of Buffer Solutions[pH= pKa + log [salt]/[acid] =>(1)
: pKa=4.75 at 2%

(2) 0.1% Solution of PAN indicator in Ethanol.

(3) Milimolar solution of Metal salts above mentioneddathat of Copper
Sulphate.

(4) Milimolar solution of EDTA di sodium salt.

Note: All calculationsfor weighing were made according to equation;

W = MxVxM° /1000 =>(2)

Here M is molecular weight of substance, V is volume of solution
prepared in( ml) , M° is molarity of solution and W is weight of
substance in grams.

5.3.3.Procedure and theoretical basis for calculain of
metal ion uptake in mg/gm of hydrogel.

Sorption of metal ions:

Make dry powder of hydrogel by crushing it. Now @aketal ion solution as above
mentioned. Weigh a small amount of hydrogel powudsarly 0.1 grams. Take 10 ml
of salt solution in a beaker of 100 ml and makeuaa 40 ml by adding DMW . Add
powder weighed above in beaker and now let the Inbetauptaken by hydrogel.
Decant metal ion solution for titration when cnigeallows.

Titration: First of all fill the burette with EDTA solution méoned above .Now
take 10 ml solution of Copper Sulphate in conidatk and add 3-4 ml of buffer
solution as mentioned above .Put the solution onPiate till temperature is reached
at 60-78C . Add 2-3 drop of indicator solution; a pink cot@ppears. If it is not pink
then more heating is done. Titrate the solutiocanical flask against EDTA solution
and suppose volume of EDTA used for complete coxfademation is iml .At the
end point of titration yellow coloured solutionabtained with some precipitate. Now
add 10 ml solution of metal ion; taken for sorptistudy to the yellow coloured
solution of Cu(ll) —-EDTA complex; so called blanka;pink coloured solution is
obtained instantly and if it is not so then hea $blution till pink coloured solution
appears. Again titrate the pink coloured solutiagaiast EDTA; end point is
indicated if yellow coloured solution is obtain&lippose volume of EDTA used is
V, ml. Now titrate the metal ion solution remainedeafsorption with the same
procedure as above and find the volume of EDTA uSegbpose it is now ¥ml .
Thus we can calculate the equivalent volume of EZbAesponding the amount of
metal ion uptaken by hydrogel sample used. Suppos® ml (V,-Vs).
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(3)Calculation of metal ion uptake (mg/gm):
Here in my calculation; it is assumed that matsréak pure as mentioned on pack.

By using equatiof\W = MXVXM 0 /1000]; we can find the amount of metal
ions present in 10 ml solution of metal salt takBnppose it is W mg. It is also
assumed that fWmg of metal ions are completely complexed withril of EDTA
solution. Suppose amount of metal ions up takehyalyogel taken for sorption is W
mg then

W= VxW,mg =>(3)

Now W is divided by amount of hydrogel taken forgmn to get metal ion uptake
value in mg/gm of hydrogel suppose it is U.

U =WWw, =>(4)

For equation (3) and (4); W is weight of metal iamg¢mg) up taken by Wgm of
hydrogel sample taken for sorption study. V anc¥ve the same meaning as
mentioned in procedure of titration.

5.4.Result and Discussion:

Metal ion uptake is studied as function of thrempeeters
(1) Time, (2) pH and (3) Temperature

5.4.1.Metal ion uptake as a function of time:

Metal ion sorption study is performed in aqueousliameProcedure is described
above. Metal ions are put in contact of hydrogeld®,1.0,1.5, 2.0, 3.0, 4.5, 6.5and 8
hours respectively. Now decantation is performedifming out the amount of metal
ions remained. Finally titration is performed.

5.4.2.Metal ion uptake as a function of pH:

Metal ion sorption study is performed at differpht 2,4,6,7and 8 respectively.
Metal ions are put in contact of hydrogel for tlesttime span obtained in metal ion
uptake study as a function of time. Now decantasqrerformed for finding out the
amount of metal ions remained. Finally titratiorpesformed.
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5.4.3.Metal ion uptake as a function of Temperature

Metal ion sorption study is performed at differ@eimperature; Room temperature ,
27°C, 32C, 37C, 42C respectively. Metal ions are put in contact adiogel for the
best time span obtained in metal ion uptake stgdy fanction of time and best pH
obtained in metal ion sorption as function of ptbwNdecantation is performed for
finding out the amount of metal ions remained. Fyrigration is performed.

5.4.1.Metal ion uptake as a function of time:

From the sorption study of metal ions as functibtime; one thing is clear that after
a definite time interval there is slight decreaseuptake value. As we know that
hydrogel uptake metal ions Hbyinding, adsorption, chelation and ion exchange
processesSorption is a reversible process so there is ease in uptake value with
time due to adsorption; but amount of metal ionssorface increases with time so
there must be more repulsion for new incoming m&ak and simultaneously
desorption starts so at a particular time desanptade will competes adsorption and
that is why uptake value goes down for a sort tikiger this particular time again
there is a continuous increase in metal ion upteliie because resultant of
adsorption and desorption is not changing with te still there are two reactions
going on; chelation and ion exchange.

5.4.1.1 Hq(ll) Uptake by Hydrogel vs Time

For hydrogel 1 at 1.5 hour; ultimate value is ai¢di and uptake value is 8.584
mg/gm after this there is slight decrease thememe in uptake value and §tigour
uptake value is 9.171 mg/gm. For hydrogel 2 athb6r; ultimate value is obtained
and uptake value is 10.36mg/gm which is greaten tihat of hydrogel 1 .This is
because of the fact that there are more polar gronphydrogel because it is a
copolymer of Acrylamide and Acrylic acid; after ghihere is slight decrease then
increase in uptake value and Att®ur uptake value is 11.209 mg/gm. For hydrogel 3
at 2 hour; ultimate value is obtained and uptakieievas 14.125 mg/gm which is
greater than that of hydrogel 1; even at 1 houwerad greater .This is because of the
fact that there are more polar groups in hydrogdieBause it is a copolymer of
Acrylamide and Methacrylic acid ; after this theseslight decrease and then increase
in uptake value and at"thour uptake value is 16.106 mg/gm. Thus overyarbgel

3 is better than both 1&2 regarding uptake value.

For hydrogel 4 which is Acrylamide and sugar baskithate value is obtained at 2
hours and value is 10.408 mg/gm after this thesdight decrease and then increase
in uptake value and at"hour uptake value is 11.696 mg/gm. Thus it is Alster for
Hg(ll) sorption in comparision to Homo polymer ot#lamide and it is perhaps due
to presence of additional hydroxyl groups in théwoek. For hydrogel 5 ultimate
value is 9.057 mg/gm and it is reached at 2 hofties this there is slight decrease and
then increase in uptake value and"ah8ur uptake value is 11.075 mg/gm. Thus it is
slight better than homo polymer but not much défere perhaps due lesser amount of
polarity in respect to hydrogel 4. For hydrogelf@a2 hours value obtained is 16.786
mg/gm ; after this there is only slight decreage3®hour and then much increase in
uptake value and at"our uptake value is 20.644 mg/gm. Thus hydrogsltgst
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among all hydrogels in my project for Hg(ll) somati. This indicates there may be
more polar groups present in this hydrogel.

5.4.1.2.Pb(Il) Uptake by Hydrogels vs Time

For hydrogel 1 ultimate value is obtained atlhouwd & is 3.666 mg/gm. After this
much decrease in uptake value till 4.5 hour aner @ftis slight increase is reported at
8™ hour value is 4.056 mg/gm. For hydrogel 2 ultimakie is 3.426 mg/gm and it is
at 1 hour after there is a decrease and finally saie & hour is 3.563 mg/gm .In
the case of hydrogel 3 ; uptake value at 1 houitisiate and it is 3.452 mg/gm after
that there is a decrease and finally over vallid@ur is 7.708 mg/gm. Thus it is best
absorber for Pb(Il) among fully synthetic hydrogdi®r hydrogel 4 ;value after 2
hour is 9.408 mg/gm after that decrease in vallig.6 hours then value increases
and at 8 hour value is 8.589 mg/gm .thus for hydrdgmax value is at 2 hours . For
hydrogel 5 value at 2 hours is 6.328 mg/gm and triead is as usual and value &t 8
hour is 6.68 mg/gm. Finally for hydrogel 6 valugaeding Pb(ll) ion at 1.5 hour is
ultimate and at® hour value is 6.262 mg/gm .Thus for Pb(ll) somtitydrogel 4 is
found best and philicity towards metal ion sorptlmn hydrogels is more for Hg(ll)
than Pb(ll). From above results it is clear thathamism of Pb(ll) ion sorption may
be more towards adsorption and very less toward&tbn or ion exchange.

5.4.1.3.Cd(Il) Uptake by Hydrogels vs Time

For hydrogel 1 ; value of cadmium ion uptake abRrk is ultimate because after this
there is decrease in uptake value and then incirdsand at 8 hour value is 3.349
mg/gm while at 2 hour it was 2.902. For hydrogel 2; value of cadmion uptake at

2 hours is 2.429 which is ultimate because afterttiere is decrease in uptake value
and then increase in it; and & Bour value is 2.741mg/gm. For hydrogel 3; value of
cadmium ion uptake atl.5 hours is 3.883which isnate because after this there is
decrease in uptake value and then increase indtaa8' hour value is 4.425 mg/gm.
Thus hydrogel 3 is best for Cd(ll) ion uptake amsggthetic . For hydrogel 4; value
of cadmium ion uptake at 2 hours is ultimate beeaafter this there is decrease in
uptake value and then increase in it and"ah@®ur value is 7.101 mg/gm while d¥'2
hour it was 6.532 mg/gm. Thus hydrogel 4 is befiberthe purpose than synthetic
hydrogels. For hydrogel 5; value of cadmium ionalggtat 1 hours is 4.117which is
ultimate because after this there is decrease takapvalue and then increase in it;
and at & hour value is 4.485mg/gm. . For hydrogel 6; vaifieadmium ion uptake at
1.5 hours is ultimate because after this thereeahse in uptake value and then
increase in it and at"8hour value is 5.681mg/gm while at 1.5hour it was 4.756
mg/gm. Thus hydrogel 4 is best for the purpose anadirhydrogels.

Thus over result is that hydrogels are more effedor Hg(ll) and least for Pb(ll).

5.4.2.Metal ion uptake as a function of pH:

From overall sorption result of hydrogels as fimciof pH ; it seen that at lower pH

value of U is lower generally least and increaséh pH but minimum at pH 7 and

again increases with pH and in most of the casesanpH 8. It is due to the fact that
at lower pH generally polarity is destroyed bYibins and it competes with metal ions
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due to smaller size .As pH rises; there is decreast ion concentration so U value
rises .At pH 7 ;generally no™Hon is present for competition with metal ionsvsdue
must be highest but there are more hydrogen bondimd) lesser availability of
polarity so lesser uptake of metal ions. When @dgifrom7 ;then due to basic media
hydrolysis of functional groups takes place henceenpolar groups are available for
binding now U value should increase and in moshefcases it is found so.

5.4.2.1.Hg(ll) Uptake by Hydrogel vs pH

For hydrogel 1; U value is minimum at pH 2 (5.2a4¥ rises with pH; ultimate at pH
6(17.627) which is max ; deceases at pH 7 (8.584inagreater at pH 8. For hydrogel
2; U value is minimum at pH 2 (2.576) and riseshwH; ultimate at pH4(20.591)
after which deceases at pH 7 (10.027) again gredatpH 8(25.84) which is max .
Overall it is better pH responsive than hydrogel Eor hydrogel 3; U value is
minimum at pH 2 (9.326) and rises with pH; ultimaitepH4(19.548) after which
deceases at pH 7 (14.126) again greater at pH&@Bwhich is max. For hydrogel
4; U value is minimum at pH 2 (4.689) and riseshwiH; ultimate at pH6 (16.973)
after which deceases at pH 7 (9.912) again greate 8(31.746) which is max. For
hydrogel 5; U value is minimum at pH 2 (8.674) arses with pH; ultimate at pH6
(27.858) which is max. After which deceases at pkP.D57) again greater at pH
8(18.215). For hydrogel 6; U value is minimum at pH13.038) and rises with pH;
ultimate at pH6 (19.429) which is max. After whidaceases at pH 7 (15.715) again
greater at pH 8(17.122) . Thus Hydrogel based garsare more pH responsive than
synthetic .

5.4.2.2.Pb(Il) Uptake by Hydrogel vs pH

Regarding Pb(ll); sorption values are very smalpkh lower than 7 but max at pH
For hydrogel 1; U value is minimum at pH 2 (0.988¥ rises with pH; ultimate at pH
8(35.426) which is max ; deceases at pH 7 (3.36B)us hydrogel 1 shows great
response to medium change. For hydrogel 2; U valognimum at pH 2 (1.043) and
rises with pH; ultimate at pH 8(18.054) which isxndeceases at pH 7 (3.426) . Thus
hydrogel shows lesser response to medium changéehtithogel 1. For hydrogel 3; U
value is minimum at pH 2 (0.636) and rises with pHimate at pH 8(21.869) which
IS max; deceases at pH 7 (3.542). Thus hydrogeNsHesser response to medium
change than hydrogel 1 but better than hydrogeFd. hydrogel 4; U value is
minimum at pH 2 (1.358) and rises with pH; ultimatepH 8(20.449) which is max;
Thus hydrogel shows continuous response to medioamge. For hydrogel 5; U
value is minimum at pH 2 (1.012) and rises with pHimate at pH 8(20.411) which
is max; deceases at pH 7 (6.328). For hydrogdl &alue is minimum at pH 2
(2.062) and rises with pH; ultimate at pH 4 (5.74hjch is max; deceases from here.
5.4.2.3.Cd (1) Uptake by Hydrogel vs pH

For hydrogel 1;U value is 3.577 at pH 2 .It ince=asvith pH and then decreases
becomes minimum at pH 7(2.638) ;ultimate valuetisth 8 (14.049) which is max. .
For hydrogel 2; U value is 3.737at pH 2 and riseth ypH and then decreases
becomes minimum at pH 7(2.429) ; ultimate at pHA&Q2) which is max . For



91

hydrogel 3; U value is 3.322 at pH 2 and it is mmam and rises with pH and then
decreases and at pH 7(3.883) ; ultimate at pH 8Q2}.which is max . For hydrogel 4
U is zero at pH 2 and increases with pH and themnedeses. U value is ultimate at pH
6(7.868).For Hydrogel 5; U value is minimum at pfD.244) .It increases with pH
and then decreases. Value is ultimate at pH 8(#2.\&hich is max. For hydrogel 6;
U value is 10.939 at pH 2 and it is ultimate valuk.value decreases becomes
minimum at pH 6(4.211).Now value increases and atgH 8(15.753)

5.4.3.Metal ion uptake as a function of Temperature

From sorption study as a function of temperaturés clear that there is an ultimate
temperature around 3@. At this temperature sorption is maximum ancoiebr
above this temperature sorption value decreasesb#écause of the fact that for each
reaction there is an ultimate temperature.

5.4.3.1.Hg(ll) Uptake by Hydrogel vs Temperature:

For hydrogel 1; U value is maximum at’2723.13) :after this U value decreases.
Simlerly for hydrogel 2 ,3 ,4 ,5 & 6 maximum valuee at R.T(25.84) ,9T(22.418)

, 27°C(32.888), R.T(27.858) , 3¢(23.679) respectively.

Regarding sorption of Hg(ll); Hydrogel 4&6 are mublermo responsive.

5.4.3.2.Pb(Il) Uptake by Hydrogel vs Temperature:

Regarding sorption of Pb(ll) ; Hydrogel 1 has maxmuU value at R.T(35.42)
Simlerly for hydrogel 2,3 ,4 ,5 & 6 maximum valuese at , 2%C(31.07) ,
27°C(30.773), 3%(29.272), R.T (20.411), &3T (10.844) respectively.

5.4.3.3.Cd(ll) Uptake by Hydrogel vs Temperature:

Regarding sorption of Cd(ll) ; Hydrogel 1 has maximU value at R.T(14.049)
Simlerly for hydrogel 2,3 ,4 5 & 6 maximum valuese at , R.T(14.505) ,
R.T(12.911), 3%(11.443), 27C (13.191), &27C (18.121) respectively. Thus for
sorption as function of temperature there is definemperature at which value is
maximum.



METAL ION UPTAKE RESULT OF HYDROGEL IN

TABULER FORM

TABLE 1

Hg(ll) Uptake by Hydrogel 1 vs Time

S.No| Time(hr) W1(gm) Vi(ml) V2(ml) V(ml) U(mg/gm)
1 0.5 0.162 9.5 6.6 2.9 6.521
2 1 0.137 9.5 6.3 3.2 8.509
3 1.5 0.174 9.5 5.4 4.1 8.584
4 2 0.151 9.5 6.1 3.4 8.203
5 3 0.132 9.5 6.3 3.2 8.831
6 4.5 0.162 9.5 5.5 4 8.995
7 6.5 0.141 9.5 6 3.5 9.042
8 8 0.143 9.5 5.9 3.6 9.171

TABLE2

Hg(ll) uptake by hydrogel 2 vs time

S.No| Time(hr) W1(gm) Vi(ml) V2(ml) V(ml)

Hg(ll) uptake by hydrogel 3 vs time

1 0.5 0.073 9.5 8.3 1.2 5.988
2 1 0.069 9.5 7.6 1.9 10.03]
3 15 0.109 9.5 6.4 3.1 10.36
4 2 0.06 9.5 7.8 1.7 10.321
5 3 0.133 9.5 5.7 3.8 10.409
6 4.5 0.065 9.5 7.6 1.9 10.649
7 6.5 0.076 9.5 7.2 2.3 11.024
8 8 0.08 9.5 6.7 2.8 11.209
TABLE3

S.No Time(hr) W1(gm) Vi(ml) V2(ml) V(ml)

U(mg/gm)

1 0.5 0.135 9.5 7.6 1.9 5.127
2 1 0.112 9.5 5.5 4 11.944
3 15 0.126 9.5 5.1 4.4 12.7272
4 2 0.147 9.5 3.8 5.7 14.125
5 3 0.096 9.5 5.8 3.7 14.04
6 4.5 0.099 9.5 5.5 4 14.719
7 6.5 0.093 9.5 5.5 4 15.669
8 8 0.095 9.5 5.3 4.2 16.106

92
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TABLEA4

Hg (INuptake by hydrogel 4 vs time

S.No Time(hr) Wi(gm) Vi(ml) V2(ml) V(ml) U(mg/gm)

1 0.5 0.119 9.5 7 2.5 7.693
2 1 0.144 9.5 5.6 3.9 9.866
3 15 0.127 9.5 5.9 3.6 10.326
4 2 0.147 9.5 5.3 4.2 10.408
5 3 0.11 9.5 5.4 3.1 10.226
6 4.5 0.124 9.5 5.8 3.7 10.87
7 6.5 0.195 9.5 3.5 6 11.209
8 8 0.19 9.5 3.4 6.1 11.696
TABLES

Hg (Iuptake by hydrogel 5 vs time

S.No Time(hr) W1(gm) Vi(ml) | vV2(ml) V(ml)

1 0.5 0.148 9.5 6.5 3 7.384
2 1 0.141 9.5 6.3 3.2 8.268
3 15 0.107 9.5 6.9 2.6 8.852
4 2 0.181 9.5 5 4.5 9.057
5 3 0.159 9.5 5.8 3.7 8.706
6 4.5 0.162 9.5 5.1 4.4 9.895
7 6.5 0.128 9.5 5.8 3.7 10.531
8 8 0.125 9.5 5.7 3.8 11.075
TABLEG

Hg(ll) uptake by hydrogel6 vs time

S.No Time(hr) W21(gm) Vi(ml) V2(ml) V(ml) U(mg/gm)

1 0.5 0.105 9.5 7.3 2.2 7.632
2 1 0.083 9.5 6.9 2.6 11.412
3 15 0.085 9.5 5.5 4 16.217
4 2 0.102 9.5 4.8 4.7 16.786
5 3 0.076 9.5 6 3.5 16.746
6 4.5 0.059 9.5 6.4 3.1 19.141
7 6.5 0.058 9.5 6.3 3.2 20.099
8 8 0.06 9.5 6.1 3.4 20.644




TABLEY

Pb(Il) Uptake by Hydrogel 1 vs Time
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S.No| Time(hr) W21(gm) V1i(ml) V2(ml) V(ml) U(mg/gm)
1 0.5 0.139 10 9 1 2.403
2 1 0.164 10 8.2 1.8 3.666
3 1.5 0.14 10 8.8 1.2 2.863
4 2 0.166 10 9 1 2.012
5 3 0.166 10 8.5 15 3.018
6 4.5 0.152 10 8.4 1.6 3.515
7 6.5 0.152 10 8.2 1.8 3.955
8 8 0.142 10 8.3 1.7 4.056

TABLES

Pb(ll) Uptake by Hydrogel 2 vs Time

S.No| Time(hr) W1(gm) Vi(ml) V2(ml) V(ml)

Pb(ll) Uptake by Hydrogel 3 vs Time

1 0.5 0.166 10 9.5 0.5 1.006
2 1 0.156 10 8.4 1.6 3.426
3 15 0.159 10 8.5 15 3.15
4 2 0.157 10 8.6 1.4 2.978
5 3 0.152 10 8.7 13 3.076
6 4.5 0.158 10 8.4 1.6 3.382
7 6.5 0.157 10 8.4 1.6 3.404
8 8 0.15 10 8.4 1.6 3.563
TABLES

S.No Time(hr) W1l(gm) Vi(ml) V2(ml) V(ml)

U(mg/gm)

1 0.5 0.139 10 9.2 0.8 1.922
2 1 0.132 10 8.6 14 3.452
3 15 0.128 10 8.7 1.3 3.392
4 2 0.135 10 8.6 1.4 3.464
5 3 0.129 10 8.2 1.8 4.66
6 4.5 0.129 10 8.1 1.9 4.919
7 6.5 0.135 10 7 3 7.422
8 8 0.13 10 7 3 7.708
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TABLE10

Pb(Il) Uptake by Hydrogel 4 vs Time

S.No| Time(hr) W21(gm) V1i(ml) V2(ml) V(ml) U(mg/gm)

1 0.5 0.081 10 9.7 0.3 1.237
2 1 0.071 10 8.6 1.4 6.586
3 15 0.074 10 8.2 1.8 8.124
4 2 0.071 10 8 2 9.408
5 3 0.074 10 8.6 1.4 6.319
6 4.5 0.072 10 8.8 1.2 5.567
7 6.5 0.068 10 8.4 1.6 7.858
8 8 0.07 10 8.2 1.8 8.589
TABLE11

Pb(Il) Uptake by Hydrogel 5 vs Time

S.No Time(hr) W21(gm) V1i(ml) V2(ml) V(ml) U(mg/gm)

1 0.5 0.104 10 9 1 3.212
2 1 0.096 10 8.5 15 5.219
3 15 0.095 10 8.3 1.7 5.977
4 2 0.095 10 8.2 1.8 6.328
5 3 0.097 10 8.5 15 5.765
6 4.5 0.098 10 8.2 1.8 6.135
7 6.5 0.095 10 8.2 1.8 6.328
8 8 0.09 10 8.2 1.8 6.68
TABLE12

Pb(Il) Uptake by Hydrogel 6 vs Time

S.No| Time(hr) W21(gm) V1i(ml) V2(ml) V(ml) U(mg/gm)

1 0.5 0.076 10 9.3 0.7 3.076
2 1 0.082 10 8.8 1.2 4.888
3 15 0.082 10 8.7 1.3 5.295
4 2 0.089 10 9 1 3.753
5 3 0.081 10 8.8 1.2 4.948
6 4.5 0.086 10 8.7 1.3 5.048
7 6.5 0.085 10 8.5 15 5.894
8 8 0.08 10 8.5 15 6.262




TABLE13

Cd(ll) Uptake by Hydrogel 1 vs Time

S.No Time(hr) W21(gm) Vi(ml) V2(ml) V(ml) U(mg/gm)

1 0.5 0.12 9.6 9 0.6 1.495
2 1 0.178 9.6 8.5 11 1.848
3 15 0.129 9.6 8.6 1 2.318
4 2 0.102 9.6 8.5 11 2.902
5 3 0.168 9.6 8.1 15 2.67
6 4.5 0.125 9.6 8.4 1.2 2.87
7 6.5 0.134 9.6 8.2 1.4 3.124
8 8 0.125 9.6 8.2 14 3.349
TABLE14

Cd(ll) Uptake by Hydrogel 2 vs Time

S.No Time(hr) W1l(gm) Vi(ml) V2(ml) V(ml)

1 0.5 0.206 9.6 8.8 0.8 1.161
2 1 0.193 9.6 8.6 1 1.549
3 15 0.202 9.6 8 1.6 2.368
4 2 0.16 9.6 8.3 13 2.429
5 3 0.17 9.6 8.3 1.3 2.286
6 4.5 0.123 9.6 8.6 1 2.431
7 6.5 0.119 9.6 8.6 1 2.513
8 8 0.12 9.6 8.5 11 2.741
TABLE15

Cd(ll) Uptake by Hydrogel 3 vs Time

S.No Time(hr) W1l(gm) Vi(ml) V2(ml) V(ml)

1 0.5 0.198 9.6 9 0.6 0.906
2 1 0.282 9.6 7.6 2 2.121
3 15 0.077 9.6 8.6 1 3.883
4 2 0.082 9.6 8.6 1 3.646
5 3 0.086 9.6 8.5 11 3.824
6 4.5 0.101 9.6 8.2 1.4 4.145
7 6.5 0.216 9.6 6.5 3.1 4.291
8 8 0.12 9.6 7.8 1.8 4.425
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TABLE16
Cd(ll) Uptake by Hydrogel 4 vs Time

S.No Time(hr) W21(gm) Vi(ml) V2(ml) V(ml) U(mg/gm)

1 0.5 0.073 9.6 8.7 0.9 3.686
2 1 0.155 9.6 7 2.6 5.015
3 15 0.111 9.6 7.2 2.4 6.465
4 2 0.119 9.6 7 2.6 6.532
5 3 0.117 9.6 7.1 2.5 6.389
6 4.5 0.093 9.6 7.5 2.1 6.751
7 6.5 0.072 9.6 7.4 2.2 6.997
8 8 0.08 9.6 7.7 1.9 7.101
TABLE17

Cd(ll) Uptake by Hydrogel 5 vs Time

S.No| Time(hr) W21(gm) V1i(ml) V2(ml) V(ml) U(mg/gm)

1 0.5 0.13 9.6 8.6 1 2.3

2 1 0.138 9.6 7.7 1.9 4.117
3 15 0.25 9.6 6.6 3 3.477
4 2 0.145 9.6 7.6 2 4.124
5 3 0.226 9.6 6.5 3.1 4.101
6 4.5 0.252 9.6 6.1 3.5 4.152
7 6.5 0.187 9.6 6.9 2.7 4.317
8 8 0.1 9.6 8.1 15 4.485

TABLE18

Cd(Il) Uptake by Hydrogel 10 vs Time

S.No Time(hr) W21(gm) Vi(ml) V2(ml) V(ml) U(mg/gm)

1 0.5 0.122 9.6 9.1 0.5 1.225
2 1 0.102 9.6 8.1 15 4.397
3 15 0.088 9.6 8.2 1.4 4.756
4 2 0.077 9.6 8.4 1.2 4.659
5 3 0.106 9.6 7.9 1.7 4.795
6 4.5 0.08 9.6 8.2 14 5.232
7 6.5 0.067 9.6 8.4 1.2 5.355
8 8 0.1 9.6 7.7 1.9 5.681




TABLE19
Hg(ll) Uptake by Hydrogel 1 vs pH

Wil(gm) Vi(ml) V2(ml) V(ml)

1 2 0.133 9.5 7.6 1.9 5.204
2 4 0.095 9.5 5.5 4 15.339
3 6 0.093 9.5 5 4.5 17.627
4 7
5 8

0.174 9.5 4.1 4.1 8.584
0.093 9.5 4.3 4.3 16.844

TABLE 20

Hg(ll) Uptake by Hydrogel 2 vs pH

S.No pH W1(gm) V1(ml) V2(ml) V(ml)

0.099 9.5 8.8 0.7 2.576
0.092 9.5 4.3 5.2 20.59]1
0.102 9.5 4.5 17.857
0.109 9.5 6.5 10.027
0.086 9.5 3.4 6.1 25.84

w| ol
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TABLE 21
Hg(ll) Uptake by Hydrogel 3 vs pH

S.No pH  WI1(gm) V1i(ml) | V2(ml) | V(ml) | U(mg/gm)
2 0.125 9.5 6.3 3.2 9.326
4 0.082 9.5 5.1 4.4 19.548
6 0.086 9.5 5.9 3.6 18.215
p
8

0.147 9.5 3.8 5.7 14.126
0.077 9.5 4.5 5 23.656

G WINEF

TABLE 22

Hg(ll) Uptake by Hydrogel 4 vs pH

S.No pH Wi1(gm) V1i(ml) V2(ml) V(ml) U(mg/gm)

0.101 9.5 8.2 1.3 4.689
0.084 9.5 6.6 2.9 12.577
0.088 9.5 5.4 4.1 16.973
0.147 9.5 5.5 4 9.912
0.07 9.5 3.4 6.1 31.746
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TABLE 23

Hg(ll) Uptake by Hydrogel 5 vs pH

S.No pH W1(gm) V1i(ml) V2(ml) V(ml) U(mg/gm)

1 2 0.105 9.5 7 2.5 8.674
2 4 0.071 9.5 5.1 4.4 22.576
3 6 0.075 9.5 3 6.5 27.858
4 7 0.181 9.5 5 4.5 9.057
5 8 0.078 9.5 5.6 3.9 18.215

TABLE 24

Hg(ll) Uptake by Hydrogel 6 vs pH

S.No pH  Wi1(gm) V1i(ml) | V2(ml) | V(ml) | U(mg/gm)

1 2 0.095 9.5 6.1 3.4 13.038

2 4 0.09 9.5 4.9 4.6 18.62

3 6 0.105 9.5 3.9 5.6 19.429

4 7 0.102 9.5 5.1 4.4 15.715

5 8 0.1 9.5 4.8 4.7 17.122
TABLE 25

Pb(Il) Uptake by Hydrogel 1 vs pH

S.No pH Wi1(gm) V1i(ml) V2(ml) V(ml) U(mg/gm)

0.101 10 9.7 0.3 0.992

0.096 10 9 1 3.479

0.096 10 8.6 1.4 5.221

0.164 10 8.2 1.8 3.366

G WINEF
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0.066 10 3 7 35.426

TABLE 26

Pb(Il) Uptake by Hydrogel 2 vs pH

S.No pH

Wi(gm) Vi(ml) V2(ml) V(ml) U(mg/gm)

0.096 10 9.7 0.3 1.043

0.092 10 9 1 3.63

0.097 10 8.2 1.8 6.198

0.156 10 8.4 1.6 3.426

g WiNEF
0NN

0.074 10 6 4 18.054
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Pb(Il) Uptake by Hydrogel 3 vs pH

TABLE27

S.No pH Wi1(gm) V1i(ml) V2(ml) V(ml) U(mg/gm)
1 2 0.105 10 9.8 0.2 0.636
2 4 0.081 10 8.9 1.1 4.536
3 6 0.075 10 9.2 0.8 3.562
4 7 0.132 10 8.6 1.4 3.542
5 8 0.084 10 4.5 5.5 21.869

TABLE?28

Pb(Il) Uptake by Hydrogel 4 vs pH

S.No pH Wi1(gm) V1i(ml) V2(ml) V(ml) U(mg/gm)
1 2 0.123 10 9.5 0.5 1.358
2 4 0.106 10 9 1 3.151
3 6 0.117 10 8.5 15 4.282
4 7 0.071 10 8 2 9.408
5 8 0.098 10 4 6 20.449

TABLE29

Pb(ll) Uptake by Hydrogel 5 vs pH

S.No pH W1(gm) V1i(ml) V2(ml) V(ml) U(mg/gm)
1 2 0.099 10 9.7 0.3 1.012
2 4 0.085 10 8.8 1.2 4.715
3 6 0.081 10 8.2 1.8 7.422
4 7 0.095 10 8.2 1.8 6.328
5 8 0.072 10 5.6 4.4 20.411

TABLE 30

Pb(ll) Uptake by Hydrogel 6 vs pH

100

W1(gm) Vi(ml) | vV2(ml) | V(ml)

1 2 0.081 10 9.5 0.5 2.062
2 4 0.064 10 8.9 11 5.741
3 6 0.101 10 8.3 1.7 5.621
4 7 0.082 10 8.7 1.3 5.295
5 8 0.092 10 8.7 13 4.72




Cd(ll) Uptake by Hydrogel 1 vs pH

TABLES31
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S.No pH  W1(gm) V1i(ml) | V2(ml) | V(ml) | U(mg/gm)
1 2 0.117 9.6 8.2 14 3.577
2 4 0.093 9.6 7.6 2 6.43
3 6 0.096 9.6 8.1 15 4.672
4 7 0.102 9.6 8.7 0.9 2.638
5 8 0.083 9.6 5.7 3.9 14.049

TABLE32
Cd(ll) Uptake by Hydrogel 2 vs pH

S.No pH  W1(gm) V1i(ml) | V2(ml) | V(ml) | U(mg/gm)
1 2 0.12 9.6 8.1 15 3.737
2 4 0.102 9.6 6.4 3.2 9.38
3 6 0.092 9.6 7.5 2.1 6.825
4 7 0.16 9.6 8.3 1.3 2.429
5 8 0.101 9.6 4.6 5 14.802

TABLE 33
Cd(ll) Uptake by Hydrogel 3 vs pH

S.No pH  W1(gm) V1i(ml) | V2(ml) | V(ml) | U(mg/gm)
1 2 0.126 9.6 8.2 14 3.322
2 4 0.088 9.6 8.3 1.3 4.417
3 6 0.095 9.6 8.3 1.3 4.091
4 7 0.077 9.6 8.6 1 3.883
5 8 0.088 9.6 5.8 3.8 12.911

TABLE 34

Cd(ll) Uptake by Hydrogel 4vs pH

S.No pH Wi1(gm) V1i(ml) V2(ml) V(ml) U(mg/gm)
1 2 0.109 9.6 9.6 0 0
2 4 0.087 9.6 8.2 1.4 4.867
3 6 0.076 9.6 7.6 2 7.868
4 7 0.119 9.6 7 2.6 6.532
5 8 0.074 9.6 9.6 0 0




TABLES3S5

Cd(ll) Uptake by Hydrogel 5vs pH
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S.No pH  W1(gm) V1i(ml) | V2(ml) | V(ml) | U(mg/gm)
1 2 0.095 9.6 9.3 0.3 0.944
2 4 0.108 9.6 7.8 1.8 4.983
3 6 0.112 9.6 8.4 1.2 3.203
4 7 0.138 9.6 7.7 1.9 4.116
5 8 0.061 9.6 7 2.6 12.744
TABLE 36
Cd(ll) Uptake by Hydrogel 6vs pH
S.No pH W1(gm) V1i(ml) V2(ml) V(ml) U(mg/gm)
1 2 0.082 9.6 6.6 3 10.939
2 4 0.089 9.6 8.1 15 5.039
3 6 0.071 9.6 8.6 1 4.211
4 7 0.088 9.6 8.2 14 4.756
5 8 0.093 9.6 4.7 4.9 15.753
TABLE 37
Hg(ll) Uptake by Hydrogel 1 vs Temp
S.No Temp(K) W21(gm) Vi(ml) | V2(ml) | V(ml) | U(mg/gm)
1 R.T 0.093 9.5 5 4.5 17.627
2 300 0.063 9.5 5.5 4 23.13
3 305 0.065 9.5 6.5 3 16.813
4 310 0.064 9.5 7 2.5 14.23
5 315 0.07 9.5 7.4 2.1 10.929
TABLE 38

Hg(ll) Uptake by Hydrogel 2 vs Temp

S.No Temp(K) W1(gm) Vi(ml) V2(ml) V(ml)

U(mg/gm)

1 R.T 0.086 9.5 3.4 6.1 25.84
2 300 0.085 9.5 4.5 5 21.429
3 305 0.072 9.5 6 3.5 17.709
4 310 0.073 9.5 6.5 3 14.971
5 315 0.085 9.5 6.6 2.9 12.429




TABLE 39

Hg(ll) Uptake by Hydrogel 3 vs Temp
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S.No Temp(K) W21(gm) Vi(ml) V2(ml) V(ml) U(mg/gm)
1 R.T 0.082 9.5 5.1 4.4 19.548
2 300 0.078 9.5 4.7 4.8 22.418
3 305 0.069 9.5 6 3.5 18.479
4 310 0.085 9.5 6.8 2.7 11.572
5 315 0.074 9.5 7.2 2.3 11.322

TABLE 40

Hg(ll) Uptake by Hydrogel 4vs Temp

S.No Temp(K) W1(gm) Vi(ml) V2(ml) V(ml)

1 R.T 0.07 9.5 3.4 6.1 31.746

2 300 0.072 9.5 3 6.5 32.888

3 305 0.066 9.5 5 4.5 24.839

4 310 0.066 9.5 5.6 3.9 21.521

5 315 0.073 9.5 6 3.5 17.466
TABLE 41

Hg(ll) Uptake by Hydrogel 5vs Temp

S.No Temp(K) | W1(gm) | Vi(ml) | V2(ml) V(ml)

1 R.T 0.085 9.5 3 6.5 27.858

2 300 0.066 9.5 5 4.5 24.839

3 305 0.07 9.5 5.5 4 20.817

4 310 0.074 9.5 5.7 3.8 18.707

5 315 0.08 9.5 6.5 3 13.661
TABLE 42

Hg(ll) Uptake by Hydrogel 6vs Temp

S.No Temp(K) W1(gm) Vi(ml) V2(ml) V(ml) U(mg/gm)
1 R.T 0.105 9.5 3.9 5.6 19.429
2 300 0.08 9.5 4.3 5.2 23.679
3 305 0.089 9.5 5.5 4 16.373
4 310 0.074 9.5 6.5 3 14.769
5 315 0.07 9.5 7.9 2.6 13.531




TABLE 43

Pb(ll) Uptake by Hydrogel 1 vs Temp
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Pb(ll) Uptake by Hydrogel 2 vs Temp

S.No Temp(K) W21(gm) Vi(ml) V2(ml) V(ml) U(mg/gm)
1 R.T 0.066 10 3 7 35.42
2 300 0.074 10 2.5 7.5 33.851
3 305 0.069 10 3.4 6.6 31.948
4 310 0.067 10 5 5 24.925
5 315 0.063 10 7.5 2.5 13.254
TABLE 44

Pb(Il) Uptake by Hydrogel 3 vs Temp

S.No Temp(K) W21(gm) Vi(ml) V2(ml) V(ml) U(mg/gm)
1 R.T 0.074 10 6 4 18.054
2 300 0.086 10 2 8 31.07
3 305 0.081 10 4 6 24.741
4 310 0.068 10 5.2 4.8 23.576
5 315 0.09 10 7 3 11.133
TABLE 45

S.No Temp(K) | W1(gm) | Vi(ml) | V2(ml) V(ml)

Pb(ll) Uptake by Hydrogel 4vs Temp

1 R.T 0.084 10 4.5 5.5 21.869

2 300 0.089 10 1.8 8.2 30.773

3 305 0.066 10 4 6 30.363

4 310 0.098 10 5.9 4.1 13.973

5 315 0.072 10 7 3 13.916
TABLE 46

1 R.T 0.098 10 4 6 20.449
2 300 0.082 10 4.6 5.4 21.955
3 305 0.089 10 2.2 7.8 29.272
4 310 0.09 10 5 5 18.555
5 315 0.078 10 5.7 4.3 18.412
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TABLE 47

Pb(ll) Uptake by Hydrogel 5vs Temp

S.No Temp(K) | W1(gm) | Vi(ml) | V2(ml) V(ml)

1 R.T 0.074 10 5.6 4.4 20.411

2 300 0.086 10 5.2 4.8 18.642

3 305 0.076 10 6.2 3.8 16.7

4 310 0.064 10 7.4 2.6 13.568

5 315 0.074 10 7 3 13.54
TABLE 48

Pb(ll) Uptake by Hydrogel 6vs Temp

S.No Temp(K) W1(gm) Vi(ml) V2(ml) V(ml) U(mg/gm)
1 R.T 0.081 10 8.9 1.1 5.741
2 300 0.077 10 7.5 2.5 10.844
3 305 0.079 10 7.8 2.2 9.301
4 310 0.08 10 8.3 1.7 7.097
5 315 0.061 10 8.8 1.2 6.57

TABLE 49

Cd(ll) Uptake by Hydrogel 1 vs Temp

S.No Temp(K) W1(gm) Vi(ml) V2(ml) V(ml) U(mg/gm)
1 R.T 0.083 9.6 5.7 3.9 14.049
2 300 0.066 9.6 7 2.6 11.779
3 305 0.077 9.6 6.7 2.9 11.226
4 310 0.089 9.6 6.5 3.1 10.415
5 315 0.072 9.6 7.3 2.3 9.551

TABLES0

Cd(ll) Uptake by Hydrogel 2 vs Temp

S.No Temp(K) | W1(gm) | Vi(ml) | V2(ml) V(ml)

1 R.T 0.101 9.6 4.7 4.9 14.505
2 300 0.063 9.6 6.7 2.7 13.763
3 305 0.087 9.6 6.4 3.2 10.998
4 310 0.068 9.6 7.6 2 8.794
5 315 0.09 9.6 7.5 2.5 8.306
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TABLES1

Cd(ll) Uptake by Hydrogel 3 vs Temp

S.No Temp(K) | W1(gm) | Vi(ml) | V2(ml) V(ml)

1 R.T 0.088 9.6 5.8 3.8 12.911

2 300 0.077 9.6 7 2.6 10.096

3 305 0.075 9.6 7.4 2.2 8.771

4 310 0.076 9.6 7.5 2.1 8.261

5 315 0.063 9.6 8 1.6 7.593
TABLE 52

Cd(ll) Uptake by Hydrogel 4vs Temp

S.No Temp(K) W21(gm) Vi(ml) V2(ml) V(ml) U(mg/gm)

1 R.T 0.076 9.6 7.6 2 7.868
2 300 0.082 9.6 7.2 2.4 8.757
3 305 0.081 9.6 6.5 3.1 11.443
4 310 0.073 9.6 7.4 2.2 9.011
5 315 0.076 9.6 7.8 1.8 7.082

TABLE 53

Cd(ll) Uptake by Hydrogel 5vs Temp

S.No Temp(K) W21(gm) Vi(ml) V2(ml) V(ml) U(mg/gm)

1 R.T 0.061 9.6 7 2.6 12.744

2 300 0.068 9.6 6.6 3 13.191

3 305 0.079 9.6 6.2 3.4 12.868§

4 310 0.098 9.6 7 2.6 7.933

5 315 0.077 9.6 8 1.6 6.213
TABLE 54

Cd(ll) Uptake by Hydrogel 6vs Temp

S.No Temp(K) | W1(gm) | Vi(ml) | V2(ml) V(ml)

R.T 0.093 9.6 5.1 4.5 14.467
300 0.066 9.6 5.6 4 18.121
305 0.06 9.6 6.5 3.1 15.448

310 0.081 9.6 7.1 2.5 9.228

g WiNEF

315 0.071 9.6 8.8 8.8 3.369




TABLE 55
Hg(ll) UPTAKE BY HYDROGEL vs TIME

Time(h Ul(mg/g U2(mg/g U3(mg/g U4(mg/g

TABLE 56

Pb(ll) UPTAKE BY HYDROGEL vs TIME

Time(h Ul(mg/g U2(mg/g U3(mg/g U4(mg/g U5(mg/g U6(mg/g

m) m) m) m) m) m)
0.5 2.403 1.006 1.922 1.237 3.212 3.076
1 3.666 3.426 3.452 6.586 5.219 4.8838
15 2.863 3.15 3.392 8.124 5.977 5.295
2 2.012 2.978 3.464 9.408 6.328 3.753
3 3.018 3.076 4.66 6.319 5.765 4.948
4.5 3.515 3.382 4.919 5.567 6.135 5.048
6.5 3.955 3.404 7.422 7.858 6.328 5.894
8 4.056 3.563 7.708 8.589 6.68 6.262
TABLES7

Cd(ll) UPTAKE BY HYDROGEL vs TIME

Time(h Ul(mg/g U2(mg/g U3(mg/g U4(mg/g U5(mg/g




TABLESS8

Hg(ll) UPTAKE BY HYDROGEL vs pH

Ul(mg/g U2(mg/g U3(mg/g U4(mg/g | U5(mg/g

108

u6(mg/g

TABLES9

Pb(ll) UPTAKE BY HYDROGEL vs pH

Ul(mg/g U2(mg/g U3(mg/g U4(mg/g | U5(mg/g

u6(mg/g

TABLEGO

Cd(ll) UPTAKE BY HYDROGEL vs pH

Ul(mg/g U2(mg/g U3(mg/g U4(mg/g | U5(mg/g

u6(mg/g
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TABLEG1

Hg(ll) UPTAKE BY HYDROGEL vs TEMP

Temp( Ul(mg/g U2(mg/g U3(mg/g U4(mg/g U5(mg/g U6(mg/g

K) m) m) m) m) m)

R.T 17.627 25.84 19.548 31.746 27.858 19.429
300 23.13 21.429 22.418 32.888 24.839 23.679
305 16.813 17.709 18.479 24.839 20.817 16.3)73
310 14.23 14.971 11.572 21.527 18.707 14.769
315 10.929 12.429 11.322 17.466 13.661 13.5381

TABLEG62

Pb(ll) UPTAKE BY HYDROGEL vs TEMP

Temp( Ul(mg/g U2(mg/g U3(mg/g U4(mg/g U5(mg/g U6(mg/g
K) m) m) m) m) m)
R.T 35.42 18.054 21.869 20.449 20.411 5.741
300 33.851 31.07 30.773 21.95% 18.642 10.844
305 31.948 24.741 30.363 29.272 16.7 9.301
310 24.925 23.576 13.973 18.555 13.568 7.097
315 13.254 11.133 13.916 18.412 13.54 6.57
TABLEG3

Cd(Il) UPTAKE BY HYDROGEL vs TEMP

Temp( Ul(mg/g U2(mg/g U3(mg/g U4(mg/g U5(mg/g U6(mg/g
K) m)
R.T 14.049 14.505 12.911 7.868 12.744 14.467
300 11.779 13.763 10.096 8.757 13.191 18.1P1
305 11.226 10.998 8.771 11.443 12.868 15.448
310 10.415 8.794 8.261 9.011 7.933 9.228
315 9.551 8.306 7.593 7.082 6.213 3.369
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METAL ION UPTAKE RESULT OF HYDROGEL IN

GRAPHICAL FORM
GRAPH 1

Hg(ll) Uptake by Hydrogel 1 vs time
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GRAPH 4

Hg(ll) uptake by hydrogel 4 vs time
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Hg(ll) uptake by hydrogel 5 vs time
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Hg(ll) uptake by hydrogel 6 vs time
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GRAPH 7

Pb(Il) uptake by hydrogel 1 vs time
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GRAPH 10

Pb(Il) uptake by hydrogel 4 vs time
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Pb(Il) uptake by hydrogel 5 vs time
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Pb(Il) uptake by hydrogel 6 vs time
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GRAPH 13

Cd(Il) uptake by hydrogel 1 vs time
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Cd(Il) uptake by hydrogel 3 vs time
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GRAPH 16

Cd(Il) uptake by hydrogel 4vs time
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GRAPH 19

Hg(ll) uptake by hydrogel 1vs pH
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GRAPH 22

Hg(ll) uptake by hydrogel 4vs pH
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GRAPH 25

Pb(Il) uptake by hydrogel 1vs pH
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GRAPH 28

Pb(Il) uptake by hydrogel 4vs pH
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GRAPH 31

Cd(Il) uptake by hydrogel 1vs pH
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GRAPH 34

Cd(Il) uptake by hydrogel 4vs pH
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GRAPH 37
Hg(ll) uptake by hydrogel 1vs TEMP
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Hg(ll) uptake by hydrogel 4vs TEMP
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GRAPH 43
Pb(Il) uptake by hydrogel 1vs TEMP
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GRAPH 46
Pb(Il) uptake by hydrogel 4vs TEMP
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GRAPH 49
Cd(Il) uptake by hydrogel 1vs TEMP
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GRAPH 52
Cd(Il) uptake by hydrogel 4vs TEMP
15
“EE *-'-’/
-E- 5 e | (G T
D T T T T 1
R.T 200 205 210 315
TEMP(K)

GRAPH 53

Cd(Il) uptake by hydrogel 5vs TEMP
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GRAPH 55
Hg(ll) UPTAKE BY HYDROGEL vs TIME
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GRAPH 58
Hg(Il) UPTAKE BY HYDROGEL vs pH
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Pb(ll) UPTAKE BY HYDROGEL vs pH
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GRAPH 61
Hg(ll) UPTAKE BY HYDROGEL vs TEMP
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Pb(Il) UPTAKE BY HYDROGEL vs TEMP
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CONCLUSIONS

In the present work hydrogels of copolymers ofyfamide with natural
resources ( Cane sugar juice , Sapodilla extrattPame apple juice with
the help of initiator KPS and crosslinker N,N-MBAAnRere prepared .

Hydrogels were characterised by FTIR ,SEM ,and XRD

FTIR gave information about various functional gweupresent in
crosslinked network.

By SEM analysis surface morphology were found out.

With the help of XRD analysis is was found that enails are nearly
amorphous in nature.

Swelling study of hydrogels were performed in agqeanedia as
function of time and it was found that nature oe#ing is nearly same as
that of fully synthetic material but extent wereihal different .

Swelling study also performed at different pH &ewhperature and it was
found that hydrogels were responsive to these peteasto some extent.

Metal ion sorption study were also performed for(lHg Pb(ll) and

Cd(Il) in aqueous media as a function of time aonhes fruitful results
were obtained for these hydrogels . Sorption studge also performed
as a function of pH and temperature and fruitfglits were found.

It had been observed that for swelling study muekteln results can
obtained if pellets size was taken as small asiples

For better results in the case of sorption studyrdgels must be finely
powdered.
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