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PREFACE

The alarming utility and the ever-increasing demands of polymeric materials in today’s
world led to the development of high-performing hydrogel for myriad applications.
Amidst them, fabrications of polysaccharide-based materials have received remarkable
attention due to their easy availability, biocompatibility, biodegradability, and affordable
cost. The concept of "going green" and "sustainability" arises due to reducing the global
impact associated with the synthetic monomer-based polymer industries. Therefore, a
huge attention is devoted to the development of eco-friendly polymeric materials using
renewable resource-derived materials for multifaceted applications. Polysaccharides are
one of the most potent renewable sources for hydrogel fabrication due to their
hydrophilicity, easy availability, and low cost. The backbone of these natural polymers
can be grafted with different synthetic monomers to obtain bio-based polymeric
materials with high performance. Thus, using one specific polysaccharide, different
hydrogels can be obtained with attractive properties. Moreover, the properties can be
tailored to achieve a specific material for the targeted applications. Thus, investigating
the potential applicability of these materials, the present work focuses on the fabrication
of polysaccharide-based hydrogels for advanced applications including agricultural,
wastewater treatment, and biomedical field. Different starch modified hydrogels with
diverse properties including high swelling ability, high adsorption capacity, mechanical
toughness, self-healing ability, controlled release attribute, and swelling-induced
mechanical strength have been developed to perform the aforementioned applications.
Therefore, the work divulges a new avenue to synthesize high-performing starch-based
smart hydrogels with remarkable properties and reflects the potential for utilization in

modern applications in various fields.

Place: Tezpur University, Tezpur (Dimpee Sarmah)

Date: 11-05- 2023

vi



ACKNOWLEDGMENT

It is an immense happiness to express my gratitude to those large numbers of people who

have impacted me and motivated over the path of my Ph.D work, and my life in general.

First of all, I would like to express my deep and sincere gratitude to my research supervisor,
Professor (Dr.) Niranjan Karak, former Dean, Research and Development, Tezpur
University for giving me the opportunity to do research and providing me invaluable
guidance throughout the research. I am extremely grateful for his constant support, advice,
dynamism, vision, sincerity, and motivation during the course of my work, which has played
the deciding factor in allowing me to nurture and evolve as a researcher. His unwavering
dedication towards research and indomitable spirit would remain as a source of inspiration

in my future endeavors.

I would like to express my appreciation and respect to my doctoral research committee
members Dr. Nayan Moni Gogoi and Dr. Sajal K. Das, Department of Chemical Sciences

for their constant help and advises during my Ph. D work.

It is my pleasant duty to acknowledge the cooperation and support extended to me by the
authority of Tezpur University and entire community of the Department of Chemical
Sciences, for allowing me to utilize the administrative and technical facilities required for my

research work.

It is my pleasure to acknowledge the present Head of the Department Prof. Panchanan
Puzari, along with the former Heads of the Department Prof. Ruli Borah and Prof. Ashim
Jyoti Thakur, for giving me the opportunity to carry on my research activities and their

valuable advises throughout my research work at Tezpur University.

I am immensely thankful to Prof. S. K. Dolui, Prof. T.K. Maji, Prof. N. S. Islam, Prof. R. K.
Dutta, Prof. R. C. Deka, Prof. A. K. Phukan, Dr. P. Bharali, Dr. N. M. Gogoi, Dr. K. K.

Bania and Dr. U. Borah for their valuable suggestions and advices.

I would like to offer my thanks to the Technical Staffs of the Department of Chemical
Sciences; SAIC, Tezpur University; SAIF, NEHU, Shillong; NEIST-SAIF, CSIR-NEIST,

Jorhat for their analytical supports and cooperations to my research.

vii



I would also like to thank the office staffs of Department of Chemical Sciences, Tezpur
University, for their kind help during my Ph.D. work. A special mention goes to the Non-

Technical Staff, Department of Chemical Sciences for their timely services.

I would like to take this opportunity to give my heartfelt gratitude to my APNL family
members; my seniors Dr. Deepshikha Hazarika, Dr. Rituparna Duarah, Dr. Rajarshi Bayan,
Dr. Aditi Saikia, Dr. Tuhin Ghosh, Dr. Geeti Kaberi Dutta for their active cooperation and
suggestions during my research work. My utmost regard, affection and appreciation go to
my dearest lab members Annesha Kar, Nobomi Borah, Samiran Morang, Ashok Bora,
Kalyan Dutta, Raghav Poudel, Kriti Yadav, for their constant support and help during my
Ph.D. work.

My heartiest gratitude goes to my friends Manasjyoti Nath, Jugal Charan Sarmah, Abhijeet
Parashar, Kamal Verma, Namisha Das, Sultana Parveen Ahmed, Shahnaz Ahmed, Dipika

Konwar, Niharika Kashyap, Suman Lahkar, for their constant motivation.

I would like to express my heartfelt appreciation to Mrs. Susmita Karak for her great

affection, which I continue to enjoy during my stay at Tezpur University.

I would like to acknowledge the whole community of Tezpur University for the experience

of a lifetime.

I would like to acknowledge Prof. Manabendra Mandal and his group for the biological

works.

Finally, big thanks must go to my parents, sister, and my late grandmother for the endless
love and support they have given me throughout my life. I would also like to express my
gratitude to all of my relatives and well-wishers for their love and encouragement.

At last, I would like to thank God, the Almighty, for his showers of blessings throughout

this journey and for my entire life.

@&rwou; Sarrmah
Place: Tezpur University, Tezpur (Dimpee Sarmah)
Date: 11-05-2023

viii



LIST OF ABBREVIATION AND SYMBOLS

%

3D

°C

AA
AAS
AIBN
AM
APS
a.u.
ASTM
BS
CaCl,
CaCOs
CaS04-2H,0
CH3;0H
cm
CMC
CR
DMAB
DN
DSC
DTG
ECH
eV
FESEM
FTIR

g/mol

HA

Percentage

Degree

Three-dimensional

Degree centigrade

Acrylic acid

Atomic adsorption spectrophotometer
2,2'-azobisisobutylonitrile
Acrylamide

Ammonium persulfate

Arbitrary unit

American society for testing and materials
Bacillus subtilis

Calcium chloride

Calcium carbonate

Calcium sulfate dihydrate

Methanol

Centimeter

Carboxymethylcellulose

Congo red
4-Dimethylaminobenzaldehyde
Double network

Differential scanning calorimetry
First derivative

Epichlorohydrin

Electron volt

Field emission scanning electron microscopy
Fourier transform infrared

Gram

Gram per mole

Hour

Hydrophobically associated

XViii



HCl
IM
IPN

kg
kJ
kN
kPa
kV
LB

MBA
MB
min

mL

MPa
MTT
mol
mV
NaCl
NalOg4
NaOH
(ON}
PAA
PAM
PDMS
PEG
PNIPAAmM
PVA

S

SA
SAH

Hydrochloric acid

Inverted microscopy
Interpenetrating polymer network
Rate constant

Kilogram

Kilojoule

Kilonewton

Kilopascal

Kilovolt

Luria-Bertani

Meter

N, N-methylene bisacrylamide
Methylene blue

Minute

Milli litre

Milli meter

Megapascel
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
Mole

Millivolt

Sodium chloride

Sodium meta periodate
Sodium hydroxide

Oxidized starch

poly(acrylic acid)
Poly(acrylamide)
poly(dimethylsiloxane)
poly(ethylene glycol)
poly(N-isopropylacrylamide)
Poly(vinyl alcohol)

Second

Staphylococcus aureus

Superabsorbent hydrogel

XIX



SDBS Sodium dodecylbenzene sulfonate
SDS Sodium dodecyl sulfate

SEM Scanning electron microscopy
SMA Stearyl methacrylate

TEA Triethylamine

T, Glass transition temperature

TGA Thermogravimetric analysis
UT™M Universal testing machine

UV-vis Ultraviolet-visible

XPS X-ray photo electron spectroscopy
YE Yersinia enterocolitica

A Wavelength

uL micro litre(s)

um micro meter(s)

XX



Scheme No. Scheme legend Page No.
1.1 Schematic representation of cross-linking methods of 1-20
hydrogel.

21 Synthetic route of SAH. 2-9
2.2. (a) The molecular representation of swelling mechanism 2-15
with the visual appearance of the hydrogel before and
after swelling, and images of (b) dry hydrogel and (c)

swollen hydrogel.

3.1. Synthetic route and possible chemical structure of double 3-6
cross-linked amphoteric hydrogel.

3.2. Schematic representation for the possible interactions 3-20
between SETA3 and dye molecules.

4.1. Synthesis scheme and probable chemical structure of the 4-6
hydrogel.

4.2. Schematic representation for the interactions of metal ions 4-23
with the adsorbent.

5.1. Preparative scheme and possible structure of the self- 5-6
healing hydrogel

5.2. Schematic representation of the fracture and self-healing 5-17
process of SAS3.

6A.1. Possible synthetic route for the preparation of the 6-8
hydrogel.

6B.1. Possible reaction mechanism for the preparation of the 6-31

hydrogel

XX1



LIST OF FIGURES

Figure No. Figure legend Page No.

1.1. Structure of starch 1-9

1.2. Structure of some hydrophobic monomers used for hydrogel 1-15
synthesis.

2.1. FTIR spectra of (a) starch and PAA, and (b) SAH 1, SAH 2, 2-10
and SAH 3.

2.2, XPS spectra of (a) SAH 2; (b) C 1s, (c) O 1s, (d) N Is, and (e) 2-11
Na 1s, for SAH 2.

2.3. (a) TGA thermograms, and (b) DTG curves of starch and 2-12
SAH 2

24. Swelling of SAH 2-12

2.5. Digital photographs of hydrogels showing dimensional 2-13
stability and strength of (a) SAH 1, (b) SAH 2, and (c) SAH
3.

2.6. (a) Weight loss of SAHs after 3 months, (b) SEM images of 2-17

the hydrogel before degradation, and (c) SEM images of the
hydrogel after degradation.

2.7. Effect of SAH on soil properties (a) water absorption capacity 2-18
of the soil, (b) bulk density, and (c) porosity.

2.8. (a) FTIR spectra of urea, urea-loaded SAH, and SAH after 2-19
release of urea and (b) release profile of urea from

encapsulated SAH in static water.

3.1. FTIR spectra of (a) ECH, starch, and SET (b) SETAI1, SETA 3-7
2, and SETA3.

3.2. XPS spectra of (a) SEAA3, (b) C 1s, (c) O 1s, (d) N 1s, and 3-8
(e) Na 1s.

3.3. Swelling values of the hydrogels 3-9

34. (a) Effect of adsorbent dosages on adsorption of MB, (b) 3-11

effect of adsorbent dosages on adsorption of CR, (c) effect of
adsorbent dosages on adsorption amount for MB, and (d)

effect of adsorbent dosages on adsorption amount for CR; (e)

XXii



dye adsorption capacity of the three SETAs, (dye
concentration 50 ppm, 100 mL; temperature 323 K, pH: 8 for
MB and 6 for CR).

3.5. (a) Effect of dye concentration on adsorption amount, and (b) 3-12
effect of dye concentration on adsorption, and (dye
concentration 50 ppm, 100 mL; adsorbent dosage: 35 mg for
MB and 70 mg for CR, temperature 323 K, pH: 8 for MB and
6 for CR).

3.6. (a) Effect of temperature on adsorption, and (b) effect of pH 3-13
on adsorption, (dye concentration 50 ppm, 100 mL; adsorbent
dosage: 35 mg for MB and 70 mg for CR, temperature 323 K,
pH: 8 for MB and 6 for CR).

3.7. (a) Effect of contact time on adsorption of MB, (b) effect of 3-14
contact time on adsorption of CR, (¢) UV-vis spectra of
adsorbed MB solution with time, and (d) UV—vis spectra of
adsorbed CR with time, (dye concentration 50 ppm, 100 mL;
adsorbent dosage: 35 mg for MB and 70 mg for CR,
temperature 323 K, pH: 8 for MB and 6 for CR).

3.8. (a) Pseudo-first-order kinetics for MB and CR, (b) pseudo- 3-16
second-order kinetics for MB and CR, (c) intra-particle
diffusion models for MB and CR, (dye concentration 50 ppm,

100 mL; adsorbent dosage: 35 mg for MB and 70 mg for CR,
temperature 323 K, pH: 8 for MB and 6 for CR).

3.9. (a) Langmuir adsorption isotherm for MB and CR, and (b) 3-18
Freundlich adsorption isotherm (dye concentration 50 ppm,

100 mL; adsorbent dosage: 35 mg for MB and 70 mg for CR,
temperature 323 K, pH: 8 for MB and 6 for CR).

3.10. (a) Digital photos and (b) UV—vis spectra of MB/CR mixture 3-19
before and after adsorption at different pH values (dye
concentration 50 ppm for each dye, 200 mL; adsorbent
dosage: 50 mg, temperature 323 K)

3.11. (a) FTIR spectra of MB, CR, and mixed dye adsorbed 3-21
SETA3; FESEM images of (b) SETA3, (¢) MB adsorbed

xxiii



SETA3, (d) CR adsorbed SETA3, and (e, f) mix dye adsorbed

SETA3.

4.1. FTIR spectra of (a) ECH, Starch, and SE, and (b) SEAAI, 4-8
SEAA2, and SEAA3.

4.2. XPS spectra of (a) SEAA3, (b) C 1s, (c) O 1s, (d) N 1s, and 4-9
(e) Na 1s.

4.3. (a) Stress-strain curves of the hydrogels; and (b)—(e) 4-10
photographs showing the evidence for the toughness of the
hydrogel.

4.4. Swelling ability of the hydrogels. 4-10

4.5. Metal ion adsorption capacity of all three compositions of the 4-11

hydrogels, (metal ion concentration 150 ppm, 50 mL; pH: 5,
temperature 323 K, adsorbent dosage: 30 mg for Pb*", 40 mg
for Cu®™ and 50 mg for Ni*").

4.6. (a) Effect of adsorbent dosages on adsorption for the metal 4-12
ions, and (b) effect of adsorbent dosages on adsorption
amount for metal ions (metal ion concentration 150 ppm, 50
mL; pH: 5, temperature 323 K, adsorbent dosage: 30 mg for
Pb*", 40 mg for Cu*™ and 50 mg for Ni*").

4.7. (a) Effect of pH (RT), and (b) effect of temperature (metal ion 4-13
concentration 150 ppm, 50 mL; pH: 5, temperature 323 K,
adsorbent dosage: 30 mg for Pb>", 40 mg for Cu®" and 50 mg
for Ni*").

4.8. (a) Effect of time on amount of adsorption, (b) effect of metal 4-14
ion concentration on amount of adsorption, and (c¢) effect of
metal 1on concentration on adsorption (metal ion
concentration 150 ppm, 50 mL; pH: 5, temperature 323 K,
adsorbent dosage: 30 mg for Pb>", 40 mg for Cu*" and 50 mg
for Ni*").

4.9. (a) Pseudo-first order kinetics, (c) pseudo-second order 4-16
kinetics, and (d) intra-particle diffusion kinetics model for
Pb2+, Cu2+, and Ni* (metal ion concentration 150 ppm, 50
mL; pH: 5, temperature 323 K, adsorbent dosage: 30 mg for
Pb*", 40 mg for Cu®", and 50 mg for Ni*").

I —
XXiv



4.10. (a) Langmuir adsorption isotherm, and (b) Freundlich 4-17
adsorption isotherm for Pb**, Cu®’, and Ni*" (metal ion
concentration 150 ppm, 50 mL; pH: 5, temperature 323 K,
adsorbent dosage: 30 mg for Pb*", 40 mg for Cu”", and 50 mg
for Ni*").

4.11. (a) Photographs of SEAA3 after metal ions adsorption (a) 4-19
Ni*", (b) Cu®" and (c) Pb*"; Metal ion adsorbed SAH 2 (d)

Ni**, (e) Pb*", and (f) Cu”"; (g) Metal ion desorbed after each
cycle and (h) Adsorption of metal ion in each cycle.

4.12. (a) Potassium dichromate solution before adsorption, (b) 4-20
Potassium dichromate solution after adsorption, (¢) Cr (VI)

adsorbed SEAA3, and (d) effect of pH on Cr (VI) adsorption.

4.13. (a) XPS spectrum of SEAA3-Cu®’, (b) Cu 2ps; and Cu 2p,  4-22
peaks, (¢) C 1s peaks, (d) O 1s peaks, and (e) N s peaks for
SEAA3-Cu™".

4.14. (a) XPS spectrum of SEAA3-Ni*, (b) XPS spectrum of 4-22
SEAA3-Pb*", (c) Ni 2ps» and Ni 2pys peaks, and (d) Pb 4f),
and Pb 415/, peaks.

5.1. FTIR spectra of (a) starch, and (b) SAS1, SAS2, and SAS3. 5-7

5.2. (a) DSC curves of SAS1, SAS2 and SAS3; (b) TGA 5-9
thermograms, and (c) DTG curves of SAS1, SAS2 and SAS3.

5.3. (a) Stress-strain profiles of the hydrogels, and (b) digital 5-10

photographs of five compositions of the hydrogel.
5.4. (a-b) Single knot stretching; (c) tensile stretching in UTM 5-10
machine; (d) SAS3 (0.17 g) lifting a weight of 0.5 kg; (e)
SAS3 as star shape; and (f) SAS3 as heart shape.
5.5. (a) Visual inspection before stretching; (b) hydrogel in the 5-11
time of stretching, and (c) recovered shape after stretching;
digital photographs of (d) a piece of SAS3 (thickness 5 mm),
(e) weight of 2 kg is placed onto it for 30 min, (f) hit by the
weight 10 times, and (g) no observable damage after the test.
5.6. Force-deformation graphs for the hydrogels. 5-12
5.7. (a) Swelling ability, (b) stress-strain profiles after swelling of 5-13

XXV



the hydrogels. (c) photographs of hydrogel before swelling,
and (d) photographs of hydrogel after swelling.
5.8. Self-healing properties of SAS3 at room temperature (a) six 5-14
pieces of SAS3, (b) the healed hydrogel that can bear its own
weight, (c) the healed gel can be bent without breakage, (d)
can be twisted stretching without breakage, (e) high stretching
of the healed hydrogel, and (f) combination of self-healing
and free shapeable property to make the alphabets.
5.9. (a) Tensile strength of the healed hydrogel, (b) healing 5-15
efficiency of the synthesized hydrogel, digital photographs of
(c) three pieces of SAS4, and (d) hydrogel without proper
healing of the cut pieces, after 2 h.
5.10. (a) SASW hydrogel, (b—d) stretching of SASW hydrogel. 5-18
6A.1. Digital photographs of (a) gelation of OS, as obtained with 6-9
different amounts of NalOy4, (b) OS in distilled water; (c)
hydrogels ‘as prepared’, and (d) hydrogels in distilled water.
6A.2. (a) OSC3 hydrogel, (b) OSC3 hydrogel loaded with a weight 6-10
of 2000 g, (c) OSC3 hydrogel after loading with the given
weight, and (d) three hydrogels after keeping for 48 h in

water.
6A.3. FTIR spectra of (a) starch, chiotsan, and OS, and (b) OSCI1, 6-11
0OSC2, and OSC3.
6A.4. (a) XPS spectra of OSC3, (b) C 1s, (c) O 1s, and (d) N 1s. 6-12
6A.5. (a) TGA thermograms of starch, OS, chitosan, and OSC3, and 6-13
(b) first derivative of TG (DTG) of starch, OS, chitosan, and
OSC3.
6A.6. (a) Variation of G' value with angular frequency, (b) variation 6-14

of G" value with angular frequency, (c) variation of G' with
shear rate, and (d) variation of G" with shear rate.

6A.7. (a) Swelling capacities of the hydrogels in distilled water, and 6-16
(b) swelling capacities of the hydrogels at different pH

conditions.

XXVi



6A.8. (a) Drug encapsulation efficiency of the hydrogels, and 6-18
cumulative drug release profile at different pH conditions of
(b) OSC1, (c) OSC2, and (d) OSC3.

6A.9. Korsmeyer and Peppas power law for (a) OSCI, (b) OSC2, 6-20
(c) OSC3; and zero order kinetics for (d) OSCI, (e) OSC2,
and (f) OSC3.

6A.10. Pseudo first order kinetics for (a) OSC1, (b) OSC2, (c) OSC3; 6-20
and Higuchi square root law for (d) OSCI1, (e) OSC2, and (f)
OSC3.

6A.11. Antimicrobial activity of (1) hydrogel without drug, (2) drug- 6-22
loaded hydrogel, and (3) control, against (a) SA, (b) BS, and
(c) YE.

6A.12. (a) Cell viability of Human Embryonic Kidney cells (HEK 6-23
293) upon treatment withOSC3; microscopic images of the
cells (b) control, (c) treated with 1 mg/mL OSC3, and (d)
treated with 5 mg/mL OSC3.

6A.13. (a) Weight loss with time of the hydrogel upon 6-24
biodegradation, (b) oven dried OSC3 before biodegradation
and (c & d) OSC3 after biodegradation.

6B.1. FTIR spectra of (a) agar and starch; (b) SACI, SAC2, and 6-31
SAC3.

6B.2. (a) TGA thermograms of agar and SAC3, and (b) first 6-32
derivative TG (DTG) of agar and SAC3.

6B.3. (a) Swelling of the hydrogels and (b) the water transmission 6-33
rate of SAC3.

6B.4. (a) Stress—strain curves of the hydrogels, (b) bending of the 6-35

hydrogel, (c) weight lifting, and (d) visual inspection of the
skin through the hydrogel film.

6B.5. Mechanical strength of the three compositions of the hydrogel 6-36
after swelling (a) at 70% water absorption and (b) in the fully
swollen state; (c) dried agar gel, (d) swollen agar gel after 7
days swelling in water, (e) digital photographs of the three
compositions of the gel after swelling, (f) knot formation of

the swollen gel, and (g) bending of the swollen gel.

XXVii



6B.6. (a) Drug encapsulation and loading efficiency; cumulative 6-37
drug release profile over (b) 120 h and (c) 20 h.

6B.7. (a) Korsmeyer and Peppas power law, (b) zero order kinetics, 6-38
(c) pseudo first order kinetics, and (d) Higuchi square root

law at different loadings.

6B.8. Antibacterial activity of (1) SAC3 with drug, (2) control, and 6-39
(3) SAC3 without drug: against (a) SA and (b) BS.
6B.9. (a) Cell viability of human embryonic kidney cells (HEK 293) 6-40

with SAC3 hydrogel; microscopy images of the cells (b)
without treatment, and treated with (¢) 1 mg mL" SAC3 and
(d) 5 mg mL" SAC3.

6B.10. (a) Weight loss of SAC3 after degradation at various time 6-41
intervals, (b and c) SEM images of the SAC3 before
biodegradation, and (d—f) SEM images of SAC3 after

degradation.

I —
XXviii



LIST OF TABLES

Table No. Table legend Page No.

1.1. Different bio-based polysaccharides with their structures 1-12
and applications.

1.2. Different hydrophilic synthetic monomers with their 1-14
structures and applications.

1.3. Different cross-linkers with their structures and applications. 1-18

2.1. Variation of different reactants used in synthesis of SAH. 2-5

2.2 Influence of cross-linker on swelling of hydrogel. 2-14

2.3. Influence of initiator on swelling of the hydrogel. 2-14

3.1. Different amounts of reactants used in the synthesis of the 3-4
amphoteric hydrogels.

3.2. The kinetics parameters for adsorption of MB and CR on 3-16
SETA3.

3.3. The isotherms parameters for adsorption of MB and CR on 3-17
SETA3.

4.1. Amounts of reactants used in the synthesis process of the 4-4
hydrogel.

4.2. The parameters related to kinetics for Pb>", Cu*", and Ni*" 4-15
ions adsorption on SEAA3.

4.3. The parameters related to the isotherms model for Pb*", 4-17
Cu”", and Ni*" ions adsorption on SEAA3.

5.1. Compositions of the synthesized self-healing hydrogel. 5-4

5.2. Glass transition temperatures of the hydrogels obtained from 5-8
DSC.

6A.1. Kinetics parameters for drug release systems 6-21

6A.2. Diameter of inhibition zone of the antibacterial test. 6-22

6B.1. Amount of reactants used in formation of the hydrogel 6-28

6B.2. Kinetics parameters for drug release systems 6-39

6B.3. Inhibition zone diameter of the antibacterial study 6-40

XXix



	02_prelim pages

