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ABSTRACT

The increasing environmental concerns and health hazards associated with conventional
polyurethanes (PUs) have driven the exploration of sustainable and non-toxic alternatives. This
thesis focuses on the synthesis and characterization of non-isocyanate polyurethanes (NIPUs)
derived from renewable sources, aiming to address the limitations of traditional PUs while
enhancing their functional properties.

Initially, NIPU foams were synthesized using xylose and dimethyl carbonate, with citric acid
serving as a bio-based crosslinker. This innovative approach not only reduced the dependency on
fossil fuels but also improved the flame retardancy of the foams under mild reaction conditions.
The foams exhibited superior thermal stability and mechanical properties, as evidenced by
comprehensive characterization techniques such as Fourier Transform Infrared Spectroscopy
(FTIR), Thermogravimetric Analysis (TGA), and Differential Scanning Calorimetry (DSC).
Building on this, the synthesis methodology was further refined through a one-pot process,
eliminating the need for sophisticated reaction setups and harsh conditions. This simplification
aimed to make the production of porous NIPU materials more scalable and environmentally
friendly. The resulting materials demonstrated enhanced flame retardancy and structural integrity,
confirmed by solid-state NMR and Powder X-ray Diffraction (PXRD) analyses.

The research then progressed to the development of NIPU blends with poly(vinyl alcohol) (PVA),
focusing on their rheological, thermal, and mechanical properties. These blends exhibited unique
viscoelastic behavior and improved thermal stability, highlighting their potential for advanced
material applications. The study of these blends was pivotal in understanding the interactions

between NIPU and PVA, providing insights into the design of sustainable polymer composites.
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Furthermore, the thesis explored the synthesis of NIPU-based hydrogels for environmental and
biomedical applications. Utilizing water as a solvent, these hydrogels were synthesized under mild
conditions, overcoming the challenges posed by traditional methods that require organic solvents.
The hydrogels demonstrated remarkable efficacy in dye removal, achieving high removal
efficiencies for crystal violet and malachite green dyes. Additionally, their potential for drug
delivery was investigated using cefadroxil as a model drug, showcasing their capability to
effectively release pharmaceutical agents.

Overall, this research presents a comprehensive study on the synthesis, characterization, and
application of NIPUs derived from renewable sources. It highlights the feasibility of producing
environmentally friendly and high-performance polyurethanes, paving the way for future
developments in sustainable materials. The findings of this thesis contribute significantly to the
field of polymer science, offering innovative solutions to the challenges posed by conventional

PUs and opening new avenues for their application.



OVERVIEW OF THESIS

The objective of this thesis is to synthesize and characterization of polyurethane derived from
renewable sources. The whole thesis is organized in seven chapters. Chapter 1 of the thesis,
presents the overview of PU, problems associated with its reactants, and conventional
methodology. The rise of Non-isocyanate polyurethanes (NIPU) as a suitable alternative for
countering pre-existing issues, followed by the research work conducted by different researchers
to prepare NIPU, has also been discussed thoroughly. Furthermore, this chapter also highlights the

gaps in the current state of research and the most recent developments in the subject.

Considering the fact that a significant portion of PU production is in the form of foams, it is
especially necessary to synthesize porous non-isocyanate PU structures. Since a large percentage
of PU materials are used as foams, which inherently exhibit a porous structure, it is imperative to
develop substitute processes for making these materials without using isocyanates. These methods
not only make PU production safer and more sustainable, but also create new opportunities for the
development of cutting-edge materials with expanded applications. Chapter 2 deals with the
synthesis and characterisation of xylose-based NIPU foams from renewable sources, with
improved flame-retardant properties. Chapter 3 reports the modified strategy to synthesise porous
NIPU materials using a novel catalyst-free one-pot synthesis method, and the impact of bio-based

crosslinker on enhancing the limiting oxygen index values.

The limitations of conventional PUs necessitate the preparation of NIPU blends with polyvinyl
alcohol (PVA). NIPUs provide a safer substitute for conventional PUs since they are prepared
without isocyanates. The mechanical, thermal, and biodegradable qualities of the resultant material

can be improved by blending NIPUs with PVA, a biocompatible and water-soluble polymer. The



Xi

PVA component can enhance the NIPU blend's hydrophilicity, tensile strength, and flexibility,
which makes it appropriate for use in membranes for applications such as water treatment,
scaffolds for tissue engineering, and biomedical devices. The drawbacks of conventional PUs are
addressed by the synergistic combination of NIPU and PV A, which also produces a more adaptable
and sustainable material. Chapter 4 reports the synthesis of NIPU/PVA blends and their extensive

characterisation using TGA, DSC, XRD, rheology, etc.

Porous NIPU hydrogels have improved toughness, flexibility, and water absorption capacity,
besides presenting a safer and more environmentally friendly option. Consequently, NIPU
hydrogels are appealing for various applications, such as water treatment, tissue engineering,
biomedical devices, and soft robotics. NIPU hydrogels are especially well-suited for biomedical
applications that demand biocompatibility because of their porous nature, which can also enhance
their mechanical performance and imitate the extracellular matrix. Chapter 5 includes the
synthesis of fructose-based NIPU and its hydrogel using polysodium acrylate as a comonomer.
These hydrogels exhibited excellent dye removal efficiencies for crystal violet and malachite green
dye to combat water pollution. Chapter 6 reports the pH-sensitive controlled drug delivery of

cefadroxil drug using a biocompatible fructose-based hydrogel.

At last, Chapter 7 of the thesis, where the overall conclusions of the results obtained in the above
study are reported. In addition, some recommendations are made for future studies to guide
researchers who want to pursue a similar kind of work on PU or wish to elaborate the studies to

the next level possible.

The structure of the thesis is enhanced by placing references after each chapter, ensuring a clear

and organized presentation of source materials. This approach allows one to easily access cited

xi
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works, verify information sources, and explore topics, enhancing the overall accessibility and

ease of navigation.
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Chapter 1

INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction
1.1.1 Polyurethanes

With the knock of the 21st century, along with vast technological advancements in the
scientific field, macromolecules have made the lifestyle easier, wherein, the mankind is
highly reliant on and surrounded by a diverse range of polymeric materials in the day-to-
day routine. Among these materials, polyurethanes (PUs) represent nearly 8% of the total
plastics production and stand tall as the 6th most widely used polymer in the world, with
total production reaching 18 MTon in 2016 and still progressing [1]. The remarkable
popularity of polyurethane (PU) among researchers can be attributed to its outstanding
features, including but not limited to its resistance to corrosion, high automatic strength,
comfortability at low temperatures, adhesiveness, and chemical structural adaptability.
Urethane groups, which are produced by reacting hydroxyl (-OH) terminated chemical
entities with isocyanate (-NCO) terminated compounds, are the key repeating units along
the main backbone chains of PU, as illustrated by the generalized scheme given in Figure
1.1. In addition, some other functional groups may also be present in the end constitutions
of the PU chains, including ethers, esters, urea, biuret, and aromatic moieties [2]. By
altering the chemical compositions of PUs, researchers have been able to achieve diverse
and extensive utilization of these polymers. The properties of PUs can be modified by
varying the chemistry and composition of polyol, diisocyanate, and chain extender [3]. The

polyol-based chain extenders are employed in the context of PUs to undergo crystallization
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or introduce heterogeneity which further serves the purpose of imparting enhanced rigidity
and toughness to the final product. Low molecular weight aliphatic or aromatic diols with
a molecular weight (Mn) less than 500 g mol™ are commonly employed in conventional
PUs. This is achieved by incorporating reversible chemistries into the diol structure,
thereby offering chemical functionalities to PUs along with the aforementioned physical

attributes.
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Figure 0.1 Synthesis of conventional PU via a two-step method involving the reaction of

diisocyanate, polyol, and a chain extender.

PUs can be custom-made with a wide range of product implications, including foams,
fibers, adhesives, coatings, elastomers, sealants, etc. by changing the raw materials,
additives, and production technique. The extensive range of uses for polyurethanes is
mentioned in Table 1.1. According to the latest report, the global polyurethane market will
reach USD 88 million by 2026, with a compound annual growth rate of 6% [4]. However,

the drawbacks associated with the preparation and usage of PUs pose a serious threat to
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human health and environmental hazards, which include (i) the use of petroleum sources
for the preparation of polyols (ii) the use of dangerous phosgene gas for the conversion of
amines into isocyanates, (iii) usage of CMR (Carcinogenic, Mutagenic, and Reprotoxic)
labelled isocyanates for PU synthesis, namely Methylene Diphenyl Diisocyanate (MDI)
and Toluene Diisocyanate (TDI), and the health risks associated with their long-term
exposure, such as asthma, dermatitis conjunctivitis and acute poisoning (iv) post-
consumption dumping (into landfills and dumping ground) or incineration of PU, leading
to either hydrolytic degradation, that generates toxic amines which contaminates air and
water bodies or the disintegration to yield hydrogen cyanide (HCN), during burning, which

is a highly toxic chemical [5,6].

Table 0.1 Wide range of applications associated with PUs

Thermoplastic Flexible PU Rigid PU PU lonomers Water-
PU Based PU
,/y 1" _\ “ 4

\ | - | -
Flexible and Block Versatile and  Improved Coatings, and
elastic with copolymers with energy-saving thermal and adhesives
good abrasion, phase separation insulator mechanical which  use
weather, and between soft and characteristics water as
abrasion hard  segments and greater solvent are
resistance. that are flexible. dispersion in called water
polar liquids due based PU .
to increased
hydrophilicity.

For example, For example, For example, For example, For example,

automotive Cushion Sound and biomedical coatings,

instruments, materials, carpet thermal devices, shape adhesives,
footwear, underlays, insulators. memory and are  sealants,
medical furniture, Used in  biocompatible. binders
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devices, film, packaging, commercial
sheets, and biomedical, and and
applications industries that use residential

with a profile.  cushion materials. appliances.

1.1.2 Bio-based Polyurethanes

Bio-based materials are natural, non-mineral materials that may be utilised as-is or with
minor alterations to mimic the behaviour and performance of synthetic materials. One of
the most adaptable materials available today is bio-based PUs, which can be very helpful
in achieving environmental objectives like sustainability and waste reduction. The
production of PU using renewable resources lessens harmful environmental effects,
including as greenhouse gas emissions. The basic materials used to make synthetic PUs are
currently depleting petrochemicals, and they are also costly, hazardous, and non-
biodegradable. Therefore, issues including solid pollution, cost-effectiveness, and simple
raw material availability led to the development of bio-based PU (BPU) materials.
Consequently, PU has seen a significant shift from traditional petroleum-based raw
feedstock toward diverse renewable alternatives like fatty acids [8], proteins [9],
carbohydrates [10], vegetable oils [11], starch [12], polysaccharides [13], cellulose [14],

and a variety of different agricultural products and by-products.

In the recent decade, diverse research groups have made rewarding efforts toward the
synthesis of bio polyol-based PUs [13,14]. Polyols behave as soft segments in PUs
responsible for transmitting flexibility, and elastomeric properties in them [15]. Polyols
derived from vegetable oils have been the subject of extensive research [16,17].

Hydroformylation [18], ozonolysis [19], amidation-esterification [20], metathesis [21], and
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epoxidation-ring opening [22], coupling of thiol-ene with mercaptoethanol [23] have all

been used to achieve this, and all have successfully provided polyol with the desired

properties (as shown in Figure 1.2).
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Figure 0.2 Different synthesis methods for producing polyols

Also, petrochemical-derived isocyanates are replaced by bio-based isocyanates to

eliminate toxicity. These partially bio-based aliphatic isocyanates impart water resistance,

good mechanical strength, and flexibility to the PU network [21]. Hence, bio-based PU

materials were developed to solve empirical obstacles, particularly solid pollution,

economic effectiveness, and easy availability of input materials. A comparison of the

properties of bio-based PU and petro-based PU is given in Table 1.2.



Chapter 1

Table 0.2 Comparison of the properties of bio-based polyurethane and petro-based

polyurethane [16]

Properties Bio-Based PU Petro-Based PU

Density (kg m™®) 112-181 141-181

Thermal Conductivity (WmK) 0.06-0.0540 0.0540
Compressive Strength (N mm) 111-171 58.0
Tensile Strength (N mm-?) 1.4-1.6 0.84
Bending strength (N mm?) 2.7-3.5 1.88
Bending Stress (N mm-?) 1.55 1.50
Water Absorption (kg m=) 0.3 0.24

Vegetable oil-derived monomers: To resolve the aforementioned challenges associated
with conventional polyols, PU derived from bio-based polyols was categorized under bio-
based PUs, where one of the primary raw materials was replaced with the one derived from
bio-mass or bio-material. In the quest to develop more sustainable forms of PU, the
scientific community has been utilizing renewable resources to synthesise bio-based PU
foams (BPU). Among other biopolymers, plant-derived oils, cellulose, and lignin are
alternative precursors to the traditionally used petroleum-based polyols. These bio-based
variants have properties such as enhanced biodegradability and a potential reduction in
toxicity when contrasted with conventional foams [22]. Hydroxyl-containing bio-based
compounds like alginate and other carbohydrates have been effectively incorporated into
PU structures, which enhances both the biocompatibility and the degradation rates of the
materials [23]. Harvested from diverse plant sources, these oils serve as a renewable and
eco-friendly foundation for PU, potentially replacing the conventional petroleum-derived
polyol. Castor, palm, soybean, rapeseed, canola, and tung oil stand out, offering

biodegradability, ecological compatibility, and compatibility with industrial solvents. The

6
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resultant PUF boasts many coveted traits—flexibility, robust mechanical ability, durability,

adhesive strength, and resistance against chemical degradation and corrosion [24, 25].

Various techniques are employed to derive polyols from vegetable oils for PU production.
These methods include epoxidation, hydroformylation, ozonolysis, and ester bond
reactions like transesterification. Epoxidation involves introducing epoxy groups to
carbon-carbon double bonds in oils like soybean and rapeseed under specific conditions.
Hydroformylation leads to polyols with primary hydroxyl groups, offering quicker gel
times and enhanced curing efficiency than epoxidized polyol PU. Ozonolysis splits double
bonds using ozone, resulting in longer chain polyols suitable for clear PU with excellent
mechanical properties. Transesterification, such as with castor oil, swaps alkoxy groups in
triglycerides with alcohol, showing potential for applications in rigid PU [24, 26].
Furthermore, polyester polyols that contain lactic acid units are known as lactate polyols,
and they are made entirely of biorenewable material. Biodegradable and biocompatible
PUs derived from lactate polyols have been observed. Two methods are commonly being
reported for the synthesis of polyols from polylactic acids:- (1) ring-opening addition
(Lactide is added to hydroxyl groups to open the ring.) (2) Different polyols are esterified

using lactic acid or Transesterification with lactic acid esters [27].

The chemical composition of vegetable oils significantly shapes the resulting polyols,
influencing the cross-linking density and tensile strength within PU [28]. Among these oils,
castor oil stands out due to its distinguished attributes. The composition of castor oil
consists mostly of ricinoleic acid, which makes up around 90% of the oil. The remaining
components include oleic and linoleic acid in smaller quantities. Ricinoleic acid possesses

a hydroxyl group on the 12th carbon atom and a double bond between the 9th and 10th
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carbon atoms. Castor oil typically encompasses an average of 2.7 hydroxyl groups per
triglyceride and has a high OH number (160-168 mg KOH/qg). Castor oil is composed of
approximately 70% triols, 21% diols, and around 7% monols. Innovations involving castor
oil-derived polyols, such as formulations integrating flame retardants and the introduction
of expandable graphite, have yielded enhancements in thermal degradation, fire resistance,

and improved electrical and thermal conductivities within polyurethane foams (PUF) [28].

Utilizing castor oil, which has undergone a modification process with glycerol to yield a
modified polyol, a reaction follows with methyl diisocyanate to produce a distinct variant
of rigid PUF. The addition of varying ratios of silicon oil into the composition has been
empirically demonstrated to yield a directly proportional enhancement in both the
compressive and flexural properties of the resultant foam, affirming the role of silicon oil
as a pivotal factor in optimising its mechanical characteristics [13]. Researchers have
explored the effects of rapeseed oil-based polyols on the formation of rigid PUF.
Ultimately, using vegetable oil-based polyols showcases a hopeful and sustainable path in
the production of PUF. Ongoing investigations aim to further optimise these techniques,
developing environmentally friendly alternatives to conventional petrochemical-based

polyols [24, 29].

However, the major concern associated with BPU was the use of isocyanate, which was
unsuitable for the environment, as it released phosgene into the environment. Historically,
PUF has depended on chemical reactions involving harmful isocyanates, raising

environmental and health-related alarms.

Bio-based lIsocyanates: To further boost the renewable content of PUs, partially or

potentially bio-based di-, tri- or poly-isocyanates can be utilised. Substituting

8
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petrochemical-based isocyanates with their bio-based counterparts may not be immediately
practical, nevertheless it is achievable. This transition can be accomplished through a
variety of methods. One approach involves the complete synthesis of PUs using solely bio-
based isocyanates, which is not commonly practised. Instead, a combination of bio-based
and petrochemical isocyanates is typically utilized. Both options are
worthwhile. Employing a petrochemical isocyanate will decrease the overall cost of the
mixture, whilst incorporating bio-based isocyanate, either fully or partially, will positively
impact environmental considerations. Regrettably, bio-based isocyanates exhibit
diminished reactivity due to their aliphatic nature. Nevertheless, this does not imply their
use is impracticable [30]. Hojabri et al. successfully derived diisocyanate from oleic acid
using the Curtius rearrangement method. They demonstrated that this diisocyanate can
effectively synthesise PU by reacting it with bio-based and fossil-based polyols. Their
study revealed that PUs derived from bio-HPMDI (1,7-heptamethylene diisocyanate) had
comparable mechanical characteristics and thermal stability to samples based on
hexamethylene diisocyante (HDI) [31]. Later on, the same group successfully produced
entirely bio-based PU using HDEDI (1,16-diisocyanatohexadec-8-ene). The resulting
materials exhibited improved tensile strength compared to HPMDI-based PU but lower
Young's modulus and increased elongation [32]. A team of Dutch researchers successfully
acquired PU using bio-isocyanate. The procedure involved the utilization of two
isocyanates: L-lysine diisocyanate ethyl ester (LLDI) and L-lysine triisocyanate ethyl ester
(LLTI). The resulting compounds had a faint yellow hue, as LLDI and LLTI were
pigmented. PU derived from LLDI exhibited greater flexibility than those derived from

petrochemical isocyanate (IPDI). Regrettably, PUs derived from bio-based isocyanates
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exhibit a tendency to expand in the presence of organic solvents, unlike their petrochemical
counterparts. Additionally, this study successfully obtained PU by combining bio-based
and petrochemical isocyanates. The mechanical properties have been observed to depend
on the ratio of substrates employed. The samples with a higher concentration of IPDI were
characterized by their brittleness and hardness. Including bio-isocyanate resulted in the
material undergoing a softening process and becoming more susceptible to breakage.
However, PUs made from the LLDI/LLTI mixture exhibited the greatest distortion when
subjected to the maximum load [33]. Badri et al. formulated a two-part PU adhesive by
merging oil-derived polyester resin with isocyanate. This was followed by the addition of
dimethyl cyclo-hexanediamine. These attempts in research highlight a growing interest in
harnessing bio-based resources for developing NIPU, a search powered by the necessity
for sustainable, eco-friendly alternatives across various industrial domains [34].
Comparative analysis between bio-based and petrochemical-based PU reveals differences
in mechanical strength and thermal performance, attributed to the natural structure of the

bio-derived materials. BPU typically exhibit decreased tensile strength and heat resistance.

1.1.3 Non-Isocyanate Polyurethanes (NIPUs)

The isocyanates, as raw material in PU synthesis, are produced from hazardous and toxic
phosgene (Figure 1.3). Phosgene is an understated toxin as the smell may not be observed
and symptoms may be slow to arrive. It is known to be a widely used chemical weapon
during the First World War, accounting for a significant majority of fatalities. Isocyanates
are formed from amines by the process called phosgenation. Moreover, the isocyanates
themselves are toxic and moisture-sensitive and cannot be prepared without sophisticated

safety devices and massive investments [35].

10
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RNH:2 + COCl2 — RNCO+ 2 HCI1

amine  phosgene isocyanate

Figure 0.3 Synthesis of isocyanate through phosgenation

PUF production involves the generation of gas, usually carbon dioxide, which may
promote the release of isocyanates as vapours or aerosols, whose exposure may result in
detrimental health effects such as asthma and skin irritation. The Bhopal Gas Tragedy of
December 1984 in India was one of the deadliest industrial accidents in history that resulted
in the deaths of thousands of people due to the methyl isocyanate gas leak. This chemical
disaster attracted worldwide attention and demonstrated the immediate and hazardous
effects of isocyanates [36]. Isocyanates enter the body primarily through inhalation or skin
exposure. The most extensively used isocyanates for PU production, MDI and TDI, are
categorized as “very harmful” chemicals by the European Community. Perpetual exposure
to MDI and TDI vapours leads to irritation in the skin, eyes, and respiratory tract.
Additionally, throughout the storage and formation processes of moisture-curing PUs, the
reaction between the isocyanate and water is bothersome, as it may cause moisture curing.
In such systems, careful separation of these materials from the water becomes
exceptionally essential to avoid an irreversible reaction between the polyisocyanate
component and water, forming CO and urea, thus resulting in an unusable, hardened

product [37] (Figure 1.4).

H o

RNCO + H0 — |R-|N-|C|-OH| — RNH, + €O,

isocyanate water amine carbon dioxide

Figure 0.4 Reaction of isocyanate with water
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Thus, modern researchers have recognized the need to eliminate the use of isocyanates
and are looking for ways to employ environment-friendly alternatives. One such
alternative is the synthesis of Non-isocyanate polyurethane (NIPU), a new type of PU that
is safer and more promising than conventional PUs and is becoming a viable substitute
for conventional PUs.

In 1957, Dyer and Scott documented the utilization of ethylene carbonate in the synthesis
of polymeric urethanes [38]. The researchers discovered that bis(2-hydroxyethyl
carbamate)s, derived from ethylene carbonate and primary diamines, have a tendency to
release ethylene glycol when exposed to vacuum distillation through an alcohol at a
temperature of 150 °C, in the presence of catalysts. The alcohol group could be a
component of either the bis(2-hydroxyethyl carbamate) or a diol. In addition, they acquired
PU derived from bis(2-hydroxyethyl carbamate), which was synthesized using ethylene
carbonate and 1,6-diaminohexane. Efforts to utilize this combination in the production of
N-substituted PUs using secondary diamines as a starting material were not successful.
Furthermore, they synthesized N-substituted PUs using amino alcohols such as 1,10-
aminodecanol or 4-aminomethylbenzyl alcohol, and ethylene carbonate by the creation of
intermediates. Rokicki et al. synthesized PUs by performing a transurethanization process
using bis(2-hydroxyethyl carbamate)s derived from ethylene carbonate and either 1,4-
diaminobutane or 1,6-diaminohexane. They reacted these compounds with either 1,6-
hexanediol or 1,10-decanediol, while employing tin catalysts [39]. The researchers
analyzed the PUs and observed that, in addition to their urethane groups, the polymers also

exhibited urea groups [40].

12
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An alternative method for producing urethanes involves the transesterification process
between urea and ethyl alcohol. Ethyl urethane, also known as (C2Hs)OCONHy, is a
solvent used in industries. It is produced using this process and can be purchased
commercially. Mandlecha et al. endeavoured to synthesize diols using ethanolamine,
ethylene glycol, and urea. It was observed that carbon dioxide is the primary dicarboxylic
acid. The diester of this compound is dimethyl carbonate, while its half ester half amide is
urethane. As a diacid, it formed polycarbonate as one of its products, while half ester and
half amides were formed as PURs. A sequence of diols through the chemical interaction of
urea and monoethanolamine, as well as urea and ethylene glycol was prepared. This
process resulted in the production of highly viscous diols, which could be crosslinked with
melamine formaldehyde or diisocyanates. The resulting coatings were hard as well as
flexible. Consequently, it is possible to create coatings that possess characteristics similar
to urethane, either by completely eliminating the use of diisocyanates or by minimizing
their usage, thereby significantly decreasing the associated risks [28]. Nevertheless, these
reactions are also susceptible to producing unwanted byproducts, including carbamates,
ethylene urea, ethylene carbonate, and 2-oxazolidone [39, 41, 42].

One example of the isocyanate-free routes of PU production is the synthesis of
hydroxyurethane in the presence of cyclic carbonate and amines [43], which is regarded as
the best alternative method to synthesize NIPU, as shown in Figure 1.5. Two isomers are
generated in the reaction, one containing a secondary hydroxyl group and the other having
a methylol group, each containing urethane and a hydroxyl group. These hydroxyl entities

can develop intermolecular hydrogen bonds with the urethane group [44].
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1.2 Merits of NIPU over PU

PU finds remarkable applications in paints, coatings, adhesives, and inks; for this, they are
generally prepared in organic solvents. Consequently, large concentrations of hazardous
air pollutants (HAPs) and volatile organic compounds (VOCs) evaporate in the
atmosphere. Exposure to VOCs can cause health effects such as dizziness, headaches,
cancer, irritation, etc. NIPU has many advantages over conventional PUs. Primarily, the
elimination of the use of isocyanates. Besides this, the cyclic carbonates are derived from
the natural sources available through epoxy resins and CO.. Carbon dioxide is an
inexpensive feedstock, and its utilization for PU production would also certainly assist to
trim down Global Warming by reducing CO2, which is a Greenhouse gas. Thus, the two
problems can be solved at once- firstly the shortage of oil resources, and secondly, the

greenhouse effect. So overall it stands by the laws for environmental protection [45].

1.3 Conventional Methods For Synthesis of NIPUs

It is possible to synthesize NIPUs on a laboratory and industrial scale, as they are
inexpensive materials. A variety of methods can be used to synthesize NIPUs with desired
physical and chemical properties for a wide range of applications. A schematic
representation of the most commonly adopted methods for synthesizing NIPUs is

illustrated in Figure 1.5.

14



Chapter 1

Polyadditon
Polycondensation

o_R_o R
o= [ | =0 . BN NE
v (h
0 1] 0Tl 0 . .
)\ N ) - Ring Opening
- a0 ‘o/km BN NH;  Polycyclic Carbonate  Polyamine Polymerization
Palychloloformate Polvamine
T —
0 0 - b )0\
. U ¥
. RD/\YRNJLO,R - . O a’
1 i OH Non-Isocyanate h
a’ a Polycarbamate Polyol Polyurethanes Cydlic Carbamate ~ Phosgene
Ph [
osgene 0 Jﬂk (NIPUs) N—
R 7
. ca xRy ta ¢ Eoor |
~— HH R
Polycarbomoyle Chloride Polyol
Agirid
0 0
—r A r L r.
(1] ;1 a (1) HN"NHy

Polyamine Rearrangement
Polycarbonate N
0

JOL 0 0o 0 0
N RJ\,\'H! )’,)\R/J\N, HU‘.\')\R’\.\"DE
i il
Carbozamide Ayl Azide Hydroxamic Azide

R
HO" OH
Palyol

Figure 0.5 Conventional methods of synthesis of NIPUSs.

1.3.1 Aminolysis Method

Aminolysis, is mainly a two-step procedure involving, (i). the development of the cyclic
carbonate oligomers and then (ii) treating it with polyamines or amines resulting in the
production of NIPU; as depicted in Figure 1.6. Step 1 includes the development of cyclic
carbonate, i.e., one of the most competent ways of producing cyclic carbonate, by
introducing the CO> within the epoxide group using a suitable catalyst, followed by second
step, i.e., Treating this cyclic carbonate oligomer with a primary amine to provide NIPU,
via an addition reaction after ring-opening. Moreover, if something more than
cyclocarbonate is present in the cyclic carbonate oligomer, i.e., hydroxyl groups or epoxy
groups, etc., then it is termed HNIPU, which has different properties than that acquired by
NIPU [45]. This is the most widely used technique for the synthesis of isocyanate-free PUs;
the procedure comprises the ring opening of a cyclic carbonate via polyamine, leading to

the formation of hydroxypolyurethanes [46].
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Step 1: Synthesis of Cyclic carbonate oligomers using CQO,
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Figure 0.6 Process of aminolysis for the production of NIPU

Various attempts have been made to prepare NIPU from a wide variety of vegetable oils

as shown in Table 1.3.

Table 0.3 Synthesis of NIPU from various oils

S.No Oil Reactants and catalyst Reference
1 Soybean oil COz2, SnCl4.5H20 and TBAB [47]
2 Soy- and linseed oil CO», TBAB and silica-supported 4-  [48]
pyrrolidinopyridinium iodide (SiO2
al)
3 Lignin and soybean oil CO,, TBAB [49]
4 Soybean oil and bio- Supercritical CO2, TBAB [50]
based aminated
derivatives / fatty acids
based oligoamides
5 Jatropha curcas oil CO,, TBAB [51]
(JCO) and its alkyd
resin
6 Sunflower oil CO, solvent and catalyst free, [52]
EDA, DETA (Diethyltriamine) and
IPDA
7 Canola oil C0O,,5,10,15- [53]

tris(pentafluorophenyl)corrolato-
manganese (111)
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8 Jojoba and castor oils-  functionalized by thiol-ene coupling  [54]
with thioglycolic acid, and then
esterified with glycerol carbonate

9 Soybean Oil CO., TBAB and CaCls,, [55]
tetraethylenepentamine

10 Sunflower Oil CO2, TBAB, ZrO,@SiO> nanofillers  [56]
were incorporated in NIPU matrix

11 Tung Oil Maleic Anhydride [57]

1.3.2 Polycondensation Approach

Polycondensation approach is also a type of precipitation method. NIPUs are produced in
this instance via a transurethanization reaction between polycarbamate and polyol [58].
Most commonly, phosgene is used to create polycarbamate; occasionally, alcohol and
isocyanates are reacted to create the same compound [30, 59]. Therefore, the process of
creating isocyanate PUs and NIPUs through transurethanization are similar. It is therefore
advised to employ sustainable methods of generating polycarbamate. Using nitro
chemicals [60], oxidative amines [61], and urea [62] are a few environmentally friendly
methods of making this polycarbamate. The temperature at which the reaction is conducted
is 130 °C. Through the poly-condensation of amines, halides, and carbon dioxide in the
presence of Cs>CO3z and tetrabutylammonium bromide, Chen et al. recently produced NIPU
that exhibited all the qualities equivalent to those of the PU made by utilizing isocyanate
(the polycondensation of diols and diisocyanate) when they reacted with different diamines
and dihalides at various optimum temperatures [63]. The commercial expansion of
polycondensation has been restricted due to the requirement for a catalyst, longer reaction
durations, product purification, low molecular weight byproduct generation, and

occasionally hazardous byproducts [64].
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1.3.3 Ring Opening Polymerisation

As the name implies, this process generates NIPU by polymerizing aziridine (also referred
to as cyclic carbamate) [65] through ring-opening [66,67]. These are rings with six or seven
members, and the polymerization process uses sodium hydride or N-acetylcaprolactam as
a catalyst at a temperature of around 200 °C. Temperature determines the effectiveness of
this reaction as well, which implies that the higher the temperature, the better the product
iS. An increasing temperature boosts the carbon dioxide content in the copolymer, which
causes a corresponding increase in viscosity. A challenging aspect linked to this process
isn't solely the elevated temperature but also the generation of cyclic carbamates, often
originating from phosgene, consequently elevating toxicity levels to a relatively high
degree [58]. The process of producing cyclic carbamates by green means is presently being
investigated. Nonetheless, there isn't yet an efficient method for generating a less toxic
aziridine ring.

1.3.4 Rearrangement Reactions for NIPU Synthesis

Several rearrangement reactions can be employed to synthesise NIPUs with desired
properties. These rearrangements include Curtius, Hofmann, or Lossen. However, the
isocyanate is produced during the course of the reaction, making these approaches equally
as harmful as the conventional way of synthesising PUs [68]. In addition, halogens,
particularly bromine and chlorine, augment the quantity of hazardous waste generated

during the synthesis of these polymers.

In 1909, Stoermer initially synthesized aromatic PU through the thermal breakdown of p-
hydroxybenzoylazide. However, no specific information regarding the experimental

procedure was provided. When acyl azides are heated in a non-hydrolytic solvent, they
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undergo the Curtius rearrangement and form isocyanates [69]. These isocyanates then react

with phenol OH groups, resulting in the formation of a PU.

0 - o}

+,’N

+. N
_N*

Figure 0.7 Curtius Rearrangement
A novel approach to produce PUs without harmful compounds has been suggested,

involving the Lossen rearrangement. This process uses dimethyl carbonate as an activation
molecule, along with methanol as the environment and a tertiary amine as the catalyst [63,

70, 71].

1.3.5 Carbamate Thermal Decarboxylation

Carbamate thermal decarboxylation is a new approach employed in the development of
NIPU foams. The procedure entails utilizing monomers from carbonyldiimidazole (CDI),
specifically bis-carbonylimidazolide (BCI) monomers. Bis-carbonylimidazole (BCI)
monomers, 1,4-butyl(bis-carbonylimidazolide) (BBCI), 1,4-cyclohexanedimethyl(bis-
carbonylimidazolide) (CHDMBCI) were synthesized using 1,1'-carbonyldiimidazole and
the respective diol precursors. At temperatures above 140 °C, these monomers undergo -
hydrogen elimination, releasing a carbamic acid that then undergoes decarboxylation. This
decarboxylation process generates a blowing agent on-site, and the resulting CO; can create
a microcellular foam while also causing crosslinking. Including BCI difunctional
monomers and trifunctional crosslinking agents makes producing NIPU foams with both
rigid and flexible properties possible. By incorporating traditional surfactants and catalysts,
it becomes possible to exercise precise control over the pore configuration of the foam. By

adjusting the quantities of catalyst and surfactant, it is possible to develop a variety of foam
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compositions that can be either flexible or rigid. This approach follows the principles of
green chemistry and enables the anticipation of performance by considering the underlying
links between the structure, properties, and processes. The NIPUF derived from BCI
exhibited an extraordinary mechanism for foam formation, featuring spontaneous
decarboxylation during BCI crosslinking. This novel mechanism underwent CO: detection,
firmly establishing the in-situ generation of CO. as the driving force behind foam
development [72]. Table 1.4 shows comparative analysis between NIPUF generated using

transurethanization approach and carbamate thermal decarboxylation method.

Table 0.4 Comparison between transurethanisation approach and carbamate thermal

decarboxylation method

Using Carbamate Thermal
Transurethanization Decarboxylation
Approach
» Versatile  chemical » Unique Foam Formation: Uses
structures carbonate thermal decarboxylation
Advantages > Diverse material for in situ CO; generation,
options simplifying foam creation.
» Unique foam > Versatile Temperature Range:
characteristics Shows a wide range of glass
» Formulation control transition  temperatures  (TQ),
» Scalable suitable for diverse applications.

» Dimensional Stability: Resilient to
dimensional changes due to
temperature variations, ensuring
stability in different environments
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» High processing » Complex  Synthesis:  Involves
conditions multiple monomers and specialized
» Complex process instruments, potentially limiting
Disadvantages » Time-consuming scalability.
reactions » Byproduct Handling: Requires
» Dependency on additional steps for extracting and
specific components handling imidazole byproducts,
» Alcohol needs to be adding complexity to the process.

constantly removed

1.4 Applications of NIPU

As is widely recognized, PU, whether conventional or environmentally friendly, has a wide

range of applications in the adhesive, sealant, paint, and coatings industries (Figure 1.8).

FOAM APPLICATIONS

COATING APPLICATIONS

<

s . |
NON-ISOCYANATE p“ SEALANT AND
POLYURETHANES ‘ CONCRETE SYSTEMS

ADHESIVE APPLICATIONS

Figure 0.8 Applications of NIPU
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1.4.1 NIPU Coatings

NIPU coatings, due to their impermeable structure, provide prolonged corrosion resistance
against aggressive corrosive substances and offer greater durability than traditional PU
coatings. Furthermore, compared to traditional PUs, NIPUs exhibit many beneficial
features for corrosion protection. Unlike conventional PU, which produces isocyanurates,
allophanates, urea, and biurets as byproducts (as shown in Figure 1.9), NIPU does not
generate any side products. Additionally, in the case of NIPU, hydrolysis converts
isocyanate into amine while simultaneously releasing CO.. This CO2 aids in the prevention
of the formation of defects, such as pores and bubbles in coatings, which can be caused by

the synthesis of VOCs [73].

H2 H2 (|)|
R-C ‘OH + O=C=N—-R' - R-C O-C-N-R
H-OH + O=C=N—-R — H.N—-R + CO,
H S H
R—-NH, + O=C=N—-R — R-N-C—-N—-R
urea
H> n H - H> n
O=C=N—-R + R—C O-C-N-R" —=—— R'—C O—C—I}I—R“
G=0
NHR
allophanate
Hon § H . HaH )
O=C=N-R + R'—C -N-C—-N-R" - R'—C -N—ICI:—I\IJ—R
O CI::O
NHR
biuret

Figure 0.9 Side reactions of PU
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In addition, they have superior adhesion characteristics to the metal substrate compared to
traditional PU with comparable structures. This is primarily attributed to hydroxyl groups
adjacent to the urethane bond. In addition, the presence of intramolecular and
intermolecular hydrogen bonds results in the establishment of robust chemical bonding
with the substrate, which enhances its chemical resistance. Wu et al. have produced
coatings of fluorinated NIPUs by employing two cyclic carbonates, namely bisphenol AF
(EC-AF) and perfluorooctyl cyclic carbonate (PFGC) [74]. Furthermore, they evaluated
the coatings' hydrophobic, oleophobic, and corrosion-resistant characteristics. It has been
observed that the NIPU attained from PFGC displayed excellent stain resistance and
corrosion resistance capabilities, in comparison to the NIPU obtained from EC-AF.
Mannari et al. have recently developed a UV-curable NIPU coating specifically designed
for use in aerospace applications [75]. The performance attributes essential for aerospace
applications, such as low-temperature flexibility and resistance, were assessed for the
synthesized coatings. It was observed that the coatings did not develop any fractures or
delamination and were able to maintain flexibility even at extremely low temperatures.
Furthermore, there was no noticeable alteration in the appearance following a test of over
90 MEK double rubs, indicating excellent chemical resistance.

Kong et al. conducted a work where they synthesized a polyhedral oligomeric
silsesquioxane (POSS) modified gallic acid-based NIPU (NIPU/POSS) [76]. The impact
of POSS on the mechanical and thermal characteristics has been examined and revealed
that the inclusion of POSS in the NIPU network enhanced the overall qualities, including
water resistance, pencil hardness, and thermal stability, of NIPU/POSS. Hybrid Coating

Technologies Inc., a company of PPG Industries Inc., has just introduced a new type of
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coating that utilizes Hybrid's zero isocyanate PU technology. These coatings have
demonstrated exceptional corrosion resistance and have been determined to have superior

longevity compared to those from other competitors [77].

1.4.2 NIPU Adhesives

The daily utilization of adhesives has significantly expanded across several industries such
as footwear, woodworking, and automotive. Many adhesives are available in the market,
mostly made from cyanoacrylate, epoxy resins, and PU. Due to their exceptional stickiness
and flexibility, PU-based adhesives are currently in extensive use [78]. Nevertheless,
researchers have shifted their focus towards NIPU-based adhesives due to the harmful
consequences of isocyanate. These NIPU adhesives have the potential to rival traditional
PU adhesives. Christophe et al. have documented the development of an adhesive from
poly (hydroxyurethane) (PHU) that does not contain isocyanate. This adhesive was
synthesized using a polyaddition reaction including tricyclic carbonate, hexamethylene
diamine, and a catecholamine, which is a powerful adherent group [79]. The adhesion
property of PHU was compared to that of standard PU, and it was observed that PHU
exhibited strong adhesion but that of the synthesized PHU was poor. In a recent study, Xi
et al. successfully produced a wood bonding adhesive called sucrose-based NIPU [80].
They have discovered that the product can be crosslinked by utilizing a silane coupling
agent. This agent lowers the curing temperature, leading to improved adhesion properties.
Furthermore, Alfonso et al. have thoroughly examined BPU and its suitability for use in
adhesives [81]. In addition, Caillol and his team have successfully created PHUs without
isocyanates. These PHUs have demonstrated excellent mechanical capabilities and strong

adhesion to wood, aluminum, and glass surfaces [82, 83]. In addition, they have created
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PU materials by polymerizing poly(propylene oxide) triol with hexamethylenediisocyante
or 1, 3-bis(isocyanatomethyl)cyclohexane in order to compare their properties. Through
their investigations, it was discovered that PHUs possess exceptional adhesion capabilities

as a result of the hydroxyl groups attached to the primary polycarbonate chain.

1.4.3 Other Applications of NIPUs

The great potential of NIPU foams in a variety of industries, including packaging, bedding
and furniture, the automotive sector, etc., has drawn attention in research and development.
Only one study on linseed oil-based NIPU was published in the case of vegetable oil-based
NIPU foams[84]. Apart from the restricted studies conducted on vegetable oil, there have
been reports of alternative bio-material sources for the formation of NIPU foams. In a
study, an aminolysis method was used to develop recyclable self-blown NIPU foams.
Thiolactone and amines with cyclic carbonates have different chemistries, which are
utilized in this approach. Through the reaction of a thiol with a cyclic carbonate, these
reactants combine to form a polymer network, which leads to the in-situ formation of the
blowing agent (CO2). Several linkages, including primarily amides, thioethers, and
hydroxyurethane, were formed inside the polymer network as a result of this process. The
resulting foams displayed an open-cell shape and, depending on the formulation and
reaction circumstances, can be flexible or stiff. This work showed that the foams could be
easily reused by thermally treating them to produce films or structural composites.

Remarkably, the foams may be formed and recycled without the need for a catalyst [85].

As a consequence of its non-toxic and biocompatible qualities, NIPU has been studied for
use in biomedical applications. Regarding vegetable oil-based NIPU, Gholami and

Yeganeh have developed antibacterial wound dressing membranes using soybean oil-based
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NIPU that contains azetidinium groups [55]. Wang et al. recently reported the synthesis of
photosensitive NIPU acrylate resin for the 3D printing of personalized biocompatible
orthopedic surgical guides [86]. Higher heat stability, hemocompatibility, better
biocompatibility to ME3T3-E1 bone cells and C1C12 muscle cells, and no immunogenic
effect on macrophages were all displayed by NIPU acrylate in comparison to commercial
photosensitive resins. Additionally, unlike the severe reaction generated by commercial
resins, the NIPUA did not cause an inflammatory response following in vivo implantation.
Another study conducted by Visser et al. detailed the electrospinning of NIPU using the
transurethanization reaction between 1,6-hexanedicarbamate and polycarbonate diols.
Primary human fibroblasts and a human epithelial cell line were used to test the
cytotoxicity of these electrospun NIPU mats in order to determine their potential as
biomimetic load-bearing pericardial substitutes in cardiac tissue engineering. The bare
NIPU mats outperformed the collagen-functionalized NIPU mats in terms of cell
adherence, showing superior performance even in the absence of further
biofunctionalization. These findings suggest that the NIPU mats have a significant

potential application in biomimetic scaffolds [87].

1.5 Significant Findings and Research Gap

NIPUs with varying structural properties have been synthesised using a variety of synthesis
routes over the vyears, including aminolysis, polycondensation, ring opening
polymerisation, rearrangement reactions, and thermal carbamate decarboxylation methods.
However, each of these synthesis methods has its own set of drawbacks. In the case of
NIPU synthesis via rearrangement reaction, the presence of harmful reactants such as

hydroxamic azides, acyl azides and carboxamides makes this route less desirable. The
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transurethanisation method sometimes requires the employment of phosgene or isocyanate
to produce carbamates. In addition, some sustainable methods of synthesis of carbamates
exist such as by utilising amines, nitro compounds and urea. NIPUs with high molecular
weight cannot be prepared via the polycondensation method. Also, the need for the
purification of products and, at times, the production of toxic by-products hinders
employing the synthesised NIPUs on a commercial scale. On the contrary, in the ring-
opening polymerisation of aliphatic cyclic carbamates or aziridines, phosgene precursor is
involved in the synthesis of cyclic carbamates and the toxicity of aziridines. Additionally,
using extremely high temperatures can be challenging despite not generating any by-

products.

Conventional methods of chemical synthesis of NIPUs are hindered by the use of extreme
reaction conditions and toxic precursors. Therefore, an attempt has been made to fabricate
novel NIPUs via polycondensation method without use of strong reagents and toxic
precursors, under ambient conditions. To the best of our knowledge, a restricted literature
is available on the synthesis of selected combinations of reactants and also their potential

applications in the field of water treatment and drug delivery is not fully explored.

Aminolyis is one of the most widely used methods of synthesis for producing NIPU owing
to its advantages such as high conversion rate, no involvement of hazardous isocyanates or
phosgene, and enhanced resistance to organic solvents. Despite these advantages,
aminolysis has limited practical applications due to its requirement of extremely high
temperature and pressure, the need for a catalyst, and economic feasibility concerns.
Therefore, numerous studies on the synthesis of NIPU by aminolysis have been reported

during the last decades using multiple vegetable oils, including canola oil, castor oil,
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soyabean oil, jatropha oil, palm oil, tung oil, rapeseed oil, and cottonseed oil. However, the
NIPUs, derived from different origins, exhibit incompetent mechanical strength to find any
commercial applications. In light of all these limitations, as well as operational hurdles, it
has been observed that such methods are required that have characteristics including low
cost, high mechanical strength, and easy synthesizing and regeneration ability.
Furthermore, the physicochemical properties of NIPUs and their composites suggest they
are an ideal candidate for multiple applications such as coatings, adhesives, foams, blends

etc.

1.6 Research Objectives

I.  To Develop and optimize a novel, environment-friendly synthesis process for NIPU
foams, using a bio-based crosslinker to significantly enhance flame retardancy.

Il.  To simplify the existing methods for the fabrication of porous NIPU materials to
milder and scalable conditions, with an aim to lessen the need for sophisticated
equipment and harsh processing conditions.

I1l.  To develop and characterize NIPU blends with poly (vinyl alcohol) (PVA), with a
focus on rheological and thermal properties to enhance material performance and
sustainability.

IV.  To design and synthesize NIPU-based hydrogels and assess their effectiveness in

dye removal from wastewater and drug release applications.
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Chapter 2

SYNTHESIS OF XYLOSE-BASED NON-ISOCYANATE
POLYURETHANE FOAMS WITH REMARKABLE FIRE-

RETARDANT PROPERTIES

2.1 Introduction

PU foams are essential materials in contemporary industry owing to their excellent
adaptability, mechanical qualities, and thermal insulation capabilities. They make up 50%
of the market for polymer foam and account for 67% of global PU utilization. PU foams
serve many purposes such as acoustic insulation, automotive seating, mattresses, and
thermal insulation [1]. Conventionally they are commonly produced by combining polyols
and isocyanates through a process called polyaddition reaction. The manufacturing of PU
foams is a widely recognized procedure, mainly due to their distinctive blend of qualities,
including low density, high load-bearing ability, and exceptional insulation capabilities.
Nevertheless, the dependence on isocyanates in conventional PU synthesis presents
substantial health and environmental hazards. Consequently, there has been a notable
increase in interest in the development of alternative methods for producing PU foam

without the use of isocyanates [2].

An essential component of PU foam manufacture is the utilization of blowing agents.
Blowing agents are necessary for forming the foam's cellular structure, offering lightweight

and insulating characteristics. In earlier times, chlorofluorocarbons (CFCs) and
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hydrochlorofluorocarbons (HCFCs) were frequently employed as blowing agents precisely
due to their high level of effectiveness [3]. Nevertheless, these compounds have been
discovered to possess significant environmental consequences, such as depletion of the
ozone layer and a high global warming potential [4]. Consequently, the utilization of CFCs
and HCFCs has been gradually eliminated in accordance with global accords like the

Montreal Protocol [5].

To address these environmental problems, the industry has transitioned to using alternative
blowing agents, including hydrofluoroolefins, and natural blowing agents such as water,
carbon dioxide, and hydrocarbons [6]. While natural blowing agents present a more
environmentally friendly alternative, they still pose certain difficulties, such as
flammability and the requirement for specific handling and equipment. Moreover, the
depletion of non-renewable sources and the ramifications of global warming have
prompted the innovators to create novel routes of PU production that have a minimal
environmental impact and, thus, fulfilling all new environmental regulations [7]. Vegetable
oil is the most often used renewable resource to generate commodities for PU products
since it is widely accessible [8, 9]. Although these renewable sources have successfully
yielded polyols, multiple studies have been carried out to incorporate various fillers and
anti-flaming chemicals into these foams to enhance their anti-flammable, thermal, and
mechanical abilities [5-12]. NIPU, a novel category of PU free from the harmful effects of
isocyanates, were generated. NIPUs are traditionally synthesized in the presence of cyclic
carbonate and diamines [15, 16]. The ring-opening reaction of bis-cyclic carbonates with
diamines and polycondensation of carbamates are the two most frequently used approaches

for producing NIPU [15]. The most promising strategy is the utilization of cyclic
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carbonates, which generate minimal chemical intermediates or by-products. The chemical
resilience and hydrolytic stability of the polymers are enhanced, as additional hydroxyl
groups are generated in the NIPU structure, in the ring-opening reaction [14].
Transurethane reactions, also called transcarbamoylation, are caused by the condensation
of alcohol on carbamate, which leads to the formation of urethanes, often producing
alcohols (with low molar masses) as a byproduct [16, 17]. However, there are other
methods as well, which are relatively less explored; one such method involves the
production of cyclic carbonates from dimethyl carbonate by reacting with o-hydroxyl
compounds followed by reacting with a diamine. Since dimethyl carbonate is an
environmentally compatible and non-toxic chemical, and the reaction takes place under

simple circumstances, this route of manufacture is highly valued [18].

Despite the positive potential for the economic viability and environmental stewardship of
NIPU, commercial production of NIPU has yet to be implemented. Research on NIPUs is
currently flourishing, and the advanced characteristics of NIPUs are predominantly being
used to develop coatings and cross-linked materials with prospective uses as thermosets or
elastomers [19-22]. Nevertheless, due to the difficulty in foaming the NIPU matrix,
existing examples of NIPU foams are relatively restricted. However, NIPU foams using

tannin, glucose, lysine, and lignin have been reportedly prepared [18, 23, 24].

Due to the compelling rise in oil and natural gas prices, polymeric biomaterials, particularly
agro-resource-based polymers, have progressed rapidly in recent vyears. After
preprocessing and hydrolysis, the plant biomass hydrolyzates consist of various hexoses
and pentoses. Even though the sugar content of hydrolyzates from different feedstocks

varies, the dominant sugars present in most hydrolyzates from terrestrial plant biomass are
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glucose and xylose [25]. The motivation behind this study is to achieve an advanced
understanding of how the alternative synthesis route influences the structure and properties
of the PU foams, synthesized without isocyanates. Xylose is an agriculturally workable
material that can be a feasible replacement for petroleum-based polymers in a life-cycle
context. The prime focus of this research is to explore the viabilities of xylose in the
synthesis of PU foams. The study reported here aims to employ an environmentally
acceptable way to generate NIPU foams, derived from xylose. Citric acid is employed as a
natural crosslinker in this study, since it is biodegradable, non-toxic, and completely safe
during manufacture. Though many alternative techniques and renewable raw materials
have previously been used to produce bio-based NIPU foams, no previous research has
mentioned the development of xylose-based polyhydroxyurethanes (PHUSs), by the
processes of transcarbamoylation. Moreover, the exquisiteness of this investigation lies in
the fact that these foams were synthesized at ambient pressure. Fourier transform infrared
(FTIR) spectroscopy, Differential scanning calorimetry (DSC), wide-angle X-ray
diffraction (WXRD), and Thermal Gravimetric Analysis (TGA), were used to explore the
structure and mechanical properties of the synthesized foams. The limiting oxygen index

(LOI) was used to determine the fire resistance of all foams.

2.2 Materials and methods

2.2.1 Materials

Carbamates were prepared by utilizing commercially available hexamethylene diamine
(HMDA), which was acquired from Sigma Aldrich and utilized, as supplied. D-Xylose and

dimethyl carbonate (DMC) were purchased from Loba Chemie (India) and utilized as
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received. Citric acid was purchased from TCI Chemicals (Belgium). All chemicals and
solvents used in the analytical measurement procedures were of analytical grade and

utilized exactly as received.

2.2.2 NIPU Foam Synthesis

In this study, NIPU foams with various combinations of precursors were prepared. The
carbamates were prepared by the method already reported in the literature [26]. The
reaction of DMC with HMDA was allowed to proceed for 60 minutes at 70 °C with
continuous stirring, and the synthesized intermediate was termed RXCL. Further, an
aqueous solution of D-xylose was added to a beaker containing RXCL and it was heated
at 80 °C, with constant stirring for 20 minutes. During heating, the viscosity of the reaction
mixture increased gradually, and its colour changed to dark brown. The beaker was then
placed in the oven for 2 hours at 90 °C, and the resulting foamed product was labelled
RXCO. A similar procedure was applied to prepare NIPU foams with citric acid. The dark
brown reaction mixture was supplied with varying amounts of citric acid to prepare RXC1
and RXC2. The foaming beaker was then kept in the oven for 2 hours at 90 °C. Detailed
formulations of the synthesized foams have been mentioned in Table 2.1. A schematic

representation of the synthesis of Xylose-based NIPU Foam is as shown in Figure 2.1.

Table 0.1 Formulations of the synthesised products in the study

Sample D-Xylose(g) DMC (g) HMDA (g) Citric Acid(g)

RXCL 0 6 7 0
RXCO 13 6 7 0
RXC1 13 6 7 1
RXC2 13 6 7 2
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Non- Isocyanate
Polyurethane Foam

Figure 0.1 Schematic representation of the synthesis of Xylose-based NIPU Foam

2.2.3 Instrumentation

The morphology and structure of the developed foams were assessed by powder X-ray
diffraction (PXRD), utilizing a high-resolution Bruker diffractometer (D8 Discover),
coupled with a point detector (scintillation counter), using Cu K o radiation received via a
Gobel mirror, that covers the range of 20 = 5-80° with a scan rate of 1.0 second/step and
step size 0.02° at 298 K. PerkinElmer Frontier ATR-FTIR provided by an ATR Miracle
diamond crystal was employed to examine the functional groups of all the prepared foam
samples. The powdered samples were placed on the ATR equipment's diamond eye (1.8
mm) and the sample's touch was maintained by securely screwing the clamping equipment.
Each sample was scanned with 32 scans at a resolution of 4cm™ in the wave number range
of 600 to 4000 cm™, to record the spectrum. Thermogravimetric analysis (TGA) was
employed to evaluate the thermal stability of the resulting NIPU foams (using TGA 4000,

Perkin Elmer). Differential scanning calorimetry (DSC) was used to assess the thermal
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stability of the resulted foams using DSC 8000, Perkin EImer. Nitrogen was used as a purge
gas. To examine the glass transition temperature, the thermal characteristics were analyzed
at 20°C mint in the range of -50 °C to 250°C. A scanning electron microscope (Jeol JSM-
6610LVmodel) was used to examine the morphology and interior structure of the foams
on a lateral cross-section to the rising direction of NIPU foam. Solid-state CP MAS 13C
NMR was used to examine the powdered xylose foam. A Briker AVANCE 400 MHz
(Briker, Billerica, MA, USA) spectrometer with a 4 mm probe was used to acquire the
spectrum, at a frequency of 10 kHz. Chemical shifts were evaluated in comparison
to tetramethyl silane (TMS). The spectrum was recorded with the spinning

sideband suppression.

The rheological characteristics of pure NIPU and NIPU/Citric acid solutions were studied,
at room temperature, using an Anton Paar Modular Compact Rheometer 302 (MCR). The
shear-thinning behaviour was explored using a steady shear flow measurement, to
determine the viscosity changes in a wide shear rate range (0.1-100 s™?), using a 25 mm

parallel plate geometry and 1 mm gap.

2.2.4 Apparent Density and Water Absorption Test

The apparent densities were calculated as the ratio of weight to cubic sample volume
following the standards of ASTMD1622-08. Five samples were taken to determine an
average. To explore the water absorption of the synthesized NIPU foams, four samples
were evaluated for 24-hour water absorption and the effect of densities on water absorption

was investigated [27].
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2.2.5 Oxygen Index Test

The limiting oxygen index (LOI) was determined using an Oxygen index meter, according
to the method described in the literature [23], (Fire Testing Technologies Ltd, United
Kingdom). All of the samples were made to the specifications of 100 mm x 10 mm x 10

mm. The average LOI values for five samples of each formulation product were reported.

2.3 Results and Discussion

2.3.1 Preparation of Foams

The xylose-based NIPUs foams were prepared using a facile method at ambient pressure.
The anticipated primary adducts created by various reactions that eventually lead to
skeletal networks in the foam are presented in Figure 2.2. The addition of tricarboxylic
citric acid serves a dual purpose as a crosslinking agent [28, 29] and a blowing agent [30]
in the synthesis of NIPU. Citric acid-based foams generate their foaming energy through a
relatively violent reaction between the citric acid group and the NH. group, which leads to
self-blowing at room temperature. A three-dimensional network is formed as a result of
this impact, causing the mixture's viscosity to rise sharply, followed by its gelation. The
foaming action is caused by heating the reaction mixture at 70 °C in the case of foams

prepared without citric acid.
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Figure 0.2 (a) Schematic representation of possible reaction mechanism for the synthesis

of Xylose-based NIPU foams (b) Role of citric acid.

The prepared foams needed to be cured by heating, which is crucial for the accessability

and stability of the synthesized foams and to examine their physical properties [23].

Furthermore, as the amount of citric acid increased, the apparent densities of the considered

foams declined slightly, and water absorption decreased consecutively. The foaming

energy generated by the interaction of citric acid with the —NH> groups is responsible for

the decrease in foam density [18]. Increasing the amount of citric acid, on the other hand,
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can yield a smaller apparent density and, hence, a larger expansion volume, as shown in

Table 2.2 [30].

Table 0.2 Apparent density and water absorption of Xylose-based NIPU foams

Sample Apparent Density 2 h Water Pore size LOI Values
(g/cm?) Absorption (%) Diameter (%)
(mm)
RXCO  0.974+0.13 421.246+46 1.11+0.045 22.3% +0.11
RXC1  0.4676+0.14 353.823+35.17 1.82+0.33 23.99% + 0.78
RXC2  0.303+0.16 319.420+31.05 1.95+0.08 26.9% + 0.24

2.3.2 Structural Analysis

2.3.2.1 FTIR Analysis

Figure 2.3 displays the Fourier Transform Infrared (FT-IR) spectra of all foams to identify
the functional groups in various foam preparations. The occurrence of a band around 1690
cm? in the FTIR spectrum of RXCL indicates the formation of carbamate linkage and
confirms the methoxycarbonylation of HMDA with DMC. In the spectra of NIPU foams
RXCO, RXC1, and RXC2, the occurrence of a characteristic band at 1693 cm™ corresponds
to urethane C=0 bond formation [18, 34]. Furthermore, a band at 3340 cm indicates the
presence of hydroxyl groups and -NH-moiety of urethane groups. Additionally, the band
at 1537 cm™ is indicative of the urethane group, implying the formation of carbamate
structures [23]. The analysis of FTIR spectra suggests that RXCL, RXCO, RXC1, and
RXC2 have chemical structures that are comparable, but not identical to plain xylose and

citric acid, hence indicating that the xylose-based- NIPU foams prepared using similar
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procedures have comparable spectra. This confirms that xylose-based NIPU foams have

been successfully fabricated using a non-isocyanate method at atmospheric pressure.

Transmittance (%)

L) " L) LJ " LJ
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm )

Figure 0.3 FTIR spectra of the synthesized products.

2.3.2.2 Cross-Polarisation Magic Angle Spinning *CNMR

The composition of the prepared foams was examined by solid-state Cross Polarization
Magic Angle Spinning (CP MAS) *CNMR. Figure 2.4 displays the 3 CNMR spectrum of
RXCO0.The peaks at around 44.71 ppm and 30.56-28 ppm correspond to the methylene
groups (—CH>-) of the diamine chain, which are directly coupled and not attached to
urethane groups, respectively. The presence of a peak at 42 ppm verifies the diamine
reaction and the production of urethane groups, which is also confirmed by the FTIR
spectrum of RXCO. The peak at 52.53 ppm appears due to the methyl group present in —

COO-CHs moiety of unreacted carbonated xylose molecules. The notch around 70 ppm
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can be credited to the carbon atoms of the xylose ring. The peak at 158.24 ppm refers to
the -C=0-linkage present in —-NH-COO- moiety of the urethane bridge. This peak is
extremely prominent, suggesting that the fraction of urethane produced is comparatively

high in comparison to that of the 52.53 ppm peak [35].
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Figure 0.4 Solid State ®*CNMR of Xylose-based NIPU foam RXCO

2.3.2.3 Rheological Analysis

The shear-thinning characteristics were investigated by employing a steady shear flow
measurement to analyze the changes in viscosity of the dark brown reaction mixture of
RXCO, RXC1, and RXC2 in a wide range of shear rates (0.1-100 s), using a Imm gap
and a 25 mm parallel plate. The steady shear profiles of samples before curing were studied

at 25 °C and are presented in Figure 2.5. A significant increase in the viscosity was
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observed with the addition of citric acid, suggesting a resistance to the flow of the

polymeric solutions.

The viscosity of polymeric solutions varied with polymer content, owing to the variation
in polymer chain entanglement. RXC2, containing the highest concentration of citric acid,
exhibited the highest viscosity at a low shear rate and displayed maximum shear thinning
behaviour when subjected to high shear. The high viscosity may be a result of the existence
of a highly entwined polymer structure in the solution due to the weak crosslinks developed
by citric acid (before curing), that break down on the application of high shear and result
in maximum shear thinning. While in RXCO, the low viscosity at low shear rates and the
lowest shear thinning at high shear rates can be attributed to the lack of crosslinking in the
absence of citric acid. The shear-thinning behaviour of these solutions demonstrates that
the application of a high shear rate leads to disentanglement and even realignment of

molecular chains in the blend solutions.
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Figure 0.5 Plot of viscosity versus shear rate for the polymeric solutions of RXCO,

2.3.3 SEM Analysis

RXC1, and RXC2.

The morphology of the foams synthesized with varying amounts of citric acid was

examined by using SEM. Figure 2.6 displays the SEM micrographs of RXCO, RXC1, and

RXC2, respectively. This suggests that all foams have a consistent cell morphology (closed

cellular structure with few open cells). Figure 2.6 (b) and (c) show a considerable degree

of open cell morphology in RXC1 and RXC2 compared to RXCO, which may be the result

of the addition of citric acid in the resins during the preparation. The citric acid and HMDA

reacted relatively vigorously producing greater energy, as a result of which more foamed

material or larger foam cells appeared, as reported in other studies also [30]. A comparable

pattern was observed while analyzing the apparent density of the prepared materials, which

decreased with an increase in the amount of citric acid owing to the formation of larger
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pores, as depicted in Table 2 and Figure 2.6. In addition, some ruptures or wreckage can
be seen in all prepared foams that can be attributed to the cutting step in sample preparation.
It was observed that, with an increase in the citric acid concentration, the rigidity of
synthesized foams increased linearly, due to the formation of stronger cell walls. Thus, the
obtained products were extremely hard and exhibited resistance to mechanical force.
Scattered debris can be seen in Figure 2.6 (c), and it was a result of cutting during sample

preparation for SEM analysis.

Figure 0.6 SEM images of (a) RXCO, (b) RXC1, (c) RXC2.

2.3.4 XRD Pattern Analysis

In the PXRD pattern presented in Figure 2.7, the presence of a dominant peak at 21° implies
that the synthesized material is segmented PU (NIPUs in this case) and the broadness of
the peak signifies the amorphous nature of the predominant phase. This is consistent with
the previously reported values in the literature for segmented PUs [21-33]. This further
confirms the observations drawn from DSC thermograms, as Tg is observed only in the
case of polymers having an amorphous region as in the dominant phase contrary to
crystalline polymers, that show sharp transitions related to melting temperature, not glass

transition temperature.
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Figure 0.7 XRD pattern of the prepared NIPUs.

2.3.5 Thermal Characterisation

TGA was employed to evaluate the thermal stability of the synthesized NIPUs in a nitrogen
(N2) atmosphere across a temperature range of 25 to 900 °C and it showed a three-step
mass loss, as presented in Figure 2.8 (a), (b) and (c). The initial weight loss step between
30 and 200 °C involves the decomposition of hexamine and excess acid as well as the
discharge of absorbed water to 120 °C and evaporation of monomers/oligomers generated
during the course of the reaction below 200°C [15, 32]. The second weight loss step
observed between 200 and 275 °C occurs due to the fragmentation of the polymer
backbone as a result of urethane bond cleavage. The final weight loss step occurring above
400 °C (as shown by DTG curves) involves more than 58 per cent mass loss. Possible
fragmentation of C—C bonds and the degradation of pyrolysis remnant compounds from

the prior two steps might have triggered this process. Similar results have been observed
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in the literature [38]. Figure 2.8 (a), (b) and (c) depict the respective degradation

temperatures and residual masses of the prepared foams.

DSC measurements were carried out to determine the glass transition temperature (Tg) of
the synthesized NIPU foams. The DSC thermogram, presented in Figure 2.8 (d), shows
that the Tg of the synthesized NIPUs lies in the range of 109-112 °C and is similar to the
data previously reported for NIPUs in literature [37]. Tg values of the synthesized NIPUs
are higher than room temperature, suggesting a significant level of crosslinking by citric
acid. Furthermore, the appearance of a singular Tg peak in the DSC curve of each sample
suggests the existence of a homogenous phase in NIPU foam. Thus it can be inferred that
the chemical structure of the curing agent has a considerable impact on the Tg values of
NIPU foams and aids in tailoring their thermal properties [38].The role of citric acid as a
blowing agent is demonstrated in the SEM micrographs of the synthesized NIPU foams
(Figure 2.6) and that as a crosslinker is proven by DSC thermograms (Figure 2.8 (d)),
rheology data (Figure 2.5), and also by LOI values (Table 2.2). Previous studies also

suggest that citric acid is a widely reported crosslinker [23].
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Figure 0.8 The TGA and DTG plots of (a) RXCO, (b) RXCL1, (c) RXC2 and (d) DSC
thermograms of the prepared foams.

2.3.6 Flame Retardant Properties

The limiting oxygen index (LOI) is used to measure the flame retardant behavior of
polymeric materials by assessing the minimal oxygen concentration required for the
combustion of polymer in a combined oxygen and nitrogen atmosphere. This technique

continues to be one of the most crucial quality control and screening tools to evaluate both
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the flammability resistance and ignitability in plastics [39]. Materials exhibiting high LOI
values show excellent flame retardancy. When the LOI value of a substance exceeds 27
percent, it is considered flame-retardant. Contrarily, a material is rendered inflammable,
when the LOI value is less than 22 % [40]. Materials with an LOI of less than 21% are
categorized as combustible, whereas those with an LOI of more than 22 are classified as
self-extinguishing since their ignition cannot be perpetuated at ambient temperature

without the addition of external energy [39].

The LOI values of each foam specimen were assessed, and the outcomes are presented in
Table 2.2. The LOI values of plain xylose-based NIPU foam (RXCO) are around 22.3%,
showing that this type of foam is not inflammable, but self-extinguishable. The LOI values
of NIPU foams incorporated with citric acid were found to be 23.996% for RXC1 and
26.9% for RXC2 (Table 2.2 and Figure 2.9). The LOI values of the samples were increased
markedly, as the amount of citric acid was increased. This can be attributed to the creation
and densification of an isolation layer, that grew larger with increasing citric acid amount

and generated a more intumescent char [41].

This phenomenon may be explained due to the shielding of the carbonaceous char layer
shielding the PU surface from the flame. As a result, increasing the amount of citric acid in
the foam results in a greater barrier effect, leading to the improved fire performance. This
can be established by the fact that citric acid is also acting as a crosslinker here, as prior
proven by DSC measurements. The higher the density of the crosslinked network, higher
will be the amount of energy required to burn the sample under observation, since the three-
dimensional structure will show resistance to burning [42]. As a consequence of which,

RXC2 having the maximum amount of citric acid has the highest LOI value, inferring that
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citric acid is also enhancing the flame retardancy of the material. Similar data has already

been documented in few previous studies [43, 44].
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Figure 0.9 LOI values of the synthesised foams

2.4 Conclusions

Xylose-based NIPU foams have been prepared via transurethanisation (also known as
transcarbamoylation). The methodology presented in this study allows for the production
of sustainable PU foams using xylose as a feedstock and citric acid as a crosslinker and
blowing agent, resulting in the materials with high bio-based content. It is observed that
the inclusion of citric acid in various proportions in the NIPU foam can amplify the thermal
stability and the fire retardancy of the xylose-based NIPU foams. According to the FTIR

measurements, urethane linkages were produced in all foam compositions. Solid-state 13C
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NMR further confirmed the formation of the urethane bridge by displaying a distinctive
apex at 158.24 ppm. The three types of foams, displayed comparable regular cell shapes,
with lots of open pores visible, but the NIPU foams prepared without citric acid exhibited
smaller mean cell sizes and closed cells when compared to the ones prepared using citric
acid (RXC1 and RXC2); this could be due to the higher amount of foaming energy

produced by citric acid.

The thermal stability of RXCO, RXC1, and RXC2 was nearly identical; however, RXC1
displayed slightly greater resistance to the applied temperature as observed in TGA data.
The Tg of all the synthesized NIPU foams pertains to the range of 109-112 °C as observed
from the DSC thermograms, indicating a considerable degree of crosslinking. The LOI
values, determined to study the fire resistance of xylose-based NIPU foams, reported that
the foam with highest citric acid content i.e., RXC2 exhibited the greatest LOI value i.e.
26.9 %, which is comparable to that of being a flame retardant (27%). In contrast, the LOI
values of neat xylose-based NIPU foam (RXCO) are around 22.3%, indicating that they

are inflammable.

The non-toxicity and simplicity of the methodology presented here overcomes some of the
major challenges in NIPU chemistry, including low reactivity, longer reaction times, high
temperature, high pressure and requirement of expensive equipments. This inexpensive,
environment friendly and cost effective xylose-based NIPU is well suitable as a
replacement of conventional isocyanate-based PU foams, by the incorporation of various
reinforcing fillers, for commercial scale manufacturing as well as its significant potential
status as "green material” for futuristic applications. As an outcome of this study, the

futuristic approach can be the optimization studies focusing on more specific mechanical
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and physical properties. This novel, robust approach will also open up new possibilities for

the construction of more sustainable PU foams and offers an alternative solution to the

conventional isocyanate route due to the outstanding accessibility and diversity of the

major components of the formulations.
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Chapter 3

ONE POT SYNTHESIS OF BIO-BASED POROUS ISOCYANATE-

FREE POLYURETHANE MATERIALS

3.1 Introduction

Porous PU materials are exceedingly versatile materials that have the potential to serve in
a wide range of applications across various industries [1]. These materials are capable of
offering a unique combination of properties, including high strength, flexibility, durability,
and thermal stability [2]. High-density porous PU materials are suitable for applications

where strength and load-bearing capacity are critical [3].

Since these compounds are detrimental to humans and the environment, hence as an
outcome, the development of biomass-based polymers and the creation of ecologically
benign and sustainable materials are becoming increasingly popular [4]. Extensive research
has been conducted on synthesising NIPU materials due to the increasing need for
sustainable and ecologically friendly PU products [5]. Conventional methods of NIPU
synthesis generally involve the reaction of cyclic carbonates with amines to form urethane
linkages without isocyanates [6]. Despite the growing number of articles on NIPU and
polyhydroxy-urethane chemistry, limited studies focus on porous NIPU material synthesis.
In the dearth of isocyanate groups, NIPU does not allow for foaming in the presence of
water via the release of CO., as is the case with isocyanate-based PU preparation [7].

However, a simplified process for producing NIPUs is to react bio-materials including
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sugars [8], lignin [9], and tannins [10] just with dimethyl carbonate, which eliminates the
need for cyclization of carbonate and diamine. A recent study reports the synthesis of a
bio-based NIPU foam using glucose, dimethyl carbonate, and diamine as precursors [11].
Carbohydrates are an especially valuable raw material among the many renewable
resources since it is cost-effective, easily accessible, and offer a wide range of

stereochemical variety [12].

Despite having multiple advantages, this method often necessitates harsh reaction
conditions, including high temperatures and pressures, to achieve satisfactory reaction rates
and yields [7]. Furthermore, using expensive catalysts further complicates the process,
making it less economically viable for large-scale production [13]. Additionally, these
catalysts can pose environmental and disposal challenges, contradicting the green

chemistry principles NIPU synthesis strives to uphold [14].

Extending the foundation established based on these challenges, the current chapter
explores a novel, catalyst-free, one-pot synthesis method for PU-based porous materials.
This method—often referred to as "one-pot"—can be used for any multi-step synthesis,
reaction, or procedure. It works by avoiding many purification stages at once and allowing
multiple synthetic transformations and bond-formations to be completed in a single pot.
Thus, a one-pot process can minimise chemical waste, save time, and make practical
aspects comparatively facile. In actuality, synthetic organic chemistry has historically
employed this strategy extensively. This method addresses several key challenges of
traditional NIPU synthesis by eliminating the need for catalysts and combining all reactants
in a single reaction vessel. This simplification aims to enhance overall process safety,

reduce production costs, and lower energy requirements. Significantly, this method has led
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to synthesising porous NIPU materials with high density, expanding the potential

applications of these materials.

The catalyst-free one-pot synthesis method offers an efficient and sustainable substitute to
traditional approaches. By eliminating the need for catalysts and consolidating the reaction
into a single pot, this scheme minimizes energy consumption, reduces production costs,
and enhances safety. The one-pot method involves directly mixing all reactants in a single
reaction vessel, facilitating a more straightforward and efficient synthesis process [15].
This approach harnesses the inherent reactivity of the selected reactants to drive the
formation of urethane linkages under milder conditions, producing high-density, porous
NIPU materials. An important benefit of this approach is its capacity to be scaled up and
used in industrial settings. The catalyst-free one-pot synthesis is more viable for large-scale
production due to its streamlined reaction setup and less requirement for specialist
equipment [16]. Moreover, the exclusion of expensive catalysts and the use of more benign
reaction conditions enhance the cost-efficiency of the process, in line with the principals

of sustainable manufacturing.

Another notable advantage is the decrease in environmental footprint. The catalyst-free
one-pot synthesis results in a lower production of by-products and waste, hence minimizing
the total environmental impact of the production process. Utilizing renewable feedstocks,
such as bio-based polyols and carbonates, improves the sustainability of the products
produced. This aligns with the increasing need for environmentally friendly materials in
several sectors, which is being pushed by rising regulatory requirements and consumer

Consciousness.
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A facile approach for the fabrication of bio-based porous NIPU materials with xylose has
been adopted in the present study. The materials were synthesized by blowing at ambient
temperature and hardening in short time intervals at a lower temperature (70 °C) with citric

acid as a crosslinker, and subsequently, their flame-retardant behaviour was analyzed.

3.2 Experimental Details

3.2.1 Materials

HMDA was obtained from Sigma Aldrich and utilized exactly as supplied. DMC and D-
xylose were bought from Central Drug House (India). Citric Acid was acquired from Loba
Chemie (India). All these chemical reagents used in the analytical procedures were of

analytical grade.

3.2.2 Synthesis of Isocyanate-Free Polyurethane-Based Porous Materials

DMC was added to D-Xylose aqueous solution and the mixture was then heated for 50
minutes, with continuous stirring. Subsequently, the reaction mixture was accompanied by
HMDA. The resultant polymer mixture was stirred and heated to 70 °C, till the viscosity
of the reaction mixture increased, and the color changed to dark brown, and then was
allowed to cure. Table 3.1 divulges the detailed formulations of the synthesized materials.
After 10-15 minutes, the appearance of pores was observed in the case of PO. The
formulations P1 and P2 were further heated to 70 °C, for about 20 minutes and different
amounts of 50% aqueous solution of citric acid were added in each, as crosslinkers. Figure

3.1 (a and b) shows the schematic representation of formation of porous NIPU materials.
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Figure 0.1 (a) Schematic representation of the formation of porous NIPU materials (b)

Reaction scheme of the synthesis.

Table 0.1 Formulations of the prepared samples and their apparent densities

Sample Xylose: DMC: HMDA: Citric Apparent Density (g/cm?)

Acid
(weight %0)
PO 2:0.9:1:0 1.75
P1 2:0.9:1:0.143 2.34
P2 2:0.9:1:0.286 3.01
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3.2.3 Instrumentation

The morphology and structure of the developed foams were assessed by PXRD, utilizing
a high-resolution Bruker diffractometer (D8 Discover), coupled with a point detector
(scintillation counter), using Cu K o radiation received via a Gobel mirror, that covers the
range of 20 = 5-80° with a scan rate of 1.0 second/step and step size 0.02° at 298 K.
PerkinElmer Frontier ATR-FTIR provided by an ATR Miracle diamond crystal was
employed to examine the functional groups of all the prepared foam samples. TGA was
employed to evaluate the thermal stability of the resulting NIPU foams (using TGA 4000,
Perkin Elmer). DSC was used to assess the thermal stability of the resulting foams using
DSC 8000, Perkin EImer. Nitrogen was used as a purge gas. To examine the glass transition
temperature, the thermal characteristics were analyzed at 20 °C min in the range of -50
°C to 250 °C. A scanning electron microscope (Jeol JSM-6610LVmodel) was used to
examine the morphology and interior structure of the foams on a lateral cross-section to

the rising direction of NIPU foam.

3.3 Results and Discussion

3.3.1 Structural properties of NIPU

The emergence of bands at around 1700 cm™ and 1600 cm™ respectively confirms the
formation of urethane linkage (Figure 3.2). A band around 3370-3415 cm™ suggests the
presence of -NH- of urethane groups and hydroxyl groups. The role of citric acid as a
crosslinker is confirmed by the linkage of COO" group of citric acid with the -NH- groups
of diamine. Hence, the P2, with the maximum amount of citric acid, experiences the bands

shift to a lower wavelength. In the case of P1, the formation of a sharp band at around 3400
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cm™ suggests the occurrence of restricted hydrogen bonding that causes a shift in the band
of -C=0- linkage to 1752 cm™*. With the increase in the amount of citric acid, an increase
in apparent densities of the NIPUs was observed, as shown in Table 3.1. The energy
generated by the interaction of citric acid with the —NH2 groups is responsible for the
increase in material density [11]. Also, the increase in the crosslinks developed in the
polymer network could lead to such an observation. The PXRD pattern presented in Figure
3.3 exhibits the appearance of the characteristic peak of the segmented polyurethanes at
around 20°, in all samples. The broadness of peaks indicates the amorphous nature of

synthesized materials [9]. Hence, the results of PXRD and FTIR confirm the formation of

urethane bridge in the prepared samples.
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Figure 0.2 FTIR plots of the synthesised polymers.
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Figure 0.3 XRD pattern of the synthesised polymers

3.3.2 Morphological Properties

The morphology of the prepared materials was analyzed by scanning electron microscopy
(Figure 3.4 (a-c)). Both open and closed cell structures can be observed in the shown
images. Due to the action of the citric acid as crosslinker, the number of open cells
decreases on moving from PO to P2 (which is an ascending order for the amount of citric
acid added in the formulations) [17]. This can be attributed to an improvement in cell
formation resulting from the formation of stronger cell walls, which restrict the distribution
of cell size and forbid further blowing, thus opening the cells and leading to opened-celled

structures.
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Figure 0.4 SEM images of (a) PO, (b) P1, and (c) P2

3.3.3 Thermal Characterisation

The TGA thermogram (Figure 3.5) shows that all porous NIPU materials exhibit a
comparable response to pyrolysis. The first mass loss stage was observed in the range of
170-350 °C, which is attributed to the decomposition of urethane bond [10]. The second
stage of mass loss was observed in the range of 370-640 °C, which could be a consequence
of -C—C- bond cleavage and additional degradation of surplus products produced by the
decomposition of the urethane bond in the first stage [18]. The presence of citric acid as a
cross-linker in P2 (maximum amount of citric acid) explains its better stability and least
mass loss at the highest temperature, as seen in the thermogram. Nevertheless, the thermal
degradation of HMDA, water, and excess acid might be the reason for the small weight
loss observed in the lower temperature range (<170 °C). This behaviour was analogous to
the observations made by X. Chen and group [10]. Figure 3.6 represents the glass transition
temperatures of the NIPU materials in a DSC thermogram. As evident, the transition
temperature falls in the range of 58-76 °C in the increasing order of the amount of citric

acid.
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Figure 0.6 DSC thermogram of the prepared polymer samples

3.3.4 Limited Oxygen Index

A sample exhibiting an LOI value above 27% can be called a flame retardant. However, if

the LOI value is below 22% the material is said to be inflammable. All the NIPU materials
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synthesized in this study were tested for determining their LOI values and the observations
are shown in Figure 3.7. The LOI values of neat xylose-based NIPU materials (PO) are
around 23.97 %. As anticipated, the LOI values of NIPU materials incorporated with citric
acid (P1 and P2) demonstrated an improvement in LOI values from 23.97% for PO to
24.01% and 24.14% for P1 and P2, respectively. This improvement in the LOI values can
be a consequence of the increase in crosslinking density with the incorporation of citric

acid [10].

PO Pl P2

Figure 0.7 LOI of PO, P1, and P2

3.4 Conclusions

Isocyanate-free porous polyurethane materials were synthesized at 70 °C with xylose
precursor, via a facile one-pot process. The prepared samples were synthesized by
incorporating varying amounts of citric acid. The improvement in the thermal properties
was confirmed by TGA and DSC. The thermal stability and glass transition temperature
both are improved with the addition of citric acid, as it leads to the formation of a highly
packed polymeric network. The NIPU materials exhibited a cell structure with varying pore
sizes, that was observed to be dependent on the amount of the crosslinker added to the
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reaction mixture. Homogenous pore sizes were observed in case of NIPU material having

maximum amount of citric acid. Citric acid, being a crosslinker, also led to an enhancement

in LOI values of the prepared materials. These results validate the suitability of the

synthesized porous NIPU materials in a multitude of future applications.
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SYNTHESIS AND RHEOLOGICAL ANALYSIS OF NON-
ISOCYANATE POLYURETHANES BLENDED WITH POLY(VINYL

ALCOHOL)

4.1 Introduction

Materials science research remains strongly motivated by the ongoing quest for sustainable
and eco-friendly polymeric materials. PUs are highly appreciated for their mechanical
strength, resistance to chemicals, and ability to be used in various applications [1-4].
Nevertheless, the traditional production of PUs usually includes isocyanates, which are
linked to substantial risks to both human health and the environment. As a reaction, NIPUs
have developed as a possible substitute, providing decreased toxicity and environmental
impact [5]. Production of hybrid NIPUs with higher performance is one strategy to

counteract its lack of reactivity [6].

This chapter aims to investigate the synthesis and flow properties of NIPUs in combination
with poly(vinyl alcohol) (PVA), a water-soluble polymer known for its film-forming
ability, chemical resistance, and biodegradability. The aim of the method is to enhance the

material properties of NIPUs and expand their scope of potential applications.

Polymers can be blended together to deliberately modify the characteristics of materials

and produce composites that have combined and enhanced qualities [7]. Blending with
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PVA in the context of NIPUs presents numerous possible benefits. The hydroxyl groups in
PVA have the potential to engage with the urethane linkages in NIPUs, which could
improve the mechanical strength and thermal stability of the blend. PVA is known for its
excellent film-forming properties, water solubility, and biocompatibility. Combining these
properties of PVA with the desirable mechanical strength, thermal stability and
biodegradability of NIPUs via blending can lead to synergistic effects and improved
performance. By adjusting the blend composition and ratio it is possible to modulate these
properties to suit specific requirements for diverse applications across industries. The
combined properties of NIPU and PVA blends make them suitable for applications such as
coatings, adhesives, packaging materials, biomedical scaffolds, and drug delivery systems.
The tailored properties of the blends can meet the specific requirements of these
applications expanding the possibilities for their practical use. Furthermore, the water-
repellent characteristics of PVA can enhance the ability of NIPU-based materials to resist
water, which is essential for applications that necessitate moisture barrier capabilities.
Furthermore, the capacity of PVA to decompose naturally enhances the overall ecological
viability of the mixture. The miscibility of polymer blends can be assessed using various
qualitative (namely scanning electron microscopy, FTIR) and quantitative techniques (such
as DSC and rheology). Qualitative techniques such as scanning electron microscopy (SEM)
and Fourier-transform infrared spectroscopy (FTIR) offer valuable information about the
physical structure and chemical interactions occurring in the blend. SEM enables the
examination of the morphology of blends at a very small scale, ranging from micro to

nanoscale.
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On the contrary, FTIR provides details on the chemical composition and the way different
components in the mix are bonded together. However, quantitative methods such as
differential scanning calorimetry (DSC) and rheology offer accurate measurements for
evaluating the compatibility of polymer mixtures. DSC quantifies the heat transfer related
to thermal changes, such as the melting or glass transition temperatures. DSC, thus, allows
for the assessment of blend compatibility by analysing phase separation or mixing patterns.
Rheology is a field of study that examines material flow when stress is applied to them. It
provides crucial information on the viscosity, elasticity, and molecular movement of
blends, which helps understand the uniformity and behaviour of different phases in the
blend. It is an essential component of defining polymer blends as it offers valuable
information about their flow characteristics and viscoelastic qualities. Rheology is crucial
for comprehending the performance of the mix throughout processing and in its final
applications. The viscosity of the blend has a direct impact on its ability to be processed in
coating, moulding, and extrusion applications. The viscoelastic properties, such as the
storage modulus and loss modulus, offer insights into the material's elasticity and ability to
dissipate energy. These properties are crucial for applications that demand precise

mechanical performance.

In this study, the glucose-based NIPU has been successfully synthesized and subsequently
blended with PVA at different ratios. The objective behind blending glucose-based NIPU
with PVA is to exploit their individual properties and achieve synergistic effects in the
resulting blends. The rheological behaviour of these blends has been systematically
investigated to assess their processability, mechanical performance, and potential

applications. As rheological analysis plays a pivotal role in understanding the flow and
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deformation characteristics of the prepared polymer blends, the understanding gained from
this study can pave the way for the design and development of innovative polymeric blends
with improved performance and sustainability. In addition, this research contributes to the
ongoing efforts to develop the isocyanate free PUs, thus promoting the utilisation of
renewable resources resulting in reduced toxicity. The preparation of NIPU/PVA blends
offers a new perspective and opportunity for the development of sustainable and versatile

polymeric materials in industrial sectors.

4.2 Experimental Section

4.2.1 Chemicals

Carbamates were synthesized by employing commercially available hexamethylene
diamine (HMDA), which was obtained from Sigma Aldrich. D-glucose and dimethyl
carbonate (DMC) were purchased from Thermo Fisher Scientific. PVA was purchased
from Central Drug House (Mw = 85000-124000). All chemicals and solvents used were of

analytical grade and were utilized exactly as received.

4.2.2 Preparation of Glucose-Based NIPU

The glucose-based NIPU was synthesized as has already been reported in literature [8].
Precisely, a mixture was prepared by refluxing 9.999g of glucose, 8.33g of water, and 6.71g
of dimethyl carbonate in a three-necked round bottom flask for 40 minutes, at 50 °C.
Afterwards, 1g of hexamethyl diamine (70% solution) was added to it. The resulting
mixture was again heated at 90 °C for another 60 minutes, then cooled to ambient

temperature.

88



Chapter 4

4.2.3 Preparation of NIPU/PVA Solutions

To obtain the desired NIPU/PVA blended solutions, pure solutions of NIPU and PVA were
prepared separately and then their 10% solutions were blended by stirring using magnetic
stirrers. Pure NIPU was prepared according to the already reported study [9]. PVA
solutions and NIPU were mixed and stirred for 30 minutes. The formulations of the
prepared blends is as reported in Table 4.1. The prepared blends were stored at ambient
temperatures for further characterizations and analysis (Figure 4.1). On exposure to 50 °C,

the continuous films were formed in about 4 hours.

s jPURPVALIL ;PUIOI’VAﬂ J

PUB PVA

Figure 0.1 PVA-NIPU-based blends

Table 0.1 The formulation of different PVA-NIPU blends

S.No Sample PVA (mL) NIPU (mL)
1 PU10PVAO 0 20
2 PUSPVAZ2 4 16
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3 PUSPVAS 10 10
4 PU2PVAS8 16 4
5 PUOPVA10 20 0

4.2.4 Instrumentation

The functional groups present in the polymeric blends were investigated by ATR-FTIR.
The Modular Compact Rheometer 302 (MCR), manufactured by Anton Paar, was used to
assess the rheological characteristics of pure NIPU, pure PVA, and their blend solutions.
With a 0.5 mm gap between the cone and plate (25mm), all tests were conducted. The
rheological tests under steady shear conditions were performed to measure constant
viscosity, at the persistent shear rates such as 1, 50, 100, and 500 sec. A series of
oscillatory shear rheological tests were performed at different levels of strain within the
linear viscoelastic region, as determined by an amplitude sweep test at a constant angular
frequency of 10 rad/s. TGA (Perkin Elmer TGA 4000) was used to assess the thermal
stability of the prepared NIPU/PVA blends. Nitrogen was employed as a purge gas. To
identify the thermal parameters of transition, the thermal characteristics were studied at
scanning rate 10 °C min in the range of 50 to 250 °C. Both the pure polymer and the

hybrid blends underwent XRD analysis to check for any morphological alterations.

4.3 Results and Discussion

4.3.1 Functional Group Analysis of the Prepared Blends

FTIR is capable of detecting any interactions that occur between the polymers in the blend.
Variations in intensity, position, or emergence of peaks suggest the presence of hydrogen
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bonding or other interactions between the functional groups of PVA and NIPU. For
instance, changes in the OH stretching bands of PVA and the C=0 stretching bands of
NIPU demonstrate the presence of hydrogen bonding between the hydroxyl groups of PVA

and the carbonyl groups of NIPU.

The FTIR spectra of different blends have been displayed in Figure 4.2. The FTIR spectrum
of PUOPVA10 displayed characteristic peaks at 3322 cm™ (O—H stretching), 2858-2935
cm™ (C—H stretching), 1632 cm-! (residual acetate CH3CO), 1412 cm™ (C—H bending) and
1083 cm™ (C—O-C stretching) respectively. In the PU spectra, small and sharp peaks at
3307 cm™ (N-H and -OH stretching), peaks at 2852—2931 cm™ (C—H stretching), 1742 cm®
1 (C=0 stretching), 1560 cm™ and 1421 cm™ (C-H bending), 1246 cm™ and 1138 cm™ (C-
O-C stretching) were observed, which are characteristic absorptions in the PU backbone.
To gain further insight into the interaction between PVA and NIPU molecules via hydrogen
bonding, their FTIR spectra were analyzed. Specifically, the relative absorptions at two
distinct wavenumbers were examined: 3322 cm™ and 1550-1742 cm™. These absorptions
correspond to the stretching vibration of the hydroxyl group (-OH) of PVA, the N-H group,
and the carboxyl group (C=0) of PU in the blends. The results indicated that the addition
of PU resulted in a shift of the absorption peak of PVA at 3310 cm™ towards a lower
wavenumber, suggesting a reduction in the intramolecular and intermolecular hydrogen
bonding of PVA molecules. Nonetheless, hydrogen bonds were still observed between the
molecules of NIPU and PVA. Moreover, the intensity of the absorption peak at 1632-1727
cm, associated with the C=0 group of PU gradually increased with the addition of more
PU. This implies an increase in the carbonyl group content in the blends. The peak intensity

of the hydrogen-bonded carbonyl group (1725 cm™) of PUSPV2 also increased, which

91



Chapter 4

served as a measure of the strength of the hydrogen bonding interactions. The difference
in peak intensity between PU/PVA can be attributed to the variation in their structural

hydrogen bonding, consistent with previous research [10].
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Figure 0.2 FTIR spectra of the prepared blends

4.3.2 Rheology
4.3.2.1 Steady Shear Rheological Behaviour of the NIPU/PVA Blends

As can be seen in Figure 4.3, the steady shear profiles of NIPU/PVA blend solutions were
investigated at 25 °C. When shear rates ranging from 5 to 500 sec™ were applied, the
solution of PU10PVO showed the lowest viscosity, while the solution of PUOPV10
exhibited the highest viscosity. It was found that the viscosities of the two materials varied
depending on the amount of polymeric material present when they were blended. The blend
solution with a higher content of PVA had a higher viscosity, compared to solutions with

higher NIPU content. All solutions except for PU10PV0 showed Newtonian behaviour.
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Figure 0.3 Steady shear rheological plots of the NIPU/PVA blend solution with different

blending ratios at 25 °C

It was found that the viscosity of the pure polyurethane solution PU10PVO significantly
increased when the shear rate rose from 5 to 500 sec. However, this trend was not
observed in any other solutions. This behaviour is termed shear thickening, which can be
attributed to either an escalation in the entanglement of molecular chains or the
establishment of intricate networks and crosslinks among polymeric chains. In either case,
these interactions hinder the mobility of polymer chains or particles, consequently leading
to a noticeable upsurge in viscosity. This phenomenon is observed when polymer chains
or particles align or undergo reconfiguration in a manner that constrains the flow of the
fluid, thereby vyielding an elevated viscosity. With the progressive increase in the
proportion of NIPU in the blend, a notable development reveals that network formation
featuring specially designed NIPU chains is established through hydrogen bonding. This
transformative process results in an increased viscosity, yielding a denser and more

resistant consistency in response to escalating shear rates. A similar type of thickening
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behaviour was observed in a study by Bercea et al. involving a PU solution in an aqueous
solution [11].

The power law (Ostwald de Waele equation) regression model can be used to identify
polymeric material behaviours such as shear thinning, shear thickening, and Newtonian
behaviour (Figure 4.4). This can be explained using Equation (4.1), which describes the

characteristics of polymeric solutions in terms of the coefficient n.

Where 1, is the viscosity in mPa.s, y represents the shear rate in s, n is the power-law
constant (unitless) and K is the flow consistency index in mPa.s. [12].
Post curve fitting, the usual rheological parameters for all five solutions, including K, n,

and linearity R?, were identified. These results are displayed in Table 4.2.
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Table 0.2 Rheological parameters obtained from model fitting

S.No. Sample code K (mPa.s) n R2

1 PUOPVA10 1150 0.985 0.9989
2 PU2PVAS8 377 1.000 1.0000
3 PUSPVA5 79 1.011 1.0111
4 PUSPVA2 3.3 1.098 0.9951
5 PU10PVAO 0.1 1.456 1.0995

From the plot between log n vs. log y (Figure 4.4), the flowability of the solutions was
analyzed concerning the value of power law constant n. Based on the listed parameters, the
value of K is decreasing; whereas the value of n is increasing, on increasing the NIPU
component in the blend solutions. The observed increase in the power law constant (n) with
a higher proportion of high molecular weight glucose-based NIPU in PVA blends can be
attributed to specific factors [13]. Firstly, this trend is underpinned by enhanced
intermolecular interactions and chain entanglement between the NIPU and PVA
components, facilitated by the longer NIPU chains. Secondly, at higher NIPU
concentrations, the blend exhibits greater heterogeneity, thus, enabling the longer NIPU
chains to align more effectively under applied shear forces, hence, resulting in a more
structured arrangement of polymer chains. Thirdly, the increased dominance of the high
molecular weight NIPU component with higher proportions leads to a shift in the blend's
behaviour, as demonstrated by the higher power law constant (n) within the power law
model. The viscosity response of pure PVA (PUOPVAL0) solution under shear stress shows

a shear-thinning behaviour, denoted by a value of n less than 1. Conversely, the pure NIPU
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(PU10PVAD) solution exhibits the most pronounced shear-thickening behaviour compared
to its blended counterparts. When 20% PU is added to a PVA polymeric solution
(PU2PVAB), there is a shift from shear-thinning to Newtonian behaviour. Further increases
in PU content (PUSPVAS and PUBPVA2) resulted in a transition back to shear-thickening
behaviour. Notably, as the PVA component increases, there is an initial trend towards more
Newtonian behaviour. However, with higher NIPU quantities, the behaviour shifts from
Newtonian to shear-thickening. This suggests that in PU2PVA8, a maximum alignment of
chains occurs, whereas in blends like PUSPVA5 and PU8PVA2, previously disentangled
chains become entangled or the interactions between NIPU and PVA chains intensify. It is
important to note that the extremes of shear thickening and shear thinning were observed
in pure NIPU (PU10PVAO0) and pure PVA (PUOPVAL0) solutions, respectively [14].

The log additivity rule (equation 4.2) can be used to calculate the viscosity and dynamic
modulus of polymer blends. This applies to both NIPU and PVA polymers, assuming they
are miscible. However, in immiscible blends, the viscoelastic functions deviate from this
rule due to the partial miscibility of the components, and a change in phase morphology
occurs at a certain blend ratio. Immiscible polymer blends can be categorized into three
groups based on the blend-composition dependence of the viscoelastic functions: positive
deviation, negative deviation, and positive-negative deviation. The deviation can be
positive, negative, or both in different composition regions [15].

logF = w;logF; + wylogF, ool 4.2)

Where F: Viscoelastic function (such as viscosity, dynamic modulus, etc.)
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w;and Fare weight fraction and viscoelastic functions of NIPU polymer in blend solution
respectively. w, and F, are weight fraction and viscoelastic functions of PVA polymer in
blend solution respectively [16].

Through comparison of deviations between theoretical values and practical values, we can
find that the viscosities at the shear rate 1 sec™® (1) and shear rate 50 sec™ (nso) of the all-
blend solutions were a bit lower than the expected value as shown Figure 4.5 (a) and (b).
This phenomenon is called negative deviation which indicates the poor compatibility or
uneven mixture of both NIPU and PVA polymers [17]. At higher shear rates, specifically
at 100 sec and 500 sec’t, it is observed that the experimental values of all solutions exceed
the estimated values, as depicted in Figure 4.5 (c) and (d). This occurrence, commonly
referred to as positive deviation, may be attributed to an escalation in interface interaction
[20]. A similar kind of miscibility between the blend solutions of cellulose and silk fibroin
polymers in an ionic liquid solvent was investigated and reported by Yao et al. [20] and
Zhang et al. [21].

As the shear rate increases, the occurrence of negative-deviation blends disappears, as
shown in Figure 4.5 (a) and (b), while positive deviation is observed, as depicted in Figure
4.5 (c) and (d). The reported molecular weight of a single repeating unit in glucose-based
NIPU is approximately 322.8 Da [13], whereas PVA exhibits a significantly lower
molecular weight of approximately 44 Da. Specifying this substantial difference in
molecular weight, the explanation for the shift from negative deviations to positive
deviations at higher shear rates can be elucidated. The vanishing negative deviations can
be attributed to the amplified influence of the higher molecular weight glucose-based NIPU

at elevated shear rates. The intensified mixing and shear forces primarily affect the NIPU
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component, which, owing to its higher molecular weight, begins to exert a more prominent
impact. This heightened influence effectively mitigates the dilution effect induced by PVA,
causing the properties of the blend to reflect the dominance of the higher molecular weight
NIPU increasingly. Consequently, the negative deviations dissipate. Conversely, the
emergence of positive deviations can be ascribed to the augmentation of synergistic
interactions between the PVA and NIPU chains, notwithstanding the molecular weight
contrast. The higher shear rates facilitate the superior mixing and intermolecular bonding
between these chains. In particular, the PVA chains become proficient at entangling with
and engaging the higher molecular weight NIPU chains, fostering enhanced synergistic
interactions. This heightened interplay between the components manifests in the form of
positive deviations, notably impacting properties such as viscosity and viscoelasticity. In
summary, all solutions remain stable at high shear rates of 100 and 500 sec™. However, if
processed at low shear, they may exhibit phase separation due to poor mutual interaction
between NIPU/PVA blend solutions at low shear rates. The blend solution PU2PVAS8
exhibited the minimum phase separation, as evidenced by the nearly overlapping
experimental and estimated data lines in negative deviation, when compared to the other
blend solutions. This can be observed in Figure 4.5 (a) and (b). Conversely, the maximum
gap was observed in positive deviation, as depicted in Figure 4.5 (c) and (d). As depicted
in Fig. 4.5, the specific interactions, notably hydrogen bonding, exhibit improvement with
increasing shear rates in the case of PU2PVAS8. This observation is consistent with the
outcomes derived from FTIR analysis. Notably, PU2PVA8 emerges as the most miscible

blend among all blends at elevated shear rates. Remarkably, it consistently demonstrates
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positive deviation across the range of applied shear rates, underscoring its comparable

superior miscibility characteristics [18].

After analyzing the deviation graphs, it can be deduced that the blend solution comprising
20% NIPU and 80% PVA (on a weight basis) components displayed the highest level of

stability when compared to the other blends.
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Figure 0.5 Plots of the estimated values (the black dotted lines) and experimental values
of the viscosities at a shear rate of (a) 1 s, (b) 50 s, (c) 100 s%, (d) 500 s for

NIPU/PVA blend solutions with a different blending ratio

4.3.2.2 Dynamic Oscillation Behaviours of NIPU/PVA Blend Solutions

The study of the dynamic oscillation of polymer blends in rheology is crucial in various
aspects of polymer science and engineering. This includes understanding the material
behaviour, predicting processing performance, assessing mechanical properties, evaluating
blend compatibility, designing tailored materials, ensuring quality control, and driving
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research and innovation. Understanding the dynamic oscillation of blends is fundamental
in comprehending their miscibility and phase separation behaviour. This knowledge is
critical to creating blends that exhibit the desired homogeneity and performance [19]. In
rheology, it is mandatory to conduct an amplitude sweep before a frequency sweep to
evaluate the viscoelastic properties of polymer blends. The amplitude sweep furnishes
valuable insights into the reaction of the material to varying degrees of deformation,
thereby facilitating the interpretation of the results obtained from the subsequent frequency
sweep [19]. Identifying the linear viscoelastic region (LVR) of a material is a critical step
during an amplitude sweep [20]. Within this region, the storage and loss moduli of the
material remain constant and parallel under applied shear strain, effectively acting as a
linear viscoelastic substance. It is essential to pinpoint the LVR to obtain accurate
frequency sweep measurements. Data collected outside of this region may not accurately
reflect the true viscoelastic properties, making it crucial to exercise awareness of this

important aspect.

During the frequency sweep, the frequency range was adjusted from 1 to 100 rad/sec. The
% shear strain of each specific blend (PU10PVA0=0.1%, PU2PVA8= 0.13%,
PU5PVA5=0.1%, PU8PVA2=0.2%, and PUOPVA10=0.1%) was kept constant within the
LVE region, as determined from the amplitude sweep. For analysis, G' (storage modulus)
and G" (loss modulus) were plotted against angular frequency, as illustrated in Figure 4.6
(a) to Figure 4.6 (e). When testing viscoelastic materials like polymer blends using a
frequency sweep, one important aspect of rheology is the crossover point. The frequency
at which the storage modulus (G") and loss modulus (G") cross or intersect is known as the

crossover point. As the frequency rises, the crossover point can also signify a change in
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behaviour from more viscoelastic solid to viscoelastic fluid, or vice versa. The crossover
frequency is frequently connected to the viscoelastic transition frequency.

Based on observations from Figure 4.6 (b), (d), and (e), it can be concluded that for
PU8SPVA2, PU2PVAS, and PUOPVA10, G is the dominant factor within the entire angular
frequency range, indicating a viscous fluid behaviour. Furthermore, Figure 4.6 (a) clearly
shows that in the case of pure polyurethane (PUIOPVAO), G’ was dominant only for low
angular frequency, whereas from medium to high angular frequency range, G’ is
dominating in nature, resulting in PU10PVAOQ behaving like viscoelastic fluid at low
frequency whereas viscoelastic solid for medium to high frequencies [21]. When both
polymers are blended in equal parts such as PUSPVAGS solution, they exhibit viscoelastic
solid behaviour at both low and high frequencies. However, at intermediate frequencies,
the behaviour shifts from viscoelastic solid to viscoelastic fluid due to the dominance of
loss modulus, as seen in Figure 4.6 (c).

Observations of crossover points indicate that PU10PVAQ and PUSPVAS solutions exhibit
viscoelastic behaviour. It is worth noting that the positions of their respective crossover
points differ. In general, except for PU2PVA8, PUBPVA2, and PUOPVA10 solutions, the
remaining two solutions, PUL0PVAO and PU5PVADS, have cross-over points at varying
angular frequencies. Furthermore, their behaviour also changes when the blending ratios
are adjusted. A similar kind of frequency-dependent viscoelastic behaviour of silk fibroin
solution in alcohol solvent has been studied and reported [22]. The frequency dependence
of viscoelastic properties of some physical gel near the gel point has been reported in the
literature [23]. This suggests that materials can be prepared to be more processable by

changing the blending ratio.
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Figure 0.6 Plots of frequency sweep of NIPU (or PU) and PVA solutions with a different

blending ratio

In Figure 4.7, the changes in G' and G" of NIPU/PVA solutions are displayed for three
specific angular frequencies. These variations are consistent with the deviations previously
discussed, concerning shear viscosities at four distinct constant shear rates (1, 50, 100, and
500 sect). The curves show that the phase morphology of the solution changes under
different shear frequencies, such positive and negative deviations confirm the phase change
in NIPU/PVA solutions with a blend ratio. The study revealed that PU2PVAS8 exhibited
greater miscibility compared to the other solutions. The results are consistent with that of
positive-negative deviation analysis (Figure 4.5), therefore validating the conclusions
drawn from this experiment alone. The storage and loss moduli were analyzed and

demonstrated for all the blends, as shown in Figure 4.7 (a) and (b) respectively. The moduli
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values were found to be either close to the estimated lines with negative deviation or
showed positive deviation. Both cases show remarkable stability in the blend, a finding
supported by an earlier analysis of positive-negative deviations in this study, specifically
at shear rates of 1, 50, 100, and 500 sec’. This was illustrated in Figure 4.5, which is a

component of the static shear rheological measurements conducted in this study.
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Figure 0.7 Plots of the estimated values (the black dotted lines) and experimental values

of the a) storage modulus (G’) and b) loss modulus (G”) at angular frequencies 1 rad/sec,

10 rad/sec and 100 rad/sec for NIPU/PVA blend solutions with a different blending ratio.

4.3.2.3 Structure Recovery

The structural behaviour of polymeric solutions is examined by rotational shear test
concerning time which provides time-dependent viscosity of the polymer solutions. In this

study, a specific amount of shear is applied initially for a definite period of time, which is
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increased to a higher value, and then eventually brought back to the initial low shear value,
and structural recovery is measured in terms of viscosity [24]. Such Behavioural change of
viscosity is generally defined as Thixotropic behaviour or Rheopectic behaviour [25].
Thixotropy is the regain of initial viscosity after the removal of high shear which had
caused the viscosity to reduce in the first place. Such regain of viscosity can be related to
structural recovery in polymer solutions. As illustrated in Figure 4.8, the pure PVA solution
(denoted as PUOPVA10) demonstrated its highest viscosity levels under conditions of low
shear rates. This behaviour is chiefly attributed to the entangled structure inherent to PVA
or the elevated molecular weight of the PVA component, corroborating findings from prior
research [26-28] Remarkably, when subjected to high shear rates, a distinct reduction in
viscosity became apparent, signifying a consequential structural alteration. This
transformation was characterized by the unwinding and uncoiling of molecular chains
during the high shear rate phase. Upon the removal of high shear conditions, the viscosity
fully recovered, exemplifying a thixotropic response characterized by an impressive 99%
structural recovery. This outcome suggests minimal, if any, likelihood of no chain breakage
because of the application of high shear rates It's noteworthy that pure NIPU solution either
exhibited a viscous nature or due to strong networking remained unaffected even under
high shear rates, displaying no discernible alterations in viscosity during low-high-low
shear sequences.

A parallel thixotropic behaviour was observed within the PU2PVAS8 blend solutions,
accompanied by a remarkable 99% structural recovery. Intriguingly, like pure NIPU,
neither pure NIPU nor blends containing more than a 20% NIPU component in the blend

solutions exhibited deformation during high-shear conditions. This robust structural

104



Chapter 4

resilience of NIPU is attributed to the presence of interconnections among groups of NIPU
polymer chains, reinforcing its structural integrity [13, 29-32]. This was further confirmed
by thermogravimetric analysis (in subsequent section), where pure NIPU polymer has the
most thermally stable structure, being highly crosslinked. In the case of pure NIPU as well
as NIPU concentration greater than 50% of the total blend solution, the imposed high shear

was insufficient to distort or perturb the molecular chains.
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Figure 0.8 Plots of structure recovery of NIPU and PVA blend solutions

4.3.3 Scanning Electron Microscopy

SEM is a popularly employed qualitative technique to evaluate blend miscibility. It
provides high-resolution imaging capabilities, allowing the observation of morphological
features and phase separation within polymer blends, assisting in understanding their
compatibility. SEM pictures of PU/PVA blends with different weight ratios are presented
in Figure 4.9. Notably, the morphology and miscibility seen in the blend films are greatly

influenced by the blend mixture.
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A more thorough examination reveals that the blend designated PU2PVAS8 has an
incredibly homogeneous and consistent surface morphology that is dispersed equally
throughout the matrix. This homogeneity indicates that the blend's NIPU and PVA
components are highly miscible. This conclusion is consistent with the findings of the
rheological investigation, which supports the observation of improved miscibility in this
specific blend composition. On the other hand, a distinct morphology is noted for the
blends designated PUSPVA5 and PU8PVA2. The blend exhibits immiscibility as the PU
content increases, as evidenced by the existence of distinct or localised PU regions within
the matrix. Figure 4.9(c) and (d) are clearly illustrating this occurrence, where discrete or
localised regions are seen, indicating restricted blending with the PVA component.

In general, the SEM observations offer a significant understanding of the morphological
traits and miscibility behaviour of blends of polyurethane and polyvinyl alcohol. While
distinct PU regions in the PUSPVAS5 and PU8BPVA2 blends imply reduced miscibility,
which is consistent with the results of the rheological data presented in this study, the
uniform surface morphology observed in the PU2PVA8 mix shows its higher miscibility.
The aforementioned results add to the current understanding of the structure-property
interactions in polymer systems by highlighting the significance of blend content in

determining the morphology and properties of polymer blends [10,11,33].
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4.3.4 Thermogravimetric analysis

Thermogravimetric analysis was utilized to assess the thermal stability of PUOPVALO,
PU10PVADO, and their blends. The study was conducted in an inert environment from 25
to 800 °C. As the temperature increased, the percentage weight of pure and blended NIPU
and PVA solutions decreased, as shown in Figure 4.10. The first weight loss in all samples
occurs at about 100°C due to the evaporation of adsorbed water or other volatile substances.
Two distinct decomposition steps were observed, with two inflection points at
approximately 350 °C and 450 °C representing the maximum loss. The thermal degradation

behaviour of PUOPVA10 was investigated, and it was found that the hydroxyl groups
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present in the side chain of the polymer can undergo decomposition at a temperature of
350 °C, whereas the main chain of the polymer might decompose at a higher temperature
of 450 °C. In a similar study conducted by Awada and Daneault on pure PVA solution,
weight loss was observed at temperatures of 100 °C, 351 °C, and 423 °C [34].

The thermogram presented in Figure 4.10, indicates a multi-stage response for the
decomposition behaviour of pure glucose-based NIPU i.e. the PULOPVAO curve. The first
stage of this response displays a slight weight loss at around 100 “C, which can be attributed
to the evaporation of adsorbed water. Further, the low molecular weight substances such
as hexamine and monomers/oligomers undergo evaporation, resulting in the initial
degradation of samples at temperatures ranging between 100-200 °C. A secondary peak is
noticed at approximately 250 °C, which is attributed to the breakdown of the backbone via
urethane linkage. The final peak, occurs at 450 °C, which indicates the highest degree of
weight loss and may be attributed to the cleavage of C-C bonds [9]. The blend of
PUOPVA10 and PU10PVAQ showed thermal behaviour that was intermediate between the
two pure polymers. The curves showed a visible shift in the case of blends, and as expected,
the blend samples were located between both curves. The blends displayed improved
thermal stability during the primary decomposition phase compared to PUOPVAL10, which
can be attributed to the formation of intermolecular hydrogen bonding between NIPU and
PVA chains. However, PUOPVA10 shows greater stability at lower temperatures (below

320°C), which is consistent with its distinct degradation profile.
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Figure 0.10 TGA of pure NIPU and PVA polymer solutions as well as their blends.

4.3.5 Differential Scanning Calorimetry

DSC is a dominant technique for evaluating polymer blend miscibility by analysing their
thermal properties. It offers valuable insights into blend compatibility by detecting shifts
or alterations in peaks, aiding in the comprehension of phase transitions and intermolecular
interactions within the blend. The mechanical properties of semi-crystalline polymers are
known to be significantly influenced by the crystallization component of those polymers,
and this crystallinity may be changed by the blending with another polymer/component
[36]. Figure 4.11 displayed the DSC curves of NIPU/PVA polymers. Table 4.3 provides
information on the findings of various specific temperature transitions including the
endothermic first glass transition temperature peak (Tg), exothermic crystallization

temperature peak (Tc), and second endothermic melting temperature peak (Tm). Pure
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NIPU was found to be non-crystalline since neither Tc nor Tm were observed for the tested
temperature range., when compared to pure PVA, which displayed all three peaks at
roughly 82 °C, 200 °C, and 222 °C, respectively, clearly indicating the presence of a
crystalline component. On blending the two, some peaks disappeared, but others were
found in between. The fact that the Tc and Tm peaks of PVA decreased as NIPU content
increased in blends, suggests that the crystalline nature of PVA is weakening. The addition
of NIPU destroyed the consistent pattern of PVA molecular chains and reduced the
crystallinity of PVA, as demonstrated in Table 4.3 and by DSC curves. The blend solutions
with more than 50% NIPU content, acted in a continuous phase and became non-crystalline
due to the presence of PVA as a dispersed phase which led to an overall non-crystalline
nature. Since only the PU2PVAS8 blend solution has quantifiable peaks of Tg, Tc, and Tm
in comparison to the others, this blend has the highest degree of miscibility since it has
both amorphous nature (governed by NIPU) and crystalline nature (derived from PVA).
Furthermore, PUSPVA5 has a much smaller peak than PU2PVAS, so it was remarkably
challenging to count the peaks of each transition [10]. According to DSC, PU2PVAS is the
most miscible compound, which is also supported by the findings of the deviation curves
discussed in Figure 4.5. The structure property relationship derived from DSC data can be

categorised as:

1. Effect on PVA Crystallinity: Pure PVA exhibits well-defined peaks at 82 °C, 200
°C, and 222 °C, indicating a crystalline component. The disappearance and shifting
of these peaks in the blends, especially as NIPU content increases, proclaims an
interruption in the regularity of PVA molecular chains and a reduction in

crystallinity.
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2. Miscibility Indicators: The disappearing Tc and Tm peaks of PVA in the blends
convey a weakening of the crystalline nature of PVA. The PU2PVAS8 blend
emerges as the most miscible, showcasing quantifiable peaks for Tg, Tc, and Tm.
This blend demonstrates a unique combination of amorphous nature from NIPU
and crystalline nature from PVA.

3. Non-Crystalline Nature in Blends: Blends with more than 50% NIPU content
evolves into a non-crystalline phase due to the dispersed nature of PVA. The
destruction of the regularity of PVA molecular chains by the addition of NIPU leads

to an overall non-crystalline behaviour in these blends.
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Figure 0.11 DSC curves of Pure NIPU, pure PVA, and their blends
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Table 0.3 Tg, Tc, Tm, and % crystallinity of NIPU/PVA blends

S.No Sample %Crystallinity** Tg (°C)  Tc(°C) Tm(°C)
1 PU10PVAO 00.50 138 - -

2 PUBPVA2 02.00 132 - -

3 PU5PVAS 21.00 111 181 203

4 PU2PVAS8 31.00 92 194 214

5 PUOPVA10 44.00 82 200 222

** Crystallinity was calculated from XRD curves in Figure 4.12.

4.3.6 X-Ray Diffraction

The XRD patterns for PVA, NIPU, and the blends are shown in Figure 4.12. While PU
displays a wider and shallower peak at 20 = 20°, indicating the presence of amorphous or
tiny crystalline areas spread throughout the polymer matrix, PVA has a characteristic peak
with a 20 value of 20° that indicates its crystalline structure [9, 35-38] Notably, the 26
=20° peak's loss of intensity as the content of NIPU increases points to the blends'
decreased crystallinity [39]. XRD patterns were utilised to assess the amount of
crystallinity in the prepared samples. It was observed that PVA exhibited maximum
crystallinity (44%). On the contrary, NIPU displayed minimum crystallinity (00.50%), as
observed in other reports [36]. As a consequence of blending, percentage crystallinity
decreased with an increment in NIPU content, indicating a concordant trend similar to that

of DSC. Also the presence of small peaks can be attributed to those impurities which have
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negligible influence on the primary properties of the blends. The XRD patterns accompany
the DSC findings and offer supplementary insights into the crystallinity of PVA, NIPU,

and their blends.

1. Crystalline Structure Indicators: PVA's characteristic peak at 20 = 20° in the
XRD pattern confirms its crystalline structure. The widening and shallowing of
PU's peak at 26 = 20° indicate amorphous or tiny crystalline areas within the

polymer matrix.

2. Crystallinity Changes in Blends: The decrease in intensity of the 20 = 20° peak
with increasing NIPU content signifies a reduction in crystallinity in the blends.
This trend is consistent with the DSC data, indicating a harmonious correlation

between the two techniques.

3. Quantifying Crystallinity: PVA exhibits the highest crystallinity at 44%, while
NIPU has minimal crystallinity at 0.50%. Blending leads to a reduction in the

percentage crystallinity, corroborating the DSC findings.

113



Chapter 4

—— PU10PVAD

—— PUBPVA2

Intensity (arb. units)
O
c
(&)
2
f)
o1

10 15 20 25 30 35 40 45 50 55 60
20(degree)

Figure 0.12 XRD pattern of NIPU, PVA and the prepared blends.

4.4 Conclusions

In order to comprehend the flow and deformation of NIPU and PVA, they were blended in
different formulations. The FTIR absorption peak at 3322 cm™ is attributable to the
hydroxyl group of PVA being slightly moved to a lower wavenumber by the addition of
NIPU, showing that the hydrogen bonding of PVA molecules was decreased. The quantity
of hydroxyl groups that were available to form hydrogen bonds with the carbonyl group of
NIPU increased as the blend's PVA content increased, leading to a notable rise in the total
degree of hydrogen bonding and the miscibility of the two phases. The viscosity curves
displayed shear thickening characteristics when the PU concentration was above 80%,

which may be caused by entangled molecular chains. The two components were found to
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be partially miscible in the case of PUSPVA8 and PU8BPVA?2 as evidenced by the fact that
the two Tg of PVA-rich and NIPU-rich phases in the blends migrated to the interior of their
respective original Tg values. This behaviour is contrary to that observed in the case of
PU2PVAS8 in which both the polymers i.e., NIPU and PVA are completely miscible;
corroborated by the existence of a single peak of Tg in the DSC curve. The blends became
non-crystalline when the NIPU level was above 50% because PVA operated as a dispersed
phase in the NIPU matrix. 99% structural recovery in thixotropic analysis showed that
blend solutions containing more than 20% of NIPU did not deform under heavy shear. The
addition of NIPU destroyed PVA's consistency and also led to a reduction in the

crystallization ability of PVA as demonstrated by DSC and PXRD pattern.
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Chapter 5

FRUCTOSE-BASEED NON-ISOCYANATE
POLYURETHANE/POLY SODIUM ACRYLATE HYDROGELS:
DESIGN, SYNTHESIS AND ENVIRONMENTAL

APPLICATIONS

5.1 Introduction

PUs are versatile polymers with exceptional properties, making them ideal for use as
engineering materials in various industrial applications ranging from lightweight
construction materials, coatings in marine and aerospace industries, rollers, gaskets, seals,
conveyor belts, flexible or rigid cellular foams, insulating components for energy
conservation, and even as an ideal candidate for biomedical industries due to their
biocompatibility [1]. The rapid hydrolysis of isocyanates, is a challenge in humid
environments that needs to be countered for synthesizing PUs in such conditions. Some
isocyanates have been linked to cancer, mutation, and reproductive harm [2].
Subsequently, the one-pot one-step synthesis of PU hydrogels in water is challenging due
to the rapid hydrolysis of isocyanates [3]. They are usually synthesized in bulk or organic
solvents, followed by swelling in water [4]. Subsequently, the development of alternative
and sustainable approaches to polyurethane synthesis has become a significant area of

research.
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NIPUs can be easily fabricated from renewable resources and do not require the use of
toxic isocyanates, making them environmentally-friendly and safer for production as well
as for application [5]. Nearly all these reports included the reaction of synthetic cyclic or
dicyclic carbonates with aliphatic diamines (via aminolysis), but only a handful of these
studies reported the use of bio-based carbonates and diamines because of the complexities
in the synthesis process and poor results [6, 7]. Unfortunately, problems were still found,
including the use of a highly toxic reagent (epichlorohydrin), high pressure conditions,
harsh reaction conditions, high temperature, and the requirement for a catalyst [8].
Potential solutions to this hindrance in the synthesis of bio-based cyclic carbonates are the
conversion of epoxidized vegetable oils or the utilization of glycerin carbonate
intermediates. An even better strategy for the synthesis of NIPU is the use of simpler, non-
cyclic dimethyl carbonate for the initial stage of carbonation, since it is neither irritating
nor mutagenic and avoids the need for ancillary steps of carbonate cyclisation. NIPU
materials synthesised by these sustainable routes find application in the coatings and
polymer industries, similar to PU [9]. Thermosetting coatings, UV-stable coatings,
monolithic flooring, etc. could all be applied using NIPU technologies [10]. NIPUs offer
distinct advantages, such as decreased toxicity and environmental impact compared to
traditional PUs, yet their potential in environmental applications remains largely
unexplored [11-13]. This gap in the literature highlights the need for focused
investigations into the environmental applications of NIPUs, which represent a promising
area for multidisciplinary research and the formation of sustainable materials with reduced

ecological impact. Among the renewable precursors explored for NIPU synthesis, fructose
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can emerge as a promising building block due to its abundance, biodegradability, and wide
availability.

A significant portion of the population faces challenges such as malnutrition, illnesses,
and, in extreme cases, fatalities, primarily due to the unavailability of safe drinking water.
Water contamination stands as a pressing global challenge, posing risks to ecosystems,
public health, and the environment [14, 15]. The multifaceted properties of polyurethane
serve as the foundation for its effectiveness in eliminating a broad range of pollutants,
including oil, heavy metals, nitrates, phenols, phthalates, and dyes [16-19]. Engineered
with high surface area and porosity, it effectively adsorbs pollutants such as heavy metals
and dyes. Its chemical stability ensures sustained performance when exposed to different
pollutants, while the ability to customize surface chemistry enhances its affinity for
specific contaminants like nitrates and phthalates [20]. With robust mechanical strength
and adaptable forms, polyurethane offers effective and tailored solutions for eliminating
a wide range of contaminants from various environmental settings. These characteristics
are enhanced when incorporated into hydrogels, attributed to physically well-defined
three-dimensional porous architectures and an increased surface area-to-volume ratio,
thus leading to an improved adsorption capacity [21-23]. The ability to construct a flexible
network of polymer chains due to the hydrophilic nature of hydrogel adsorbents enables
solutes to readily permeate the network and form stable complexes with the functional
groups.

Limited research is available on the utilization of bio-based PU hydrogels for
environmental applications. The first polyhydroxyurethane (PHU) hydrogels were based

on a two-step process involving first the preparation of PHU in the bulk by polyaddition
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of a hydrophilic poly(ethylene glycol) dicyclic carbonate (PEG-diCC) to a diamine and a
crosslinker; followed by their swelling in water [24]. Another example of PHU hydrogels
prepared in water consisted of the aminolysis of PEG-diCC with polyethyleneimine at
room temperature [25]. Fructose offers a renewable, eco-friendly source for polymer
synthesis, reducing environmental impact and enabling the creation of sustainable,
biocompatible materials. This facile study aimed to synthesize fructose-based NIPU by
using dimethyl carbonate and hexamethylene diamine solution as precursors employing
mild reaction conditions, and to study their application in the fabrication of hydrogels,
having potential application in dye removal. The hydrogels were prepared (with poly
sodium acrylate and N, N-methylene bisacrylamide) through a free radical polymerization
method in an aqueous medium. In the process of hydrogel synthesis, sodium acrylate was
synthesized by reacting acrylic acid (AA) with sodium hydroxide (NaOH). By harnessing
the potential of fructose-based NIPUs and their hydrogels, this research offers valuable
insights into the development of effective and eco-friendly solutions for dye removal and

highlights the significance of NIPUs in addressing water pollution challenges.

5.2 Experimental Section

5.2.1 Materials and Method

Non-isocyanate polyurethane was synthesized by employing commercially available
hexamethylene diamine (HMDA), which was obtained from Sigma Aldrich. D-Fructose,
potassium persulphate (KPS), dimethyl carbonate (DMC), crystal violet dye (CV), and
malachite green dye (MG) were purchased from Thermo Fisher Scientific. Acrylic acid

(AA) and sodium hydroxide (NaOH) were acquired from CDH Pvt. Ltd whereas N, N'-

126



Chapter 5

methylene bis (acrylamide) (MBA) was procured from Merck. All chemicals and solvents
used in the analytical measurement trials were of analytical grade and utilized exactly as

received.

5.2.2 Preparation of Fructose-Based NIPU (FNPU)

In a round bottom flask, 9.99g of fructose, 6.71g of dimethyl carbonate, and 8.33g of water
were added. The reaction mixture was then refluxed at 80°C for 60 minutes. Afterward, 1g
of a 70% solution of hexamethyl diamine were added to the above solution and then the
mixture was heated again at 90°C for one hour. Finally, the solution was cooled to room

temperature to obtain the desired NIPU and it was labelled as FNPU.

5.2.3 Preparation of NIPU-based hydrogel (FNHG)

NaOH was used to neutralise AA (2mL), resulting in sodium acrylate (SA), which
was subsequently polymerized to produce the hydrogel. Then, an individual aqueous
solution containing each FNPU and SA was mixed. Later, 0.05 g of MBA, and 0.05 g of
KPS were continuously stirred into the solution. The resulted solution was then transferred
into a test tube and heated for one hour in a water bath at a controlled temperature of 60
°C. The gelation process resulted in the formation of the FNHG, which was carefully
removed and then further divided into tiny pellets. To make sure that all moisture had been
thoroughly removed, the hydrogel pellets were subsequently dried in an oven for 48 hours
at 50 °C. A schematic representation of the synthesis of NIPU-based hydrogel is shown in

Figure 5.1.
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Figure 0.1 Schematic diagram for the synthesis of NIPU-based hydrogel

5.2.4 Swelling Studies

The investigation involved an examination of the swelling behaviour exhibited by
synthesized hydrogels via the gravimetric approach at consistent one-hour intervals
spanning 24 hours in distilled water. In the initial phase, desiccated hydrogel discs were
immersed in distilled water. Any surplus fluid was blotted away using filter paper [26].
Subsequently, the swollen hydrogels were extracted after a specified interval, their mass
was carefully recorded and subsequently re-immersed into the distilled water. The
determination of the swelling (%) was accomplished by employing the following formula
(Equation 5.1).

Swelling (%) = ((We — Wa) / Wg) x 100 (5.1)
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where We is the weight of the swollen hydrogel at time t and Wy is the initial weight of

the dried hydrogel

5.2.5 pH-Dependent Equilibrium Swelling Percent

Pre-weighed dried samples of the hydrogels were immersed in distilled water and buffer
solutions of pH 2,4, 9 and 12 respectively. After a defined period of 24 hours (equilibrium
state), the hydrogel samples were carefully removed and their final weights were recorded
[27]. The equilibrium swelling percent (ES %) of the hydrogel samples was calculated
using the equation (5.2). This calculation allows us to determine the extent of swelling
exhibited by the hydrogel samples under specific pH conditions. A higher ES (%) value
indicates greater swelling of the hydrogel, while a lower value suggests minimal swelling.
By measuring ES (%) at different pH levels, pH sensitivity of the hydrogels can be

determined.

ES (%) = (W — Wi) / Wi) X 100 (5.2)

e Wtis the weight of the hydrogel sample after swelling,

« Wiis the initial dry weight of the hydrogel sample.

5.2.6 Swelling Kinetics

In order to understand the mechanism of water diffusion into the hydrogel samples, kinetic
swelling studies were conducted using both the Kosmeyer-Peppas model (Equation 5.3)
and the Higuchi model (Equation 5.4). Kosmeyer-Peppas model is particularly useful for
hydrogels undergoing Fickian or non-Fickian diffusion, which is commonly observed in

polymeric networks with complex structures. By fitting experimental swelling data to the
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Korsmeyer-Peppas model, we can determine the swelling exponent (n), which provides the
information about the mechanism of the swelling. On contrary, the Higuchi model
provides insights into the kinetics of swelling by describing the swelling as diffusion
mechanism. This model helps us to understand how quickly a hydrogel reaches the
equilibrium swelling, under specific conditions. The most appropriate and well-fitting
model for explaining the drug release mechanism is the one that shows an R? value

approximately equal to 1.

Log (Swelling %) = Log K + n Log t (5.3)

Swelling % = K.t 2 (5.4)
where is K is rate constant and t is time.

5.2.7 Sol-gel Analysis

The synthesised hydrogel's uncrosslinked and crosslinked fraction was determined via sol-
gel analysis. A hydrogel's insoluble cross-linked portion is called a gel, while its soluble
uncross-linked portion is implied by the term "sol". A sol-gel study was performed to
examine the uncrosslinked portion of FNHG and control polysodium acrylate
(PSA) hydrogel. Weighed (Mi) dried hydrogels were immersed in distilled water for 24
hours at room temperature. The hydrogel discs were then dried in an oven at 45 °C until a
constant weight (Me) was achieved [26]. The following equations were used to calculate

the sol and gel fractions:

Sol Fraction (%) = % x 100 (5.5)
e

Gel Fraction (%)= 100-Sol Fraction (5.6)
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5.2.8 Dye Sorption by FNHG

Batch studies were undertaken to assess the efficacy of the synthesized hydrogel FNHG in
removing malachite green (MG) and crystal violet (CV) dyes at room temperature to ensure
uniform experimental conditions. In each study, 0.05 g of the testing FNHG sample was
put into 25 mL aqueous solution with 20 ppm of CV and MG dye solutions at room
temperature for 120 minutes, until equilibrium was reached. The dye sequestration
efficiency of the synthesized hydrogel FNHG was assessed. The progression of the sorption
phenomenon was precisely monitored using a UV-vis spectrophotometer at a wavelength
of 617 and 582 nm for MG and CV dye, respectively. In order to assess the removal
efficiency of the dyes and to ascertain the dye elimination capacity of the prepared

hydrogel, the following mathematical formulation was employed:

Co-Ce
Co

Removal efficiency (%) = X100 % (5.7)

where C, refers to the initial dye concentration and C. refers to the equilibrium dye

concentration.
5.3 Instrumentation

Examination of samples was conducted using an ATR Miracle diamond crystal and a
Perkin Elmer Frontier ATR-FTIR. For the purpose of capturing the spectra each sample

was scanned in the wave number range of 600 to 4000 cm™.

The structural analysis of FNPU was performed by employing tHNMR spectroscopy using
Jeol (Model: JINM-ECZ 400S) NMR spectrometer (at 100MHz). Deuterated dimethyl

sulfoxide was employed as a solvent to dissolve the sample for analysis.
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The thermal stability of the NIPU and hydrogel was evaluated by TGA (Perkin Elmer
TGA 4000). As a purge gas, dinitrogen was used. The thermal properties in the range of
50 to 250 °C were examined at a rate of 20 °C min! in order to determine the thermal

parameters of transition.

PXRD was employed using a high-resolution Bruker diffractometer (D8 Discover), in
conjunction with a point detector (scintillation counter), to analyze the morphology and

structure of the developed samples.

The morphology and internal structure of the hydrogel were examined using a scanning

electron microscope (Jeol JSSM-6610LVmodel).

5.4 Results and Discussion

5.4.1 Mechanistic Pathway Followed for the Synthesis of NIPU and its Hydrogel

During the synthesis of fructose-based NIPU (FNPU), the fructose molecules act as the
starting material for the formation of the polyurethane backbone. Non-cyclic dimethyl
carbonate is utilised for the initial stage of carbonation [2], and then nucleophilic
substitution is used to carboxymethylate hydroxy groups [29]. Afterward, the adduct is
allowed to react with hexamethylene diamine to produce NIPU at ambient pressure as

shown in Figure 5.2.
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Figure 0.2 Proposed mechansim for the synthesis of fructose-based NIPU (FNPU)

The synthesized FNPU was subsequently employed as a precursor for hydrogel fabrication
with SA as a co-monomer, MBA as a crosslinker, and KPS as an initiator. The various

chemical interactions and reactions that occur during the synthesis process are presented

in Figure 5.3.
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Figure 0.3 Proposed mechansim for the synthesis of fructose-based NIPU hydrogels
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KPS serves as an initiator for the free radical polymerization of SA during the hydrogel
formation. KPS dissociates in water, generating sulfate radicals (SO4™) through thermal
decomposition. These sulfate radicals initiate the polymerization of SA monomers, leading
to the formation of long polymer chains of poly sodium acrylate (PSA) that further

crosslink to create the hydrogel matrix.

PSA contains a carboxylate group (—COO-) that reacts with the hydroxyl groups present in
the fructose-based NIPU backbone. This reaction involves a nucleophilic addition of the
carboxylate group to the hydroxyl group, leading to the formation of ester linkages (—
COO-) between the PSA and the NIPU backbone. In addition to the ester linkages formed
between PSA and the NIPU backbone, MBA serves as a crosslinker attributing to the
presence of two acrylamide groups that react with the carboxylate groups present in SA.
The crosslinking reaction involves the development of amide linkages (-CONH-) between

the acrylamide groups of MBA and the carboxylate groups of PSA. This crosslinking
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reaction reinforces the three-dimensional network structure of the hydrogels, enhancing its

mechanical integrity and stability.

5.4.2 Characterisation of FNPU and FNHG

In order to study the functional group modifications occurring during the formation of
FNPU, FTIR analysis was done (Figure 5.4). In the case of FNPU, the broad peak at 3332
cmis collectively attributed to -OH and -NH stretching frequency, exhibiting extensive
hydrogen bonding. The bands represented at 1709 cm™ signify the presence of both
carboxyl and urethane groups in the hydrogel matrix [30]. Additionally, the C-O ester
groups of the network structure are associated with the unique absorption band at 1248 cm-
1[10-14]. Inthe FTIR spectra of MBA, the peak associated with the C-N bond is detected
at 1311 cm™. Notably, this peak demonstrates a significant shift to 1376 cm™ in the case of
FNHG hydrogel, which indicates the reduction in conjugation as a consequence of the
cross-linking process [34]. As a result, it can be established that the cross-linking of the
FNHG has been successfully achieved. Thus, the FTIR spectra of FNPU, MBA, and FNHG
confirm the successful synthesis of fructose-based NIPU/ PSA employing an isocyanate-

free process at atmospheric pressure.
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Figure 0.4 FTIR spectra of FNPU, MBA, and FNHG

To further confirm the structure of FNPU, 'HNMR studies were conducted. After
dissolving a predetermined amount of FNPU (about 20 mg) in deuterated DMSO, the
sample solution was transferred into an NMR tube. Once the tHNMR data acquisition was
completed, characteristics peaks of urethane linkage and other entities were determined. In
the NMR spectra presented in Figure 5.5, peaks are observed at around 2.5 ppm and 3.3
ppm, which can be attributed to deuterated dimethyl sulfoxide (DMSO) and its water. The
peak observed at 8.3 ppm in the NMR spectra corresponds to the urethane NH group, which
is a crucial indicator confirming the formation of the urethane linkage. The peak observed
at 4.3 ppm in the NMR spectra can be attributed to the hydroxyl (OH) group present in the
synthesised polymer. The peak at 6=5.7 ppm corresponds to the methylene group adjacent
to the urethane moiety, while a cluster of peaks within the 6 range of 1.3-3.5 ppm arises
from the protons of methylene groups in the carbon chain of hexamethylene diamine [35].
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Figure 0.5 'THNMR spectra of the FNPU

In the PXRD pattern presented in Figure 5.6, the presence of a dominant peak at 20° implies
that the synthesized material is segmented PU (NIPU in this case), and the broadness of
the peak signifies that the FNPU has a chemical structure in accordance with the previously
reported studies [16-18]. This corroborates that fructose-based NIPU has been successfully
synthesized using an isocyanate-free approach at atmospheric pressure. The amorphous
nature of FNPU, is reduced in the process of formation of FNHG, this could be due to the
introduction of other functional groups (such as acrylate entities and amide) and an increase

in the number of hydroxyl groups which may induce an ordered structure [37].
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Figure 0.6 PXRD pattern of FNPU and FNHG

TGA was carried out to determine the thermal stability of the synthesized FNPU
(Figure 5.7 (a)) and FNHG (Figure 5.7 (b)), in nitrogen (N2) atmosphere across
temperatures ranging from 25 to 700 °C. The TGA curve displays mass loss as a two-step
process, as presented in Figure 5.7 (a). The initial weight loss step between 84-224 °C
involves the decomposition of hexamine as well as the discharge of absorbed water
molecules and evaporation of monomers/oligomers generated during the course of the
reaction below 200 °C [24, 25]. The second weight loss step, as observed between 333 and
508 °C is a result of the collapse of the polymer backbone due to the cleavage of the
urethane bond. The third and final weight loss step occurs above 500 °C and involves more
than 57% mass loss, which can be credited to the possible breakdown of C—C bonds and

degradation of the remnants of the pyrolysis by-products from the prior two steps.
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Thermal degradation of FNHG hydrogel follows four stages of decomposition as shown in
Figure 5.7 (b). The first stage occurs from 74 to 164 °C with weight loss of 0.98%
indicating the vaporization of water molecules in FNHG hydrogel. The second stage
indicates the loss of carboxyl and hydroxyl groups from the polymeric backbone with
weight loss of 48.4% from 200 to 307 °C in FNHG hydrogel [26]. In the third weight loss
step, weight loss of 35% from 333°C to 412 °C was observed and can be attributed to the
breakdown of cross-links present in FNPU hydrogel. Finally, the last weight loss of 27.62%
from 412 to 508 °C can be attributed to the complete degradation of FNHG hydrogel,
respectively. The FNHG hydrogel showed an enhanced thermal stability as compared to

that of FNPU, thus, indicating that MBA results in the formation of a chemically cross-

linked PSA and NIPU network.
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Figure 0.7 TGA thermogram of (a) FNPU and (b) FNHG

The ability of FNHG to swell by retaining water in its sponge-like structure was

demonstrated by a swelling study. FNHG demonstrated the maximum swelling of 53.20%
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in distilled water, as observed in Figure 5.8 (a). The ES % for FNHG was evaluated in
distilled water and in pH 2,4,10, and 12, as presented in Figure 5.8 (b). The equilibrium
swelling per cent was observed as maximum at pH 12 and minimum at pH 2. The
ionisation characteristics of the synthesised hydrogel can be used to explain its pH-
dependent swelling behaviour. At higher pH of 10 and 12, the ES % was found to have
greater swelling, these values indicate that the carboxylate groups in poly sodium acrylate
deprotonate, which increases ionisation and the electrostatic repulsion between polymer
chains. The hydrogel network structure loosens as a result of this repulsion, allowing for
increased water absorption and percent equilibrium swelling (PES) values. In contrast, the
carboxylate groups are primarily protonated at low pH of 2 and 4 values, which results in
less ionisation and reduced electrostatic repulsion between polymer chains. Overall, the
ionisation state of carboxylate groups controls the pH-dependent swelling behaviour of the
hydrogel. This eventually affects the hydrogel's capacity to swell by modifying the

electrostatic interactions and hydrophilicity of the polymer chains [27].

The hydrogel samples showed behaviour that was in line with first-order kinetics and the
Korsmeyer-Peppas model, according to the examination of the swelling kinetics data
(Figure 5.8(c)). A moderate match of the data to the Higuchi kinetics model is suggested
by the derived R? value of 0.73582. Furthermore, the Korsmeyer-Peppas model—which
takes n to be the diffusion constant and k to be the kinetic constant—was used to examine
the hydrogel samples' swelling behaviour. The obtained values of R? (0.98019) and n
(0.64034) show that the data fit the Korsmeyer-Peppas model well, implying that non-

Fickian diffusion kinetics govern the hydrogel samples' swelling behaviour. It suggests that

140



Chapter 5

the swelling kinetics of the hydrogel may not be entirely controlled by molecular diffusion,

but rather other processes like polymer chain relaxation might also be involved [26].

The control (PSA hydrogel) and FNHG have an observed sol fraction of roughly 22.12%
and 19.02% and a gel fraction of roughly 77.88% and 80.98% respectively. These results
can be ascribed to the crosslinking density. The addition of NIPU improves the gel fraction
by adding more crosslinks to the polymer matrix. These crosslinks aid in the development
of a three-dimensional network, giving the hydrogel its structural stability. Low molecular
weight species, oligomers, or unreacted monomers in the hydrogel formulation could be

the cause of the observed sol fraction.
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Figure 0.8 (a) Rate of Swelling of FNHG concerning time (b) Equilibrium Swelling

percent at different pH and (c) Korsmeyer-Peppas Model for Swelling

Figure 5.9 illustrates the hydrogel's surface morphology before the dye removal
experiments. The SEM micrograph displays that FNHG hydrogel exhibits a characteristic
macroporous three-dimensional structure. A closer inspection reveals that the FNHG

hydrogel has a surface that is substantially rough and contains scattered pores in
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comparison to the controlled hydrogel (PSA hydrogel). The surface roughness of the
FNHG has significantly increased with addition of NIPU due to irregularities or changes
in the surface topography of the hydrogel, as seen in Figure 5.9 (a) and (b) respectively.
Changes in the crosslinking density and the incorporation of additional polymer chains, as
a result of the integration of NIPU, are two reasons for this increase in surface roughness.
The hydrogel's overall texture may be impacted by the surface imperfections resulting from
the NIPU-polysodium acrylate interactions [38]. This feature of the hydrogel's surface
morphology is beneficial for the effective collection and retention of dye molecules, which
is a critical characteristic for its application in dye removal processes. The efficient removal
of the dye molecules is greatly aided by this complex surface roughness. The existence of
the pores and the uneven surface texture increases the surface area available for interactions
between the dye molecules and the polymeric network [17]. As a result, this structural
characteristic improves the hydrogel's ability to arrest molecules, which makes it suitable

for removing dye molecules from the surrounding environment [39].

04 ¢ 4103 Feb 2023

Figure 0.9 SEM image of (a) PSA hydrogel and (b) FNHG
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5.4.3 Adsorption behaviour

5.4.3.1 CV and MG Dye Sequestration by FNHG

The removal efficiency of the FNHG hydrogel was assessed for the sequestration of CV
and MG dyes under optimum conditions (adsorbent = 0.05 g, adsorbate solution = 25 mL,
concentration of CV and MG dyes = 20 mg/L, and contact time = 120 minutes). During the
process, a pattern was observed, as seen in Figure 5.10, wherein the absorbance values for
both dyes show a steady fall over time, with their levels stabilizing after 120 minutes.
Within the first 15 minutes of the interaction of the dye with the synthesized hydrogel,
there is an abrupt and noticeable increase in dye uptake. The initial high concentrations of
the dye solutions along with the availability of readily accessible adsorption sites on the
hydrogel surface are responsible for this phenomenon [40]. The degree of removal,
however, steadily slows down as time passes and the system gets closer to equilibrium,
eventually achieving equilibrium at 120 minutes [41]. The decline in the concentration of
CV and MG solution and the gradual occupation of previously available empty sites on the
sorbent material are two concurrent processes that can be attributed to this slowing down

of the dye removal rate.
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The removal efficiency of controlled hydrogel was found to be around 86.84% and 90.8%

for CV and MG dye, respectively whereas that for FNHG it was found to be 96.87% and

99.80% for CV dye and MG dye respectively. The removal efficiency of FNHG hydrogel

(Figure 5.11 a) is significantly higher than that of the control PSA hydrogel (Figure 5.11

b). These enhanced removal efficiencies of dyes via FNHG highlight the expediency of the

synthesised hydrogel as an efficient material for the uptake of dyes from wastewater.
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Figure 0.11 Removal efficiency of CV and MG dyes (a) FNHG and (b) Control PSA
hydrogel

5.4.3.2 Possible Interaction between the synthesised hydrogel and cationic dyes

It has been reported that organic and inorganic contaminants found in wastewater can be
effectively removed by polyurethane foams [6, 23-25]. However, several studies have also
demonstrated that modified polyurethane-based adsorbents exhibit enhanced adsorption
attributes, for example, surface area, pore size, and functional groups. These modification
can be achieved through various methods, such as coating, grafting, and crosslinking; to
introduce specific chemical moieties that can interact with target pollutants [42]. In this
study, NIPU has been modified via crosslinking with PSA. Depending on the structure and
charge of the pollutants, removal can be accomplished through a variety of interactions
between the synthesized hydrogel FNHG and dye molecules, including electrostatic
interactions, ion exchange, and hydrophobic interactions, etc. CV and MG dyes are water
soluble and exhibit a positive charge when dissolved in aqueous solutions [44]. Negatively

charged polymer entities present on the surface of hydrogel, owing to the inclusion of PSA
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into the matrix may have primarily facilitated the electrostatic attraction of positively
charged cationic dye molecules. Leite et al studied the inclusion of sodium dodecyl sulfate
(SDS) into the PU matrix which enabled the establishment of a hydrophobic ionic
pairing between the cationic dye and the anionic surfactant, which displayed a strong
affinity for PU [43]. Therefore, it can be suggested that poly(sodium acrylate) might be
acting as a carrier to adsorb CV and MG dye molecules into the polymeric network similar
to SDS. Despite the predominance of electrostatic interactions, some weaker hydrogen
bonding may also occur amongst the amine groups of dye molecules and hydroxyl groups
of the synthesized hydrogel [45]. The interactions between CV and MG dyes with PSA
polymer lead to their attachment and probable adsorption onto the polymer surface. This
property of PSA polymer makes it a useful carrier in the NIPU matrix for applications

related to dye sequestration and material formulation.

5.4.3.3 Comparison with reported sorbents for CV and MG dye

In the quest to develop efficient and eco-friendly adsorbents for dye removal, the
performance of fructose-based non-isocyanate polyurethane hydrogels (FNHG) was
rigorously evaluated against other commonly used adsorbents. The removal efficiencies of
FNHG for CV and MG dyes were compared with those of traditional adsorbents to

highlight the superior capabilities of the newly synthesized hydrogels (Table 5.1).
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Table 0.1 Comparison of removal efficiencies of various adsorbents for CV and MG

dyes
Adsorbent Dye Contact time % Removal Reference
(minutes)
Agriculture wastes residue Ccv 90 82% [46]
Gold-Silver Nanoparticles MG 2880 90% [47]
Cucumis sativus Ccv 90 72.27% [48]
Bentonite-Silver MG 5 86.47% [49]
Coniferous pinus bark powder CV 120 87% [50]
ZnFe;04 nanocomposite CV 120 91% [51]
by halloysite nanotube
This work CcVv 120 96.87% -
This work MG 120 99.8% -

5.4 Conclusions

The present work demonstrated the synthesis of fructose-based NIPU and then its

hydrogels via a facile and novel approach. The adopted method results in the formation of

hydrogel in a more ecologically friendly manner by avoiding harsh reaction conditions and

by reducing gelation time to 60 minutes. The fundamental structural framework of the

NIPU backbone is fructose, which was selected as a sustainable and easily accessible

building element. The acquired results from FTIR and tHNMR spectroscopy confirm the

formation of urethane linkages throughout the polymer matrix. The hydrogel's three-
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dimensional network structure is strengthened by the addition of the crosslinker MBA.
Furthermore, PSA serves as a comonomer in the hydrogel formulation, facilitating the
introduction of various functional groups. TGA results revealed that this structural
reinforcement not only improves the hydrogel's thermal stability but also provides the
mechanical resilience required for its practical applications. SEM morphology displays the
presence of a rough surface, providing additional surface area. The study also demonstrated
that the fabricated hydrogel can act as a potential material for the sequestration of cation
dyes. The NIPU-based hydrogel exhibited high removal efficiency towards CV and MG
dyes, i.e., 96.87% and 99.8%, respectively. The novel fructose-based NIPU hydrogels have

enormous potential as an effective material for dye removal from aqueous solutions.
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DEVELOPMENT OF POLYHYDROXYURETHANE HYDROGEL

FOR pH-SENSITIVE DRUG DELIVERY OF CEFADROXIL

6.1 Introduction

Polymeric hydrogels are three-dimensional structures composed of physical or chemical
networks that are able to absorb and retain an enormous quantity of water. These materials
are composed of hydrophilic polymer networks that have a three-dimensional structure [1].
They can be obtained from natural or synthetic sources and are categorized depending on
their structure and response to environmental factors, including pH, temperature, light, and
chemicals. The significant capacity to expand makes these structures highly desirable for
their utilization as materials in biomedical applications [2]. The insoluble three-
dimensional networks facilitate the immobilization and release of active compounds or
biomolecules. The inherent characteristics of the network are established by the polymers
utilized and the interactions formed within it. They have become a central research focus
in recent years due to their prospective uses in the biological field. As a consequence of
their biocompatibility, water absorption capacity, similarity to human tissue, amphiphilic
nature, and self-assembly property, they are commonly used to design controlled drug

release systems, contact lenses, wound dressings, engineering scaffolds, and biosensors

[3].
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One of the most significant groups of polymers is PUs. Their primary chain has a urethane
linkage (-N-CO-0), which is a distinguishing property of PUs and is comparable to the
peptide bonds that exist in protein structures [4]. Their resemblance to human tissue has
led to their application as an integral component in various medical devices, including the
dialysis membrane [5], intra-aortic balloons [6], heart valves [7], temporary scaffolds [8],
and breast implants [9]. Furthermore, because of their strong mechanical properties and
biocompatibility, polyurethanes have been thoroughly researched for use in biomedical
applications as hydrogels, scaffolds, and electrospun fibers for the controlled release of
medications and biological molecules [10]. Furthermore, synthetic polyurethane-based
hydrogels have garnered increasing attention as biomaterials due to their exceptional
qualities, which include biodegradability, non-toxicity, and elasticity [11].

As acclaimed, they are conventionally synthesized through the chemical reaction between
diisocyanate and multifunctional polyols. In contemporary times, polyols can be readily
derived from biomass feedstock and frequently possess the ability to decompose naturally
and be compatible with living organisms. Nevertheless, the diisocyanate agents are derived
from petroleum and are synthesized using amines and highly poisonous phosgene.
Isocyanates are extremely toxic compounds with substantial health and environmental
hazards [4]. Certain isocyanates have been associated with the development of cancer,
genetic mutations, and reproductive damage. Furthermore, the high rate of hydrolysis poses
a difficulty in areas with high humidity. Due to the quick hydrolysis of isocyanates, the
one-pot, one-step synthesis of PU hydrogels in water is difficult. Typically, they are

produced in large quantities or organic solvents, and then swollen in water. Therefore,
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investigating alternate and sustainable methods for PU synthesis has become a prominent
field of study.

As a result, there has been an increasing interest in developing safer options, culminating
in the emergence of Non-lIsocyanate Polyurethanes (NIPUs). NIPUs are produced using
methods that do not include isocyanates. These methods usually involve the reaction of
cyclic carbonates with amines. This reaction leads to the creation of polyhydroxyurethanes
(PHUSs) with hydroxyl groups in close proximity to urethane moieties. The presence of
hydroxy-urethane moieties instead of urethanes significantly affects the properties of
PHUs, such as higher water absorption, improved chemical resistance, and increased
hydrolytic stability compared to conventional PUs [5].

Besides reducing the health hazards associated with isocyanates, NIPUs are also more
environmentally friendly and safer for biomedical applications [6]. The production of
NIPU hydrogels can be challenging due to various considerations. Firstly, the rate of the
aminolysis reaction of cyclic carbonates is slow, resulting in thermally activated
polyadditions in organic solvents or bulk at extremely high temperatures [7]. The use of
(organo)catalysts[8] can aid in this process, although the application of this method in
water as the exclusive medium for polymerization is rare and primarily restricted to the
production of hydrophobic PHU in aqueous dispersions with stabilizers/surfactants [9].
Recent research has utilized the crystallization process of poly(ethylene glycol) (PEG) to
produce non-isocyanate poly(hydroxyurethane) hydrogels using inject printing. By
meticulously manipulating the crystallization conditions, the storage modulus of these
hydrogels can be modified by up to three orders of magnitude in response to changes in

temperature. Surprisingly, the substance undergoes plastic deformation at a temperature of
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45 °C but quickly recovers its mechanical properties when cooled down to 25 °C. This
novel method emphasized the promise of PEG-based hydrogels for many applications [10].
However, ensuring that the NIPU hydrogels are responsive to specific stimuli, such as pH
changes, requires thorough design and optimization of the polymer networks. One
approach to enhance hydrogel performance is through the incorporation of different
materials within the structure, such as the combination of NIPU with sodium polyacrylate
(NaPA). NaPA is a frequently employed polyelectrolyte with high electronegativity. It is
commonly utilized in the production of self-healing hydrogels and superabsorbents. The
compound NaPA can be easily dissolved in an aqueous solution containing alkali or urea
[11].

This study presents the successful development of bio-based NIPU (PHU) and its
subsequent conversion into pH-sensitive hydrogels by combining it with NaPA.
Furthermore, this work reports the synthesis of cefadroxil-loaded PHU/NaPA hydrogels
for the pH-dependent controlled release of cefadroxil (CF), marking the first instance of
such evaluation. Cefadroxil (first-generation cephalosporin antibiotic) has a relatively short
plasma half-life, which is approximately 1-1.5 hours, thus requiring frequent dosing [12].
By incorporating cefadroxil into a smart hydrogel, it is possible to achieve a regulated and
prolonged release of the drug. The synthesised hydrogels were analyzed using various
techniques, including ATR-FTIR, SEM, PXRD, and TGA. This study encompasses the in
vitro evaluation of cefadroxil release to quantify the percentage of CF discharged. In order
to elucidate the mechanism of drug release, we employed a variety of kinetic models,
including First-Order, Higuchi, Hixson-Crowell, Korsmeyer-Peppas, and Zero-Order. This

finding has important implications for the advancement of tailored drug delivery systems.
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Implementing this approach can enhance patient adherence, decrease the frequency of

dose, and guarantee a more uniform and efficient antibiotic treatment.

6.2 Experimental Section

6.2.1 Materials

Polyhydroxyurethane was synthesized using commercially available HMDA sourced from
Thermo Fisher Scientific. D-Fructose, potassium persulfate (KPS), N, N'-
methylenebis(acrylamide) (MBA) and DMC were procured from Sigma Aldrich. Acrylic
acid (AA) and sodium hydroxide (NaOH) were obtained from SRL Chemicals. The drug
cefadroxil was purchased from Unicure India Pvt Ltd. All chemicals and solvents
employed in analytical measurements were of analytical grade and used without further

modification.

6.2.2 Preparation of Fructose-based PHU

To prepare the Fructose-based NIPU (PHU), a solution was created by mixing 110.90
mmol of fructose, 148.97 mmol of dimethyl carbonate, and 925.5 mmol of water in a
round-bottom flask with three necks. The mixture was then refluxed at 80°C for a short
duration. Following this, 8.60 mmol of a 70% solution of HMDA was introduced, and the
mixture was heated once more, this time at 90°C for one hour. Finally, the solution was

allowed to rest at room temperature.

6.2.3 Preparation of PHU based hydrogel

To synthesize NIPU based hydrogel (PHU/NaPA), initially, NaOH was dissolved in 27.75

mmol of AA, maintaining a neutral pH to produce a sodium acrylate solution.
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Subsequently, a separate aqueous solution containing NIPU and SA was blended. Then,
0.227 mmol of MBA and 0.1294 mmol of potassium persulfate (KPS) were continuously
mixed into the solution. Following this, the resulting mixture was poured into a test tube
and heated to 60°C for one hour in a water bath. The resulting hydrogel, formed during the
gelation process, was carefully extracted and subsequently cut into small pellets. These
hydrogel pellets were then dried for 48 hours at 50°C in an oven to ensure the complete

removal of any remaining moisture.

6.2.4 Preparation of Cefadroxil-Loaded Hydrogels

Using the in situ approach, Cefadroxil was added to the PHU/NaPA hydrogel to prepare
the drug-loaded hydrogel (CF-PHU/NaPA). All of the cross-linking and polymerization
processes were allowed to occur at 25 °C. During the addition of KPS and MBA to the
reaction mixture of PHU/NaPA, 0.1375 mmole of CF was added to synthesise the CF-
PHU/NaPA hydrogels. Aside from the addition of the drug-containing ethanol solution, the

rest of the hydrogel synthesis procedure remained the same as described previously.
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Figure 0.1 Preparation of CF-PHU/NaPA hydrogel

6.2.5 Swelling Studies

The study focused on analyzing the swelling characteristics of the produced hydrogels
using a gravimetric method over a 24-hour period with consistent one-hour intervals.
Initially, dehydrated hydrogel pellets were placed in distilled water. Excess liquid was
removed by blotting with filter paper. After specific time intervals, the swollen hydrogels
were removed, their weight was meticulously measured, and they were then placed back

into the distilled water. The swelling ratio was calculated using the following formula.

Swelling (%) = ((We — Wg) / Wg) x 100 (6.1)

where W, is the weight of the swollen hydrogel at time t, and Wyg is the initial weight of

the dried hydrogel.
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6.2.6 Drug Entrapment Efficiency

The predetermined amount of hydrogel pellet (0.1 g) was immersed in a 100 ml buffer
solution with a pH of 7.4 for 24 hours. A UV-visible spectrophotometer (model: Cary 300
UV-Vis) was used to measure the absorbance of the sample at a maximum wavelength of
271 nm for cefadroxil [13]. The provided equation was used to compute the entrapment

efficiency of the drug (DEE) (%)

Drug amount in hydrogel

DEE (%) =

x 100 (6.2)

Theoretical drug content in hydrogel pellet

6.2.7 In vitro release study of Cefadroxil

The phosphate buffer saline and HCI-KCI buffer were used to conduct the drug release
analysis. To ascertain the release pattern of both drugs, the weighted hydrogel discs (0.1 g)
were placed in 100 ml of pH 1.2 and 7.4 at 37 °C in an orbital incubator shaker at 200
RPM. 3 ml samples were taken after a certain amount of time, and to keep the volume
constant, an equal volume of new buffer was added. A UV-visible spectrophotometer
(model: Cary 300 UV-Vis) was used to measure the release of cefadroxil at a maximum
wavelength of 271 nm. A calibration curve was created to determine the drug content after

the technique was completed in triplicate.
6.2.8 Release Kinetics of Cefadroxil

To assess the release mechanism of both drugs from the synthetic hydrogel, the Hixson-
Crowell, Higuchi, zero-order, Korsmeyer-Peppas, and first-order models were used to
kinetically simulate the release data. Each model's coefficient of determination (R?) values

were compared, and the model with an R? value closest to 1 was deemed the best fit.
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6.2.9. Characterisation

PXRD was carried out utilising a Bruker D8 diffractometer with CuK radiation at a
temperature range between 5 and 70 °C. The ATR-FTIR spectrophotometer (Model:
Nicolet iS50 FTIR) was used to record ATR-FTIR spectra. The PerkinElmer TGA 4000
was used for the thermogravimetric analysis, which was conducted between 30 and 850 °C
at a heating rate of 10 °C/min in a N2 environment. SEM was used to investigate the surface
morphology (Model: JEOL Japan Mode: JSM 6610LV). The morphology of PHU/NaPA
and CF-PHU/NaPA hydrogels was examined using a scanning electron microscope (Jeol

JSM-6610LVmodel).

6.2.10. Cytotoxicity Studies (MTT Assay)

The cytotoxicity of the synthesized PHU/NaPA hydrogel on the L929 cell line (obtained
from NCCS Pune) was assessed using the MTT Assay. The cells were cultivated in a 96-
well plate with a density of 10,000 cells per well. The culture was maintained for 24 hours
in RPMI 1640 media (RPMI 1640 media- AT162-1L), supplemented with 10% FBS (Fetal
Bovine Serum - HIMEDIA-RM 10432) and 1% antibiotic solution. The culture was
incubated at a temperature of 37°C with a 5% CO2 atmosphere. The following day, cells
were treated with various concentrations. The untreated cells were designated as the control
group, whereas the cells without MTT were designated as the blank group. Following a 24-
hour incubation period, MTT Solution (with a specified concentration) was introduced to
the cell culture and incubated for an additional 2 hours. After completing the experiment,

the liquid above the culture was taken out, and the layer of cells was dissolved in 100 pl of
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Dimethyl Sulfoxide. The dissolved cells were then analyzed using an Elisa plate reader

(iMark, Biorad, USA) at wavelengths of 540 nm and 660 nm.

6.3 Results and Discussion

6.3.1 Mechanism of Synthesis of PHU, PHU/NaPA and CF-PHU/NaPA

For the synthesis of fructose-based non-isocyanate polyurethane (PHU), fructose
molecules serve as the foundational material for forming the polyhydroxyurethane
backbone. Initially, dimethyl carbonate is employed in the carbonation stage, facilitating
the introduction of carbonate groups [4]. Subsequently, carboxymethylation of the
hydroxyl groups present in fructose occurs as a consequence of nucleophilic substitution
[6]. The resulting adduct is then reacted with hexamethylene diamine under ambient

pressure conditions to produce the PHU.

The fabricated hydrogel, derived from the synthesized fructose-based NIPU (PHU),
utilizes Sodium Acrylate as a co-monomer, N,N’-Methylenebisacrylamide (MBA) as a
crosslinker, and Potassium Persulfate (KPS) as an initiator. KPS triggers the free radical
polymerization of SA during the hydrogel formation. Upon dissociation in water, KPS
generates sulfate radicals (SO4™) via thermal decomposition. These radicals instigate the
polymerization of sodium acrylate monomers, culminating in the development of
elongated polymeric chains of Sodium Polyacrylate (NaPA) . These chains subsequently
crosslink to form the hydrogel matrix. NaPA, containing a carboxylate group (—COO"),
interacts with the hydroxyl groups present in the PHU backbone. This interaction involves
a nucleophilic addition of the carboxylate group to the hydroxyl group, forming ester
linkages (-COO-) between NaPA and the PHU backbone. Along with the ester linkages
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existing between NaPA and the PHU backbone, MBA aids as a crosslinker, which can be
attributed to the presence of two acrylamide groups that react with the carboxylate groups
present in NaPA. The crosslinking reaction involves the formation of amide linkages (-
CONH-) between the acrylamide groups of MBA and the carboxylate groups of NaPA
[14]. This crosslinking reaction strengthens the three-dimensional network structure of the
hydrogels, thereby enhancing their mechanical integrity and stability. This study provides
a comprehensive understanding of the synthesis process, offering valuable insights into the
design and development of robust hydrogels for potential in pH-sensitive drug delivery

applications.

Furthermore, hydrogen bonding between cefadroxil and NaPA facilitates the successful
synthesis of a Cefadroxil-loaded PHU/NaPA hydrogel (CF-PHU/NaPA), as depicted in

Figure 6.2.

b e

PHU Sodium Ac rylatc

COOH

N)j—cn} KPS, 60 °C

CF-PHU/NaPA

Figure 0.2 Proposed mechanism for the synthesis of CF-PHU/NaPA
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6.3.2 Structural and Morphological Properties

In the spectra of NIPU (PHU), the presence of a distinctive band at 1694 cm ™! indicates the
formation of urethane C=0 bonds [17]. In addition, a band was observed at a wave number
of 3343 cm ™t which signifies the existence of hydroxyl groups and -NH- moiety of urethane
groups. Furthermore, the presence of a band at 1532 cm™ suggests the existence of the
urethane group, indicating the presence of carbamate structures [18]. The examination of
FTIR spectra indicates that PHU has chemical structure that is similar, but not identical, to
pristine fructose and dimethylene carbonate. This shows that the fructose-based NIPU
(PHU) generated using similar processes also have similar spectra. These findings confirm
the successful production of PHU utilizing a method that does not need isocyanate and is

carried out at normal atmospheric pressure.

On the other hand, the FTIR spectrum of MBA exhibits a distinct peak at 1316 cm™, which
is attributed to the C-N bond [19]. Nevertheless, after cross-linking, the formation of
PHU/NaPA results in a significant shift of this peak to 1368 cm™, which suggests a
decrease in conjugation, indicating the successful crosslinking of PHU/NaPA. Therefore,
suggesting that the cross-linking of the PHU/NaPA has been successfully accomplished.
Furthermore, the existence of carboxyl and urethane groups in the hydrogel matrix is
confirmed by the appearance of bands at 1715 cm™. Furthermore, the C-O ester groups
within the network structure are linked to the distinct absorption band at 1250 cm™. The
FTIR spectra of PHU, MBA, and PHU/NaPA (Figure 6.3) provide evidence that the
fructose-based PHU/NaPA was successfully synthesized using a technique that does not

use isocyanate and was conducted at atmospheric pressure.
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Figure 0.3 FTIR spectra of PHU, PHU/NaPA, and CF-PHU/NaPADH.

The PXRD pattern in Figure 6.4 indicates that the PHU is segmented PU as suggested by
the presence of a prominent peak at 20° [20], [4]. Additionally, the broadness of the peak
indicates that PHU has a chemical structure consistent with earlier findings [14]. The
PXRD curves of cefadroxil exhibited distinct peaks at values of 10.2, 12.5, 14.7, 16.86,
21.81, 23.67, and 25.9, indicating the crystalline form of the drug [21]. The PXRD curve
of the CF-PHU/NaPA hydrogel exhibited a broad band, indicating the amorphous nature
of the synthesized hydrogel. However, the PXRD curve of the drug-loaded hydrogel does
not exhibit any peak associated with CF, suggesting that both medicines are uniformly
dispersed inside the cross-linked polymer network. Despite the addition of NaPA and

medicines, the produced hydrogel exhibited amorphous characteristics.
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Micrograph of the PHU/NaPA hydrogel (Figure 6.5 (a)) exhibits an uneven surface
morphology and a porous structure, suggesting excellent water retention and drug-loading
capabilities. Conversely, micrograph of the CF-loaded CF-PHU/NaPA hydrogel (Figure
6.5 (b)) reveals a smoother surface with fewer pores. This indicates that the drug has been
successfully incorporated into the hydrogel matrix, reducing interstitial voids within the

hydrogel [24].
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Figure 0.5 SEM image of (a) PHU/NaPA hydrogel and (b) CF-PHU/NaPA hydrogel

6.3.3 Thermal Properties

The thermogravimetric analysis (TGA) of the synthesized products namely; PHU,
PHU/NaPA, CF-PHU/NaPA has been demonstrated in Figure 6.6. The thermogram of
PHU reveals a three-step degradation process. The initial weight loss step observed
between 91-152 °C can be attributed to multiple factors, including the decomposition of
hexamine and excess acid, discharge of absorbed water up to 120 °C and the evaporation
of monomers or oligomers generated during the course of the reaction below 200 °C [22].
The second weight loss step, occurring between 220 and 290 °C, is likely due to the
fragmentation of the polymer backbone as a result of the cleavage of urethane bonds. The
final weight loss step, observed above 570 °C, involves more than 60% mass loss [23].
This significant mass loss can be attributed to the possible fragmentation of carbon-carbon

bonds and the degradation of pyrolysis remanent compounds from the prior two steps.

In the case of PHU/NaPA, the initial phase takes place between 98 and 148 °C, during
which there is a 3.41 % reduction in weight. This indicates the evaporation of water
molecules in the hydrogel. The second stage signifies the removal of hydroxyl and carboxyl

groups, as demonstrated by a weight loss of 46.10% between temperatures of 199 and 280
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°C. During the third phase of weight loss, there was a significant reduction in weight of
29.61% between temperatures of 362 °C and 488 °C [14]. This decrease can be due to the
degradation of the cross-links developed in the PHU/NaPA hydrogel. The final weight loss
from 688 to 723 °C can be attributable to the entire disintegration of the PHU/NaPA
hydrogel, leaving a residual mass of 20.88%. The synthesized pH-sensitive PHU/NaPA
hydrogel exhibited superior thermal stability compared to PHU, suggesting that the
inclusion of MBA led to the development of a chemically cross-linked NaPA and PHU

network.

The TGA thermogram of the CF-PHU/NaPA hydrogel is nearly identical to that of the
PHU/NaPA hydrogel. This suggests that CF has minimal effect on the thermal stability of
the hydrogel, indicating the absence of any chemical interaction. However, there is
evidence of a physical interaction, specifically hydrogen bonding, between CF and the
polymeric network. The respective degradation temperatures and residual masses of the
prepared materials are depicted in Figure 6.6, which provide valuable insights into the

thermal stability and decomposition behaviour of these materials.
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Figure 0.6 TGA curve of PHU, PHU/NaPA, CF-PHU/NaPA

6.3.4 Swelling Studies

The swelling capacity of CF-PHU/NaPA, which can retain water within its 3-dimensional
porous structure, was analysed by a swelling study (Figure 6.7). According to Figure 6.7,
the maximum equilibrium swelling percentage was measured at pH 7.4, while the least was
observed at pH 1.2. The ionization properties of the synthesized hydrogel help elucidate its
swelling behaviour, which is dependent on pH. At a pH level of 7.4, the percentage of
swelling was shown to be higher. This suggests that the carboxylate groups in NaPA lose
protons, leading to increased ionization and electrostatic repulsion between polymer
chains. This repulsion makes the hydrogel network structure less dense, enabling greater
water absorption and higher swelling per cent (524.5%) [15]. Conversely, the carboxylate
groups undergo protonation predominantly at a low pH value of 1.2, leading to less
ionization and diminished electrostatic repulsion across polymer chains. The pH-dependent

swelling behaviour of the hydrogel is mostly determined by the ionization state of
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carboxylate groups [16]. This ultimately impacts the hydrogel's ability to expand by
altering the electrostatic interactions and hydrophilicity of the polymer chain, thus

demonstrating a value of 524.5%.
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Figure 0.7 The swelling curve of CF-PHU/NaPA hydrogel
6.3.5 Drug Entrapment Efficiency

For the PHU/NaPA hydrogel loaded with CF (CF-PHU/NaPA), the drug encapsulation

efficiency (DEE) (%) was found to be 63.703%.

6.3.4 In vitro release study of CF-PHU/NaPA

The release analysis of CF-loaded PHU/NaPA hydrogel was conducted in vitro using pH
1.2 and pH 7.4 buffers for 24 hours at 37 °C, as illustrated in Figure 6.8. The release of

drugs from hydrogels is influenced by various factors, including the pH of the surrounding
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environment. In this case, the release percentage of CF from the hydrogel is higher at pH
7.4 than at pH 1.2. The increased swelling of the hydrogel at pH 7.4 compared to pH 1.2
results in a greater rate of diffusion of the drug molecules from the hydrogel [25].
Deprotonated COO™ groups repel one another at pH 7.4, which causes the polymeric chain
to expand, increasing swelling and, as a result, drug release. The ionization of the
carboxylic acid groups in the polyurethane and poly sodium acrylate hydrogel at pH 7.4
could also contribute to the higher release of the drug, as it leads to an increase in the
electron charge density and water diffusion into the polymer network [26]. At pH 1.2,
however, the hydrogel network contracts as a result of the protonation of the COO" ions
and the development of hydrogen bonds between NaPA and PHU. As a result, the swelling
ratio decreases, which tends to reduced loading (%) and drug release. Thus, it can be said

that the pH-dependent release of CF may be achieved by using CF-PHU/NaPA hydrogel

respectively.
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Figure 0.8 The drug release profile for CF-PHU/NaPA hydrogel in pH 7.4 and 1.2
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6.3.5 Release Kinetic Modelling of Cefadroxil

The release mechanism of a drug can be identified by fitting the release data to several
mathematical models such as Zero-Order, Hixson-Crowell, Higuchi, Korsmeyer-Peppas,
and First-Order [27-30]. The regression coefficient (R?) values are compared for all the

models. The model with an R? value closer to 1 is considered the best-fit model (Table

6.1).

Table 0.1 Kinetic modelling data of CF release for PHU/NaPA hydrogel
Kinetic Equation Associated pH 1.2 pH 7.4
Model Constant/

Exponent : R® : R®
Zero Order Mi=My + kot Ko = rate 0.8783 0.7244
Kinetics constant
Higuchi F=M{/M. = kpt*? Kn = Kinetic 0.9798 0.9802
Model constant
First Order log Mt = log M + K = first order 0.7487 0.6402
Kinetics (kt)/2.303 rate constant
Hixson- (M)¥B- (M)¥® = Kpc = Hixson 0.8619 0.7244
Crowell Krc.t Crowell

Constant
Korsmeyer- F= M¢M., = kt" K = kinetic 0.3579 0.9803 0.175 0.9909
Peppas constant

n=diffusion

constant

176



Chapter 6

At pH 1.2, the R? value for the Korsmeyer-Peppas model was found to be 0.9803,
demonstrating an excellent fit to the experimental data. The release exponent (n) was
determined to be 0.3247, indicative of the diffusion mechanism. Similarly, at pH 7.4, the
R2 value was 0.9909, and the n value was 0.175. The n values at both pH levels suggest a
Fickian diffusion mechanism, as they are less than 0.5. The graphs of this model have been
displayed in Figure 6.9. This implies that the drug release from the polymeric network is
primarily controlled by the diffusion process [16]. This indicates that the release of CF
from the hydrogel matrix depends solely on the concentration gradient and is not influenced

by swelling or relaxation of the polymer chains.
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Figure 0.9 Release kinetics of CF from CF-CF-PHU/NaPA hydrogel based on the

Korsmeyer—Peppas model in (a) pH-7.4, (b) 1.2

6.3.6 Cytotoxic Studies (MTT Assay)

The cytotoxic activity of the PHU/NaPA hydrogel was evaluated by subjecting the L929
cell line to different concentrations of the sample, based on the results obtained from the

MTT assay. The results indicated that the hydrogel had non-toxic behaviour at all evaluated
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concentrations as shown in Figure 6.10. The absence of toxicity in the hydrogel can be
ascribed to the biocompatible properties of non-isocyanate polyurethane [31] and NaPA

[32], which are the main constituents of the hydrogel.

PU is widely recognized for its biocompatibility and non-toxic characteristics, making it
desirable for various biomedical applications. The hydrogel's capacity to function in
cellular settings promotes cell survival and growth, hence enhancing the hydrogel's safety
and efficacy. Moreover, NaPA is renowned for its non-toxic properties, hence enhancing
the biocompatibility of the hydrogel. The incorporation of these two substances in the
PHU/NaPA hydrogel yields a product that is not only effective in its designated function
but also biocompatible. The lack of cytotoxic effects on the L929 cell line indicates that
this hydrogel has potential as a viable option for various biological uses, such as medication
delivery and tissue creation. The study highlights the significance of utilizing

biocompatible materials in developing secure and efficient biomedical goods.
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Figure 0.10 MTT assay results showing cell viability percentages to varying PHU/NaPA

hydrogel concentrations
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6.4 Conclusions

This study presents the effective development of an intelligent hydrogel containing CF,
using PHU as a foundation polymer. The selection of NaPA with carboxylate groups at the
ends of the polymer chain allowed the synthesis of pH-sensitive smart hydrogels. This
hydrogel has the ability to release CF in a regulated manner. The swelling and drug release
were assessed in alkaline and acidic pH conditions and were observed to be more
pronounced in the alkaline environment. This can be related to the significant electrostatic
repulsion between the COO- anion of the NaPA. The drug release kinetics were accurately
associated with the Korsmeyer-Peppas model, indicating that the release of the drug from
the hydrogel is solely based on diffusion, following the Fickian diffusion mechanism. The
aforementioned results allow for the use of CF-loaded PHU/PHU hydrogel as a viable

substance for the controlled release of cefadroxil, dependent on pH.

6.5 References
[1] Thang NH, Chien TB, Cuong DX. Polymer-Based Hydrogels Applied in Drug
Delivery: An Overview. Gels 2023;9. https://doi.org/10.3390/gels9070523.

[2] Bashir S, Hina M, Igbal J, Rajpar AH, Mujtaba MA, Alghamdi NA, et al.
Fundamental Concepts of Hydrogels: Synthesis, Properties, and Their Applications.

Polymers (Basel) 2020;12. https://doi.org/10.3390/polym12112702.

[3] Gennen S, Grignard B, Thomassin JM, Gilbert B, Vertruyen B, Jerome C, et al.

179



Chapter 6

[4]

[5]

[6]

[7]

[8]

[9]

[10]

Polyhydroxyurethane hydrogels: Synthesis and characterizations. Eur Polym J

2016;84:849-62. https://doi.org/10.1016/j.eurpolymj.2016.07.013.

Cherng JY, Hou TY, Shih MF, Talsma H, Hennink WE. Polyurethane-based drug
delivery systems. Int J Pharm 2013;450:145-62.

https://doi.org/10.1016/j.ijpharm.2013.04.063.

Ma L, Su B, Cheng C, Yin Z, Qin H, Zhao J, et al. Toward highly blood compatible
hemodialysis membranes via blending with heparin-mimicking polyurethane: Study
in vitro and in Vivo. J Memb Sci 2014;470:90-101.

https://doi.org/https://doi.org/10.1016/j.memsci.2014.07.030.

Brash JL, Fritzinger BK, Bruck SD. Development of block copolyether-urethane
intra-aortic balloons and other medical devices. J Biomed Mater Res 1973;7:313—

34. https://doi.org/https://doi.org/10.1002/jbm.820070405.

Kitting M, Roggenkamp J, Urban U, Schmitz-Rode T, Steinseifer U. Polyurethane
heart valves: past, present and future. Expert Rev Med Devices 2011;8:227-33.

https://doi.org/10.1586/erd.10.79.

Pedersen DD, Kim S, Wagner WR. Biodegradable polyurethane scaffolds in
regenerative medicine: Clinical translation review. J Biomed Mater Res Part A

2022;110:1460-87. https://doi.org/https://doi.org/10.1002/jbm.a.37394.

Santanelli di Pompeo F, Paolini G, Firmani G, Sorotos M. History of breast
implants:  Back to the future. JPRAS Open 2022;32:166-77.

https://doi.org/https://doi.org/10.1016/j.jpra.2022.02.004.

Kamaci M. Polyurethane-based hydrogels for controlled drug delivery applications.

180



Chapter 6

[11]

[12]

[13]

[14]

[15]

[16]

[17]

vol. 123. Elsevier Ltd; 2020. https://doi.org/10.1016/j.eurpolym;.2019.109444.

Mandru M, Bercea M, Gradinaru LM, Ciobanu C, Drobota M, Vlad S, et al.
Polyurethane/poly(vinyl alcohol) hydrogels: Preparation, characterization and drug
delivery. Eur Polym J 2019;118:137-45.

https://doi.org/10.1016/j.eurpolymj.2019.05.049.

Singh P, Kaur R. Sustainable Xylose-Based Non-lIsocyanate Polyurethane Foams
with Remarkable Fire-Retardant Properties. J Polym Environ 2022.

https://doi.org/10.1007/s10924-022-02638-4.

Lukaszewska I, Bukowczan A, Raftopoulos KN, Pielichowski K. ‘Spider-like’
POSS in NIPU webs: enhanced thermal stability and unique swelling behavior. J

Polym Res 2023;30:1-16. https://doi.org/10.1007/s10965-023-03834-z.

Singh P, Kaur R. Synthesis and Rheological Analysis of Non-lsocyanate

Polyurethanes Blended with Poly ( vinyl alcohol ). J Ind Eng Chem 2024:1-12.

Bourguignon M, Thomassin JM, Grignard B, Jerome C, Detrembleur C. Fast and
facile one-pot one-step preparation of nonisocyanate polyurethane hydrogels in
water at room temperature. ACS Sustain Chem Eng 2019;7:12601-10.

https://doi.org/10.1021/acssuschemeng.9b02624.

Blain M, Yau H, Jean-Gérard L, Auvergne R, Benazet D, Schreiner PR, et al. Urea-
and Thiourea-Catalyzed Aminolysis of Carbonates. ChemSusChem 2016;9:2269—

72. https://doi.org/https://doi.org/10.1002/cssc.201600778.

Ochiai B, Satoh Y, Endo T. Nucleophilic polyaddition in water based on chemo-

selective reaction of cyclic carbonate with amine. Green Chem 2005;7:765-7.

181



Chapter 6

[18]

[19]

[20]

[21]

[22]

[23]

[24]

https://doi.org/10.1039/B511019J.

Fanjul-Mosteirin N, Aguirresarobe R, Sadaba N, Larrafiaga A, Marin E, Martin J, et
al. Crystallization-Induced Gelling as a Method to 4D Print Low-Water-Content
Non-isocyanate Polyurethane Hydrogels. Chem Mater 2021;33:7194-202.

https://doi.org/10.1021/acs.chemmater.1c00913.

He M, Shi L, Wang G, Cheng Z, Han L, Zhang X, et al. Biocompatible and
biodegradable chitosan/sodium polyacrylate polyelectrolyte complex hydrogels
with smart responsiveness. Int J Biol Macromol 2020;155:1245-51.

https://doi.org/https://doi.org/10.1016/j.ijbiomac.2019.11.092.

La Rosa F, Ripa S, Prenna M, Ghezzi A, Pfeffer M. Pharmacokinetics of cefadroxil
after oral administration in humans. Antimicrob Agents Chemother 1982;21:320-2.

https://doi.org/10.1128/AAC.21.2.320.

Khalid A.M.Attia, Mohammed W.l.Nassar, Ahmad A.Mohamad AHA. Quantitative
analysis of cefadroxil in presence of its degradation product by various

spectrophotometric techniques. Anal Chem an Indian J 2013;13:69-76.

Singh P, Kaur R. Fructose-Based Non-lsocyanate Polyurethane/Poly (Sodium
Acrylate) Hydrogels: Design, Synthesis and Environmental Applications. J Polym

Environ 2024. https://doi.org/10.1007/s10924-024-03317-2.

He X, Xu X, Wan Q, Bo G, Yan Y. Solvent- and Catalyst-free Synthesis ,
Hybridization and Characterization of Biobased Nonisocyanate Polyurethane (

NIPU ) 2019. https://doi.org/10.3390/polym11061026.

Fuensanta M, Khoshnood A, Rodriguez-Llansola F, Martin-Martinez JM. New

182



Chapter 6

[25]

[26]

[27]

[28]

[29]

[30]

Waterborne Polyurethane-Urea Synthesized with Ether-Carbonate Copolymer and
Amino-Alcohol Chain Extenders with Tailored Pressure-Sensitive Adhesion
Properties. Mater (Basel, Switzerland) 2020;13.

https://doi.org/10.3390/mal3030627.

Shahrousvand M, Mirmasoudi SS, Pourmohammadi-Bejarpasi Z, Feizkhah A,
Mobayen M, Hedayati M, et al. Polyacrylic acid/ polyvinylpyrrolidone hydrogel
wound dressing containing zinc oxide nanoparticles promote wound healing in a rat
model of excision injury. Heliyon 2023;9:€19230.

https://doi.org/https://doi.org/10.1016/j.heliyon.2023.e19230.

Singh P, Kaur R. One pot synthesis of bio-based porous isocyanate-free
polyurethane materials. Mater Lett 2023;331:133433.

https://doi.org/https://doi.org/10.1016/j.matlet.2022.133433.

Lehto V-P, Laine E. Assessment of physical stability of different forms of cefadroxil
at high humidities. Int J Pharm 1998;163:49-62.

https://doi.org/https://doi.org/10.1016/S0378-5173(97)00366-9.

Tushar, Saraswat Y, Meena P, Warkar SG. Synthesis and characterization of novel
xanthan gum-based pH-sensitive hydrogel for metformin hydrochloride release.

Colloid Polym Sci 2023. https://doi.org/10.1007/s00396-023-05135-9.

Xi X, EPizzi A, Gerardin C, Lei H, Chen X, Amirou S. Preparation and evaluation
of glucose based non-isocyanate polyurethane self-blowing rigid foams. Polymers

(Basel) 2019;11. https://doi.org/10.3390/polym11111802.

Chen X, Pizzi A, Essawy H, Fredon E, Gerardin C, Guigo N, et al. Non-furanic

183



Chapter 6

[31]

[32]

[33]

[34]

[35]

[36]

[37]

humins-based non-isocyanate polyurethane (NIPU) thermoset wood adhesives.

Polymers (Basel) 2021;13:1-13. https://doi.org/10.3390/polym13030372.

Kajal, Kumar R, Meena P, Warkar SG. Development and characterization of pH-
responsive CMTKG/PAM/PEG hydrogel for oral administration of etophylline.

Colloid Polym Sci 2023. https://doi.org/10.1007/s00396-023-05152-8.

Meena P, Singh P, Warkar SG. Fabrication and evaluation of stimuli-sensitive
xanthan gum-based hydrogel as a potential carrier for a hydrophobic drug ibuprofen.

Colloid Polym Sci 2024;302:377-91. https://doi.org/10.1007/s00396-023-05198-8.

Demir S, Cini N, Golcu A. Drug release profiles of Atenolol and Benidipine from
pH-responsive polymeric hydrogel matrix. Chem Pap 2023;77:4519-29.

https://doi.org/10.1007/s11696-023-02802-7.

Tan RYH, Lee CS, Pichika MR, Cheng SF, Lam KY. PH Responsive Polyurethane
for the Advancement of Biomedical and Drug Delivery. Polym 2022;14.

https://doi.org/10.3390/polym14091672.

Bruschi MLBT-S to M the DR from PS, editor. 5 - Mathematical models of drug
release, Woodhead Publishing; 2015, p. 63-86.

https://doi.org/https://doi.org/10.1016/B978-0-08-100092-2.00005-9.

Pourtalebi Jahromi L, Ghazali M, Ashrafi H, Azadi A. A comparison of models for
the analysis of the kinetics of drug release from PLGA-based nanoparticles. Heliyon

2020;6:e03451. https://doi.org/10.1016/j.heliyon.2020.e03451.

Ekenna IC, Abali SO. Comparison of the Use of Kinetic Model Plots and DD Solver

Software to Evaluate the Drug Release from Griseofulvin Tablets. J Drug Deliv Ther

184



Chapter 6

2022;12:5-13. https://doi.org/10.22270/jddt.v12i2-5.5402.

[38] Bayer IS. Controlled Drug Release from Nanoengineered Polysaccharides.

Pharmaceutics 2023;15. https://doi.org/10.3390/pharmaceutics15051364.

[39] Wang Y, Zheng Z, Pathak JL, Feng W, Wu W, Yang C, et al. Fabrication and
characterization of photosensitive non-isocyanate polyurethane acrylate resin for
3D printing of customized biocompatible orthopedic surgical guides. Int J

Bioprinting 2023;9:684. https://doi.org/10.18063/ijb.684.

[40] Kbhanlari S, Tang J, Kirkwood KM, Dubé MA. Synthesis and properties of a
poly(sodium acrylate) bioadhesive nanocomposite. Int J Polym Mater Polym

Biomater 2016;65:881—7. https://doi.org/10.1080/00914037.2016.1180608.

185






Chapter 7

CONCLUSIONS, FUTURE SCOPE AND SOCIAL IMPACT

7.1 Conclusions

This research intended to develop sustainable, NIPU materials using renewable resources,
addressing the noteworthy environmental and health challenges presented by conventional
PU production. Throughout this work, various innovative approaches were explored to
synthesize NIPU foams, blends, and hydrogels, emphasizing their potential for a diverse
array of applications. All the prepared NIPU materials and their synthesis were established

using a wide array of techniques such as FTIR, XRD, TGA and SEM.

A major focus of this research was the development of NIPU foams utilizing a bio-based
crosslinker under mild reaction conditions. Conventional methods for NIPU foam
production often require high temperatures, pressures, and synthetic crosslinkers, resulting
in materials with limited flame retardancy. By employing xylose and dimethyl carbonate
with citric acid as a natural crosslinker, NIPU foams were successfully synthesized, that
demonstrated enhanced flame retardancy (with an LOI of 26.9%) and favorable thermal
properties. This method not only simplified the synthesis process but also provided an eco-

friendly alternative to conventional PU foams.

To further streamline the synthesis process, a one-pot synthesis method was developed for

porous NIPU materials. Traditional NIPU synthesis methods often involve multiple steps



and sophisticated equipment, which significantly hinders their scalability. The one-pot
approach significantly reduced complexity and facilitated the production of NIPU
materials with excellent structural and thermal properties. This innovative method

underscores the feasibility of scalable and sustainable NIPU production.

Furthermore, the research investigated NIPU blends with PVA to enhance material
properties. Blending NIPU with PVA aimed to combine the beneficial attributes of both
polymers, resulting in materials with improved rheological behaviour, mechanical
performance, and thermal stability. The blends exhibited shear-thickening behaviour and
increased thermal stability, indicating their potential for applications requiring advanced

material properties and sustainability.

Additionally, the study also explored the synthesis and application of NIPU-based
hydrogels for environmental and biomedical applications. Owing to the prevalent use of
organic solvents in existing methods of NIPU hydrogel production, a green synthesis
approach was developed using water as a solvent. The resulting fructose-based NIPU
hydrogels demonstrated exceptional efficiency in removing crystal violet and malachite
green dyes from wastewater, achieving remarkable removal efficiencies of 96.87 % and
99.8%, respectively. Furthermore, these hydrogels exhibited excellent drug loading and
release properties at a pH of 7.4, with cefadroxil as a model drug, showcasing their potential
for pH-sensitive controlled drug delivery applications. The drug release kinetics were
studied, and it was observed that the release of the drug followed the Kosmeyer - Peppas

model at pH 1.2 and 7.4.

Overall, this research has made significant contributions to the field of sustainable

polyurethane materials by developing novel synthesis methods for NIPU foams, blends,
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and hydrogels. These methods address the environmental and health concerns associated
with traditional PU production, such as the use of toxic isocyanates and the depletion of
fossil fuels. The findings demonstrate the viability of using renewable resources to produce
high-performance NIPU materials, offering a sustainable alternative for various industrial

and biomedical applications.

7.2 Future prospects

The findings from this work lay a strong foundation for the continued development of eco-
friendly and sustainable PU technologies, contributing to a greener and more sustainable
future. Future studies can focus on exploring other methods of synthesising NIPU foams
with enhanced mechanical properties. Investigating alternative bio-based crosslinkers and

green catalysts could lead to improved reaction kinetics and material properties.

Furthermore, the miscibility and interaction of NIPU blends with PVA warrant a more
detailed investigation. Future studies should employ advanced characterization techniques
such as small-angle neutron scattering, atomic force microscopy, and NMR spectroscopy
to gain a comprehensive understanding of the phase behaviour, microstructure, and

molecular interactions within these blends.

The demonstrated efficacy of NIPU hydrogels in dye removal suggests significant potential
for environmental remediation applications. Future studies should explore the adsorption
capabilities of NIPU hydrogels for a wider range of pollutants, including heavy metals and
emerging contaminants. Additionally, evaluating the reusability and regeneration of NIPU

hydrogels will be crucial for practical environmental applications.
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Conducting comprehensive lifecycle assessments and evaluating the environmental impact
of NIPU materials from synthesis to disposal will provide valuable insights into their
sustainability. Comparing the carbon footprint, energy consumption, and environmental
emissions of NIPU materials with traditional polyurethanes will help quantify their

ecological benefits.
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Abstract: Among ynth decules, polyurethane in its different forms has
proven its sheer doni and a reputation as a rediable and trusted material due
1o its proficency in terms of superior propertses, which include: high mechanical strength and
br. istance, good durability, good adh good th 1 stabily ellent chemical and
weathering resstance. Synthetic polvurethane materials are blodegradable, pol and use
chemical-based raw k whchammwdeplmng,kadu“ to a surge in polyurethane
pmdmlm;m Bio-based polyuscthanes (PU) have been synthesized by researchers in rocent
MMN\WMMWMWWMPUhWMWM&W
1L and labdlity of raw kinds of avadable bio-
mu‘vubk sources as predecessoes for the pmdu:um of polyols and lmcyu\uu have been exploeed
for the development of “greener” PU materials; these bio-based polyureth have £

Fhiched

terlals B

potential to be used as future PU products, with a partial or tegal wepl of petrol based
polvurethanes, due to increasing about the env thetr sel ly bow cost and
biodegradability. This critical review on the possibil of ble sources to be

used for polyurethane production and gives a clear perspective on the jourmey, utilization, and recent
advancements in the field of different bio-based palyurethane polymers that have arisen over the
Last decade.

Keywords: polyureth y pol h dh g recyding blodegradation
1. Introduction
Polyureth (PU) rep nearly 5% of the total plastics production and stand

tall as the 6th most widely used polymer in the world, with total production reaching
lSLﬂonmmlbll)andmll pmp\ssmg. Thesupenm pcqnﬂusoﬂ'U 5uchasﬂexlbﬂny
¢ to chemi

b s and ch PR h‘“ :—r Lllll‘), + &r their . 3 11
popularity among rescarchers. PU have urethane groups as ma)or mpmung units along
their main backbone chains, which are derived by reacting hy vi(-OH) i
chemical entities, with isocyanate (-NCO) i d ds, as rep dbya
generalized scheme shown in Frgure 1. In addition, mnﬂwrhxmalpwpsnuyllso
be present in the end constitutions of the PU chains, including ethers, esters, urea, biuret,
and aromatic moieties (2]

|R-NCO + HO-R’ ——— R-NHCOO-R’|

Figure 1. Formation of Urethane Linkage.
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Abstract

Self-blowing non-isocyanate polyurethane foams have been synthesized by reacting xylose with dimethyl carbonate and
hexamethylens diamine using citric acid as a natural crosslinker via the process of transurethanisation. The resulting foams
exhibit exceptional flame retardancy in comparison o conventional PU foams. The structune of the fisam cells was examined
using scanning ebectron microscopy. Solid-state NMR and infrared spectroscopy were used to analyze the functional groups
present in the products formed. The formation of the urethane bridge was confirmed by the emergence of peaks at 158.24
ppm and 1693 em~ " respectively. The thermal properties were evaluated by using TGA and DSC. which further indicated a
glass transition temperature of around 11282 °C. The dependence of viscosity of polymeric solutions on the different shear
rates was also studied using a parallel plate rheometer. Limiting Oxygen Index was emploved to study the Aammability of
the: prepared foams, and it was observed that they exhibit considerable fire resistance ( 26.9% ), which is quite comparable 1o
the fire resistance offered by the isocyanate-based polyurethane foams with added fire retardants. The diffraction pattern of

the: prepared NIPL was analyzed by PXRD.

Keywords LOI - NIPU foams - rheology - solid-state NMR - xylose

Introduction

Polyurethanes (PU) are among the most extensively used
palymer globally, with a broad array of applications in both
academic and industrial settings, mainly attributed w their
abrasion resistance, high flexibility, and other desirable char-
scteristics. PU fioams are an important class of polymers that
make up 50% of the market for polymer foam and account
for 67% of global PU unlization. PU foams serve many
purposes such as acoustic insulation, automolive seating,
matiresses, and thermal insulation [ 1]. However, there are a
few concems associated with the preparation and wse of PLL
They are typically synthesized by polyaddition of a polyol
1o a polyisscyanate, which, along with its precursor phos-
gene, is exceedingly hazardous. Research groups are now
aiming tor divest from the usage of hazardous chemicals and

=] Raminder Kaur
rewalia |44 gmail com
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severe reaction conditions in PU production with the use of
greener intermediates and procedures, considering the cur-
rent state of sustainable chemistry development. Morsover,
the depletion of non-renewable sources and the ramifica-
tions of global warming have prompied the innovators o
create novel routes of PU production, that have a minimal
environmental impact and fulfill all new environmental regu-
lations [2]. Wegetable oil is the most ofien used renewable
resource (o generate precursors for PU products, since it is
widely accessible [3, 4], Although these renewable sources
have successfully yielded polyols, multiple soudies have been
carried out to incorporate various fillers and anti-flaming
chemicals into these foams o enhance their anti-Aammable,
thermal, and mechanical abilities [5-12]. In addition, as the
i polyisocyanates uwsed 1o make PU could be dangerous
10 hurnans, researchers are secking a green and sustainable
rowte of producing PLUs from renewable sources, without the
use of polyisocyanates [ 3], Consequently, Non-isocyanate
polyurethanes {NIPLU), a novel category of PU free from
the harmiful effects of isocyanates, were generated. NIPLUs
are traditionally synthesized by using cyclic carbonates and
armines [13]. The reaction produces two isomeric products,
one with a secondary hydroxyl group and the other with a
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1. Iniroduction addpess this lswe, muldple pattways have been investigated; ane

Polyurethanes (PLi) are ane of the moe pragmatic materals avail-
able today duse 1o their broad array of srucre and propenties, as well
their capability of demonsirating elastomeric, thermoplastic, and ther-
moset behaviar. PUs are bramched, linear, or cross-linked polymers
fommed by addithon reactions berween poly-lsocyanates and polyok
While palyals are perroleam by-produces that contribute @ the con-
sumgition of fossil foels and require high energy for processing |11
Polyisocyanates are symhesized from incredibly toxic wocyanate pre-
cursors that are derived from lethal phosgens gas, whese excessive
EXpoeure Can cause serious health [.'rnbl.am [ 2]. Thus, a need arises oo
find a repl fiar both i rescore. Few re-
ports describe the use of vegetable cdl-.: modified as palyols for com-
mercial PU synrhesis [3]. Nevertheless, even when combined with bio-
sourred polyols, polymeric kocyanates have consistently been urilized
In indusiries to produce polyurethanes. Since these compounds ape
detrimental 1o humans and the envirnment, hence as an outcome, the
development of bismass-based palymers and the creation af ecalogically
benign and sustminable materials are becoming Increasingly popular. To

promising oprion is the use of Mon-locyanate Palyvarethane [NIPUYL,
produced via reaction between oyclic carbonate and polyfuncticnal
amines. Despite the growing number of artiels on NIPU and
polyhydrony-urethane chemistry, anly few studies focus on NIPL foam
synthesis. In the dearth of isocyanaie groups, NIPU does not allow for
foaming in the presence of water via the release of Oy, as is the case
with [socyanate- hased PU preparaticon. However, a simplifisd process for
produscing NIPUS is o react bio-materials including sugars [4), lignin
|%], and tannins |4 just with dimethy] carb which elimi the
need for cyclizacion of carbonate and diamine. A pecent siudy repons the
synthess af a bio-based NIPU foam using glucose, dimethyl carbonate,
and diamine i precursars | 7| Carbohydrates are an especially valuable
mw material among the many renewable resources since It b6 onst-
effertive, msly accessible, and offer & wide range of steprochemical
wariety [B]. A facile approach for the fabrication of bio-based porous
NIPLU materiaks with xylose has been adopted in the present study. The
marerials were by blowing ai amblent emperanre and
hardening in shart time inervals a1 & lower temperature (70 °C) with
clirle acld as & cresslin amnd auh y, thelr flame-retardant
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ARTICLE INFO ABSTRACT

Keywords:

This study investigated the blending of non-isocyanate polyurethanes (NIPUs) with poly(vinyl alcohol) (PVA) at

NIPU various ratios, with specific emphasls on mnos such as 20% 50% 80%, and 100% NIPU content. Focus has been

Rheology made on assessing their

and thermal stability. As the NIPU

Visosity content

50%, a sh

a highly interwoven molecular structure,

Structure recovery studies

(rend emerged,

Blends
NIPU solution

shear

viscosity on blend and shear rate, with pure

of network by the appli-

88
cation of shear. Dynamlc modulus analysis revealed wscoelasnc properties in blends containing 50% and 100%

NIPU. Thi ic analysi

da | recovery of 99% in solutions with over 20% NIPU,

emphasizing the resilience of NIPU-rich blends to sh induced

ic analysis (TGA)

and di ial scanning

and reduced

thermal stability and crystallinity, with blends exhib-
to pure PVA due to NIPU incorporation. Blends

y (DSC)

jting 1 Sinte b

10% PVA display

reduced i and dimini

PVA crystallization ability, corroborated by

DSC and wide-angle X -ray diffraction (WXRD) results. Thermal stability increased with NIPU integration, and

blends

thermal between the pure polymers. Notably, the PU2PVAS blend

the highest

its potential for tailored material design with

and a unique combination of amorphous and crysualhnc nature, showcasing
h; d and thermal

Introduction

y (PUs) have d d a wide range of applications

their numerous applications, PUs have been identified as a significant
contributor to the accumulation of plastic waste and pollution in the
enVIronmen( Researchers and technlclans have thus begun to use

in various industries, including construction, , and
furniture, for insulation, sealants, and structural

lly friendly and i T as prospective re-
for Petro-based polyols (ethylene and propylene oxides) and

due to their exceptional physical and mechanical properties, including
elasticity, adhesion, hardness, and durability. The remarkable attributes
of PU, such as its ability to adapt to varying chemical structures, its
flexibility, resistance to corrosion, high tensile strength, and comfort in
low temperatures, significantly contribute to its immense popularity
among researchers [1]. Conventionally, PUs are derived via the poly-
addition reaction between polyols and isocyanates, which are highly
toxic and have adverse health effects, as they are synthesised from

di-isocyanates to address all of these drawbacks associated with the use
of polyurethanes [1.2,3]. ing green polyureth (GPU)
entails two fundamental procedures: the eco-friendly formation of iso-
cyanates from renewable materials, and the generation of sustainable
green polyol. Yet, the fabrication of non-isocyanate polyurethane
(NIPUs) is a more effective, environmentally friendly, and widely
appllcable approach [4,5]. One of the most promising alternatives to

ditional polyurett produced by the h d isocyanate

poisonous phosgene and amine. Furthermore, the petro-based pre-
cursors for the production of polyols (ethylene and propylene oxides)
are scarce and are anticipated to be exhausted shortly [2]. In spite of

* Corresponding author.
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'y is the prod of NIPUs using step-growth polymerisation
of (poly)cyclic carbona(es to (poly)ammes [6]. The utilization of cata-
lysts ith g, the i reactivity and stringent reaction
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Abstract

Conventional methods for synthesising polyurethane hydrogels encompass toxic isocyanates and organic solvents, limit-
ing their eco-friendliness and ease of synthesis. In response, this study introduces an innovative approach to synthesising
fructose-based non-isocyanate polyurethane (NIPU) hydrogel (FNHG), eliminating the need for isocyanates. Initially,
fructose-based NIPU (FNPU) was synthesised using dimethyl carbonate and hexamethylene diamine under mild reaction
conditions, paving the way for a greener polyurethane variant. Subsequently, a free radical polymerization technique was
employed in an aqueous medium. This process allowed for the integration of poly(sodium acrylate), and N, N-methylene
bisacrylamide, leading to to the development of FNHG. Remarkably short gelation time of just 30 min at 60 °C was
achieved, signifying a significant advancement in the synthesis process. The synthesized NIPU-based hydrogels exhibited
outstanding efficiency in the removal of crystal violet (CV) and malachite green (MG) dyes from aqueous media. With an
impressive removal efficiency of 96.87% for CV and an astounding 99.8% for MG, these hydrogels demonstrated high
effectiveness in remediation efforts. The study’s novelty lies in both the synthesis methodology, utilising FNPU, and the
exceptional efficiency exhibited by these hydrogels in eliminating diverse dyes from contaminated water. Furthermore, the
structure of FNPU was confirmed using FTIR and "H NMR spectroscopy, adding robustness to our findings. This research
not only presents a solution to the limitations of traditional polyurethane synthesis but also d ates the potential of
fructose-based NIPU hydrogels (FNHG) as eco-friendly and efficient agents for water purification.
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A series of cobakll} and nickelill) complexes were prepared by reactions with pe
dimethylamimobenzaldebyde thiosemicarbazone (Hdmbisc) in stodchiometric rtio of 1:2 and in
the presence of co-ligands pyridine, 110 phenanthroline and PPh;, which yielded octahedml
complexes (1-8). The ligand acted as uninegative and newtral bidentate ligands coordinating
through its N, 5 donor atoms. Dimethylaminobensnbdehyde thiosemicarbazone (Hdmbisc) is
repanted o fomm complexes with mercury and =inc [14]. The kigand and compleces were
characterized using spectroscopic techmiques (UV-Vis, FTIRL They were screensd for
antibacterial activity against Gram +ve (Listeriz) and Gram —ve (E. coll) bacteria and antifungal
activity against Candidy elfvomas using agar diffision method. Cobalt complexes 1. X and 4 and
mickel complex 8 were found o be active against Gram <ve bactena (E coli), while cobalt
complexes 1-8 and mickel complex 6 showed meoderate activity agaimst fings (Camdide
afbicans). [Cof dmtsc ) phen) JOE (4), [Cod dmstse P Phze(NOn 2] (5) and [N Hdmase zCla] (&)
were found to be the most effective against tested bacierial and fungal strains.

Key wards: Demethyl i Mehyde thi
antifungal activity, octahedral complexes

b » U¥-Visspectra: antibacterial,

Recetved: Sy 2009 Acceptad: December 2009

Thicsemicarbazone and s complexes have received
substantial attemion cver the past few decades due 1o
their maltiple pharmacelogical properties, such as
antibacterial, antifimgal. antimalarial and anticomor
[1-3]. This may be atiribwied to the flexibility of
thiasemicarbazones 1o adopt different bonding modes
forming complexes sisch az monanue bear, dinoclear as.
well as polynuclear complexes. Thiosemicarbazones
are known to exhibit thicne-thicl tautomerizm by
coordinating to a metal jon through the azomethine
mitrogen edther in the neutral thione form or in the
amionic thiolate form [4-8].

Dimethylaminobenzaldehyds & a bifunctional
aromatic compound having aldehyde growp (CHOR
para 1o dimethylamine growp. [t is also reported o
have analytical properties [9-11]. The 'H-NMR of
Hdmbisc and s Znfllp C4(ll), Hgill} and Cuill)
complexes are reported in lieratures [12-14]. It alse
acts &s a selective fluorosensor for detection of HelIT)
[15]. In an extemsion o the study, we repor the
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synthesis and chamacterisation of Ni(ll) and Cofll)
compl with p-dimethylaminob Idehyde thio-
semicarbazone and co-ligands (py. phen, PPh;), not
reporied  carfier. All  these complexes  were
characterised by spectroscopic methods (IR, UV
They were also tested for their anidbacterial and
antifungal activities 1o see their application as dnsgs.

MATERIALS AND TECHNIQUES

Thicsemicarbazide and p-dimethylaminobenzmlde.
hyde were used without any firther purification.
Pyndine, 1,10 phenanthroline, triphenyiphosphine,
cohalt chboride, nickel chlloride and cobalt mi rate were
procured from Sigma Aldrich. All other reagents and
solvents were purchazed from commercial sources and
were of analiytical grade. The IR spectra were recorded
on Agilemt Carey 630 FTIR Spectrometer. The
electronic spectra were recarded on UV-Visible
Spectrophotometer (L1800,
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Metal Organic Framework for Energy Application
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ABSTRACT

Researchers are didigently secking clean, alternative energy sources to replace fossil fuels due to escalating
poliution levels and the ever-expanding energy d d. C Iy, the imperative arises to develop carriers
capable of storing emergy or facilitating mass and electron transfer for energy storage and conversion. The
ongoing advancements in metal-orgaric frameworks (MOFs) have engendered novel prospects for remewable
energy conversion, storage, and wilization. The exceptional atiributes of MOFs, alongside thewr composites
and related compounds, have piqued sigrificant @ 1, leading to d in and the creation of
nnovative materials for the emergy sector. This project presents a nvlap.ns of the latest strides in energy storage
and conversion using MOFs and their compositions, with a specific emphasis on elucidating the interplay
between structure, composition, and function,

Keywords: Clean energy, Metal-organx frameworks, Energy storage, Renewable encrgy conversion, Innovative

matersals

INTRODUCTION

Recent efforts have been directed towards forging
sustainable and clean energy storage solutions to
counteract environmental degradation. Consequently,
the development of energy carriers or transport
mechanisms becomes paramount. The chemistry of
metal-organic frameworks (MOFs) aligns scamlessly
with this objective, owing to its inherent advantages
encompassing structural diversity, functionality, and an
array of practical applicaticas 'l. MOFs amalgamate
organic-inonganic constituents, resulting in highly porous
frameworks distinguished by uniform constituent
arrangements, variable pore sizes, opological diversity,
and multifunctionality. Leveraging their properties and

ongoing advancements, MOFs have found application
in conventional energy domains, underscored by their
remarkable gas storage capacity. The outstanding
capabilities of these frameworks and related
compounds have propelled the innovation of new
materials for the energy sector. This overview
encapsulates the configurations, components, and
distinctive traits of these frameworks. rendering them
conducive to energy conversion and storage. These
applications encompass fuel storage, photo-induced H,
spectrum extends to other technologies including fuel
and solar cells, supercapacitors. Li-batteries. fuel cells,
and water electrolysis.
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Qhapter 1 INTRODUCTION AND LITERATURE REVIEW

L1 Introduction
L.L1 Polyurcthanes

With the knock of the 21st century, along with vast technological advancements in the
scientific field, macromolecules have made the lifestyle casier, wherein, the mankind is
highly reliant on and surrounded by a diverse range of polymeric matenals in the day-to-
day routine. Among these materials, polyurethanes (PUs) represent nearly 8% of the total
plastics production and stand tall as the 6th most widely used polymer in the world, with
total production reaching 18 MTon in 2016 and still progressing [1]. The remarkable
popularity of polyurethane (PU) among researchers can be attributed to its outstanding
features, including but not limited to iLﬂsislance to corrosion, high automatic strength,
comfortability at low temperatures, adhesiveness, and chemical structural adaptability.
Urethane groups.’hich are produced by reacting hydroxyl (-OH) terminated chemical
entities with isocyanate (-NCO) terminated compounds, are the key repeating units along
the main backbone chains of PU, as illustrated by the generalized scheme given in Figure
1.1. In addition, some other functional groups may also be present in the end constitutions
of the PU chains, including ethers, esters. urea, biuret, and aromatic moieties [2]. By
altering the chemical compositions of PUs, researchers have been able to achieve diverse
and extensive utihzation of these polymers. The properties of PUs can be modified by
varying the chemistry and composition of polyol, diisocyanate, and chain extender [3]. The
polyol-based chain extenders are employed in the context of PUs to undergo crystallization
or introduce heterogeneity which further serves the purpose of imparting enhanced rigidity

and toughness to the final product. Low molecular weight aliphatic or aromatic diols with
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