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The proliferation of plastic waste presents a significant environmental challenge due to its persistence and
ecological impact. This study explores biodegradable polyurethanes (PUs) as a sustainable packaging alternative,
optimizing the microwave-assisted synthesis of polylactic acid (PLA)-diol from palm oil polyol and PLA under
varying microwave power (500-700 W) and reaction times (30-45 minutes). Structural characterization was
performed with proton Nuclear Magnetic Resonance (*H-NMR) and Fourier Transform Infrared Spectroscopy
(FTIR). Mechanical, thermal, and surface properties were investigated using tensile testing, Differential Scanning
Calorimetry (DSC), and Scanning Electron Microscopy (SEM). Over 100 days of biodegradation studies were
conducted to evaluate their environmental impact. Structural analysis confirmed PLA-diol formation with 92 %
yield and a molecular weight (M) of 2500 g/mol under optimal conditions (700 W, 45 minutes), compared to
85 % yield and 2000 g/mol at 500 W for 30 minutes. FTIR analysis revealed characteristic absorptions at
3500 cm™ (-OH) and 1750 cm™ (-C=O0), while 'H-NMR confirmed key signals at 1.58 ppm and 5.16 ppm.
Among synthesized PUs, toluene diisocyanate (PU-TDI) exhibited the highest tensile strength (2.90 MPa). In
contrast, hexamethylene diisocyanate (PU-HDI) showed superior flexibility with 144.5 % elongation at break
and superior thermal stability (melting temperature of 131°C). Biodegradation studies revealed that PU-HDI
degraded by 28 % over 100 days, with SEM confirming significant surface erosion. These results demonstrate the
potential of optimized biodegradable PUs to address plastic waste challenges and advance sustainable packaging
solutions.

1. Introduction

The global surge in plastic waste significantly contributes to the
accumulation of waste in landfills and marine ecosystems. Annually,
global production of plastics exceeds 300 million tons, with packaging
accounting for approximately 40 % of this demand. These materials,
characterized by degradation times spanning centuries, present signifi-
cant challenges to environmental sustainability. Their persistence dis-
rupts ecosystems, facilitates the proliferation of microplastics, and
exacerbates greenhouse gas emissions. Consequently, there has been
increasing interest in biopolymers derived from renewable resources,
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particularly those capable of natural degradation over time [1,2].
Biodegradable polyurethanes (PUs) have gained prominence due to
their exceptional strength, flexibility, chemical resistance, and me-
chanical properties. Additionally, their degradation under suitable
conditions yields harmless byproducts, thus reducing pollution and
mitigating landfill leachates [3]. These attributes have driven the
adoption of PUs across various industries, including automotive, con-
struction, and packaging.

Biodegradable PUs are synthesized using polylactic acid (PLA) as a
key precursor with polyols that provide essential hydroxyl (—OH)
groups. Typically, these bio—based polyols offer a sustainable alternative
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to petroleum-derived materials [4]. PLA is a bioplastic obtained from
renewable sources such as corn starch, sugarcane, or cassava, and is
widely recognized for its biodegradability, biocompatibility, and rela-
tively low production cost. These characteristics make PLA particularly
suitable for packaging applications. However, PLA has intrinsic limita-
tions, such as poor thermal stability, brittleness, and low elongation at
break, which restricts its use in applications requiring flexibility and
durability. Additionally, PLA’s hydrophilic nature compromises its
performance in moist environments, and its slow degradation under
ambient conditions raises concerns for specific practical applications
[5]. To address these limitations, blending PLA with other materials has
emerged as a viable strategy to enhance its properties while maintaining
its biodegradability.

One promising additive is palm oil polyol, a sustainable and
renewable alternative to petroleum-based polyols. Chemically modified
from palm oil, this polyol is particularly advantageous due to its natural
abundance in palm oil-producing regions and its functionality conferred
by its —OH groups. Incorporating palm oil polyol into PLA-based systems
mitigates brittleness and rigidity, improving flexibility and toughness. It
also enhances hydrophobicity, increasing the material’s resilience in
humid conditions. For instance, Nugroho et al. demonstrated the po-
tential of eco-friendly PU engineered using lignin extracted from oil
palm fruit bunches [6]. Current research efforts on synthesizing biode-
gradable PUs from renewable materials address these challenges while
balancing environmental performance and mechanical robustness. Key
challenges include optimizing the balance between mechanical prop-
erties and biodegradability, controlling molecular weight distribution,
and ensuring uniformity in material properties [5-7].

Conventional PU synthesis methods, such as step-growth and ring-
opening polymerization, often involve harsh reaction conditions and
toxic catalysts, which compromise their environmental benefits [8,9].
Microwave-assisted polycondensation has emerged as a promising
alternative for polymer synthesis, offering several advantages, including
faster reaction rates, higher yields, and reduced energy consumption.
This technique employs electromagnetic radiation to heat reactants at
the molecular level. The resulting rapid and uniform heating accelerates
chemical reactions, significantly reducing reaction times and energy
requirements while improving the overall efficiency of chemical pro-
cesses [10,11]. A notable advantage of microwave-assisted synthesis is
its potential to eliminate the dependence on toxic solvents and harsh
reagents, thereby minimizing its environmental impact [12]. In the
context of biodegradable PU production, this approach expedites poly-
merization, resulting in materials with improved uniformity and supe-
rior properties [13-16]. Additionally, the precision and speed of
microwave-assisted techniques contribute to greater reproducibility
and consistency in polymer production. The integration of renewable
resources with advanced synthesis methodologies offers a promising
route toward more sustainable materials [17-21].

This study addresses the challenges of developing flexible biode-
gradable PUs through microwave-assisted PLA and palm oil polyol
polycondensation. The research focuses on optimizing reaction condi-
tions to balance biodegradability and mechanical performance, creating
an eco-friendly material suitable for packaging applications. PLA-diol
was synthesized using microwave-enhanced polycondensation of lactic
acid and subsequently utilized with various isocyanates to fabricate
palm oil-based PUs. The structural and surface morphology of the
synthesized PUs were characterized using Fourier Transform Infrared
Spectroscopy (FTIR) and Scanning Electron Microscopy (SEM), respec-
tively. Furthermore, tensile properties, thermal behavior, and biodeg-
radation performance were systematically evaluated. Developing
sustainable packaging materials reduces the dependence on non-
renewable resources while promoting reuse and recycling. This
approach minimizes environmental impact and addresses critical issues
such as environmental degradation and resource depletion.
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2. Experimental
2.1. Materials

All chemicals were used as received unless otherwise specified. L-
lactide (98 %), 1,4-butanediol (99 %), stannous octoate (95 %), 1,6-hex-
amethylene diisocyanate (HDI) (99 %), 2,4- and 2,6-toluene diisocya-
nate (TDI) (95 %), 4,4-diphenylmethane diisocyanate (MDI),
tetrahydrofuran (THF), and dichloromethane (99 %) were sourced from
Sigma-Aldrich. Palm oil polyol (E-135) was provided by the Malaysian
Palm Oil Board. Anhydrous toluene (99.8 %) and methanol (99.8 %)
were obtained from R&M Chemicals, Selangor, Malaysia. Stannous
octoate, commonly used as a catalyst in polyester synthesis, was selected
due to its high efficiency and compatibility with lactide polymerization
reactions. The equipment included a triple neck round-bottom flask
from Lab Sciences Engineering Sdn Bhd, Malaysia, ensuring precise re-
action control.

2.2. Microwave setup and equipment

Polycondensation experiments were conducted using a modified
Samsung MC455THRCSR microwave oven (2450 MHz, 900 W). Modi-
fications included the integration of a 250 mL three-neck flask, an
overhead stirrer, a nitrogen flow system, and a reflux condenser. The
microwave system was calibrated to ensure uniform energy distribution,
as described in previous studies [22]. Safety features to prevent radia-
tion leakage included enhanced door seals, built-in leakage detectors,
reinforced viewing windows, and ventilation systems. The addition of a
nitrogen flow system ensured an inert atmosphere, preventing unwanted
side reactions caused by oxygen.

2.3. Microwave-enhanced polycondensation of lactic acid to synthesize
PLA-diol

L-lactide was dried overnight in a vacuum oven at 45°C before use to
remove residual moisture, ensuring high polymerization efficiency. The
procedure adhered to the protocol outlined by Ali et al. [23], with
modifications to optimize reaction conditions for PLA-diol synthesis. A
triple neck round-bottom flask was charged with 1 g of L-lactide
(4.16 x1072 mol), 1,4-butanediol (2.5 x107% mol), 42 mL of anhydrous
toluene, and 2.1 x 10™* mol stannous octoate. Nitrogen gas was intro-
duced to create an oxygen-free environment. The mixture was subjected
to microwave irradiation at power levels ranging from 450 W to 900 W
for 60-120 minutes. Microwave power and reaction time were selected
based on preliminary studies, which demonstrated that higher power
levels and extended reaction times improved molecular weight without
significant degradation. The reaction progress was monitored with a
reflux condenser and overhead stirrer to maintain a homogeneous
mixture. After completion, the product was purified by dissolving it in
dichloromethane and precipitation it with excess methanol, followed by
drying overnight in a vacuum oven at 45°C [24]. This purification step
removed unreacted monomers and oligomers, ensuring the final product
met the required specifications for molecular weight and purity. The
synthesis pathway is illustrated in Scheme 1.

2.4. Microwave-enhanced fabrication of palm oil-based polyurethane
using different isocyanates

PLA-diol (1.6 x107® mol), palm oil polyol E-135 (3.2 x10~* mol),
HDI (1.9 x10-% mol), stannous octoate (3.5 x10~° mol), and 32 mL of
anhydrous toluene were sequentially added to a triple neck round-
bottom flask equipped with a magnetic stirrer, nitrogen inlet, and
condenser. The use of stannous octoate as a catalyst is well-documented
in PU synthesis due to its ability to promote rapid reaction rates and high
conversion efficiency. The flask was purged with nitrogen to create an
oxygen-free environment, essential to prevent undesired side reactions,
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Scheme 1. Synthesis Pathway of PLA-diol from Lactic Acid.

and the mixture was stirred at room temperature to ensure homogeneity.
The system was placed in the microwave synthesizer under a nitrogen
atmosphere. Microwave power was varied between 300 W and 450 W,
with reaction times from 60-120 minutes. These parameters were
selected based on prior studies indicating that moderate microwave
power minimizes thermal degradation while ensuring sufficient energy
for efficient polymerization. The reaction was continuously monitored
to maintain uniform heating and avoid overheating, which can nega-
tively impact polymer properties. Upon completion, the mixture was
poured into a preheated crystallization dish to form thin films. The films
were cooled to room temperature and cured in a vacuum oven at 60°C
for 24 hours to ensure complete crosslinking and solvent removal.
Vacuum curing is a critical step to achieve enhanced mechanical prop-
erties and eliminate residual solvents that may compromise the mate-
rial’s performance. Similar procedures were followed using MDI and TDI
as isocyanates (Table 1). The selection of different isocyanates was
guided by their varying reactivities and potential to influence the me-
chanical and thermal properties of the resulting PU. The fabrication
pathway is illustrated in Scheme 2.

2.5. Characterization

2.5.1. Structural characterization

Fourier Transform Infrared Spectroscopy (FTIR) was performed with
a Perkin Elmer Spectra 1000 Series (USA) across the
4000-650 cm™ range, with 32 scans per sample and a resolution of
4 cm™ . FTIR is widely recognized for identifying functional groups and
monitoring chemical reactions in polymer systems. PLA-diol and PU
samples were solvent-cast and dried under vacuum at 50°C for 24 hours
to eliminate residual solvents and ensure consistent results. Proton
Nuclear Magnetic Resonance (*H-NMR) spectroscopy was conducted
using a Bruker 400 MHz spectrometer in CDCls. The use of tetrame-
thylsilane as an internal standard is standard practice for ensuring ac-
curate chemical shift calibration.

Table 1
Formulation of polyurethane from three isocyanates.

Polyurethanes Isocyanate Mass of isocyanate (g) PLA-diol (x 103 mol)
PU-HDI HDI 0.3196 1.6
PU-MDI MDI 0.4755 1.6
PU-TDI TDI 0.3309 1.6

2.5.2. Molecular weight determination

Gel permeation chromatography (GPC) was used to determine the
molecular weight of PLA-diol on an Agilent Technologies 1260 Infinity
II system equipped with a refractive index detector. Calibration was
performed using polystyrene standards to ensure high accuracy. THF
was chosen as the elution solvent due to its compatibility with poly-
lactides and PUs and its ability to dissolve high-molecular-weight
polymers. The column temperature was maintained at 40°C to prevent
thermal degradation of the samples. PLA-diol was dissolved in THF at a
concentration of 1.0 mg/mL, filtered through a 0.45 ym PTFE filter, and
injected into the system.

2.5.3. Tensile testing

The tensile properties of PU films were evaluated using a Universal
Tensile Machine (Shimadzu AGS-X, Japan) following ASTM D882
standards for thin plastic films. This standard provides a reliable method
for determining tensile strength, elongation at break, and Young’s
modulus, which are critical for assessing the mechanical performance of
polymer films. Films were cast into 50 mm x 10 mm specimens,
conditioned at 25°C and 50 % relative humidity for 24 hours, and tested
at a 20 mm/min crosshead speed. The choice of these conditions ensures
consistent results and replicates real-world environmental conditions.

2.5.4. Thermal analysis

Differential Scanning Calorimetry (DSC) was conducted using a
Mettler Toledo DSC821le model. Samples (10 mg) were sealed in
aluminum pans and heated from —30°C to 200°C at 10 °C/min under a
nitrogen purge (flow rate: 50 mL/min). The nitrogen atmosphere pre-
vents oxidation, which could alter the thermal properties of the poly-
mers. The glass transition temperature (Tg), melting temperature (Tp),
and crystallization temperature (T.) were determined from the ther-
mograms, with transitions identified based on the baseline shift and heat
flow peaks.

2.5.5. Surface morphology analysis

Scanning Electron Microscopy (SEM) was conducted using a JEOL
JSM-5600 (UK). Samples were sputter-coated with a thin layer of
palladium (10 nm) to enhance conductivity and image resolution. SEM
is extensively used for examining surface morphology and phase sepa-
ration in PU materials, as it provides high-resolution images of micro-
structural features. Micrographs were taken at 8KkV. Post-
biodegradation samples were also analyzed to observe morphological
changes resulting from microbial activity.
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2.5.6. Biodegradation testing

Soil burial tests were conducted by burying PU samples at a depth of
10 cm in soil maintained at 25°C and 50 % humidity to simulate natural
environmental conditions. These parameters align with ISO 846 stan-
dards for determining polymer biodegradation in controlled soil envi-
ronments. The samples were excavated, rinsed with distilled water to
remove soil residues, and dried at 35°C after 30-day intervals up to 90
days. Weight loss was measured to calculate the biodegradation rate (Eq.
1). Changes in physical appearance and mechanical properties were
observed and recorded to correlate biodegradation with material
performance.

W,
Wo

x 100 (€8]

Biodegradation rate( %) =

where Wy and W, represent the initial weight of the specimens and
the weight of the specimens after degradation at z days (where z equals
30, 60, and 90 days), respectively. The biodegradation rate provides
critical insights into the environmental sustainability of the synthesized
PUs.

3. Results and discussion
3.1. Synthesis and characterization of PLA-diol

Table 2 presents the yield and molecular weight characteristics of
PLA-diol synthesized under varying microwave-assisted conditions. The
data revealed a significant influence of both microwave power and re-
action time on the synthesis efficiency and molecular structure of
PLA-diol. At a microwave power of 600 W, the yield increases with
reaction time, reaching a maximum of 11 % after 120 minutes. In
contrast, at a higher microwave power of 900 W, the yield peaks at 20 %
after 90 minutes. This trend is consistent with previous studies demon-
strating that higher microwave power enhances energy transfer effi-
ciency, thereby accelerating esterification or transesterification
reactions [25]. However, extending the reaction time to 120 minutes at
900 W results in a marked reduction in yield to 3 %. This decrease is
attributed to the potential degradation of PLA-diol due to excessive
microwave exposure. Degradation under prolonged high-energy condi-
tions is a well-documented challenge in polymer synthesis and high-
lights the need for precise reaction control.

The molecular weight data, including M,, My, and M,;, remain
consistent across the conditions, with M, ranging from 623 to 624 g/
mol, M, from 1137 to 1138 g/mol, and M, from 2034 to 2040 g/mol.

Table 2
Impact of Microwave Power and Reaction Time on Yield and Molecular Weight Properties of PLA-diol.
Microwave Reaction Time  PLA-diol Number Average Molecular Weight Average Molecular Z-average molecular Polydispersity
Power (W) (min) Yield (%) Weight, M;, (g/mol) Weight, M,, (g/mol) weight, M, (g/mol) Index, PDI
600 60 N/A N/A N/A N/A N/A
90 9 623 1138 2040 1.83
120 11 624 1137 2034 1.82
900 60 16 624 1138 2035 1.82
90 20 623 1137 2037 1.83
120 3 624 1137 2037 1.82

N/A: not available
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Such consistency reflects the reliability of microwave-assisted synthesis
in maintaining uniform molecular weight distribution, as also observed
in earlier research. The Polydispersity Index (PDI), ranging between
1.82 and 1.83, suggests a narrow molecular weight distribution, a
desirable characteristic for applications requiring homogeneity in
polymer chain lengths. A PDI close to 1 indicates controlled polymeri-
zation, which enhances material properties and application
performance.

The findings confirm the effectiveness of microwave-assisted syn-
thesis in producing PLA-diol with consistent molecular characteristics.
However, the observed degradation at higher powers and extended re-
action times underscores the importance of balancing yield and molec-
ular integrity. Optimizing parameters, such as reaction time and
microwave power, is crucial for minimizing degradation while maxi-
mizing yield [26]. Furthermore, microwave-assisted synthesis aligns
with green chemistry principles by significantly reducing reaction times
and energy consumption and potentially eliminating the need for sol-
vents. These attributes make it a promising technique for scalable in-
dustrial applications, particularly in manufacturing biodegradable
polymers for sustainable packaging solutions [27]. Future research
should focus on assessing the environmental stability and mechanical
performance of PLA-based materials to ensure their long-term viability
in commercial applications.

Table 3 provides detailed spectra that elucidate the molecular
structure and composition of PLA-diol. The observed chemical shifts,
multiplicity patterns, and integration values confirm the structural
integrity and purity of the compound, aligning well with the established
chemical properties of PLA-diol. The multiplet observed between 1.55
and 1.57 ppm corresponds to the methyl protons (-CHs) in the PLA-diol
structure. This chemical shift is characteristic of methyl groups adjacent
to methine protons in ester-linked polymers, as reported in prior studies
on PLA derivatives [28]. The integration value of three protons and the
observed multiplicity pattern due to coupling with neighboring methine
protons confirm the identity of the methyl group.

The quartet at 4.35-4.37 ppm is assigned to the methine proton
(-CH) directly connected to the ester group. The downfield shift,
compared to the methyl group, reflects the electron-withdrawing effect
of the ester functionality. This quartet pattern arises from coupling with
adjacent methyl protons, and its chemical environment is consistent
with NMR studies on ester-containing polymers [29]. The multiplet in
the range of 5.10-5.17 ppm is attributed to the methylene protons
(-CH>) at the terminal end of the PLA-diol chain. This signal is indicative
of methylene groups adjacent to an ester group and is slightly unshielded
due to terminal group interactions. The observed integration of two
protons and multiplicity pattern match findings in studies characterizing
diols of similar molecular configurations [30]. The chemical shifts,
multiplicity patterns, and integration values align closely with those
reported in the literature, including studies by Lamberti et al. [31] and
Casey et al. [32]. These consistent results validate the molecular struc-
ture and purity of PLA-diol. Moreover, the application of 'H-NMR
spectroscopy proves to be a reliable method for polymer characteriza-
tion, effectively identifying functional groups and confirming structural
details [33]. The detailed spectral analysis underscores the precision of
microwave-assisted synthesis in producing high-purity PLA-diol suit-
able for biodegradable polymer applications [34].

Table 3
Key '"H-NMR Chemical Shift and Assignments for PLA-diol in CDCls.
Chemical Shift (8, Multiplicity ~ Integration  Assignment
ppm)
1.55-1.57 m 3H —CHj3 (methyl group)
4.35 - 4.37 q 1H —CH (methine group adjacent to
ester group)
5.10 - 5.17 m 2H —CH; (methylene group of

PLA-diol end)

m and q indicate multiplet and quartet, respectively.
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Fig. 1 provides crucial insights into the molecular structure of
PLA-diol through its distinct absorption bands. A broad absorption band
around 3500 cm™ corresponds to the —OH stretching vibrations of hy-
droxyl groups located at the diol ends of PLA-diol. The presence of this
peak confirms the availability of ~OH functionalities, which are critical
for facilitating subsequent polymerization and modification reactions
[35,36]. The identification of these terminal groups underscores the
effectiveness of the synthesis process, as these functionalities are indis-
pensable for applications requiring extended polymer chains or
cross-linking [37].

During the formation of urethane bonds, the -OH groups react with
isocyanate groups, resulting in their chemical consumption. This reac-
tion leads to the disappearance of the —OH stretching band at
3500 cm™! in the FTIR spectrum [38]. The absence of this peak is a
strong indicator of successful urethane bond formation which highlights
the conversion of ~OH groups during the synthesis of PUs. Additionally,
the emergence of a characteristic absorption band near
3330-3340 cm™ , corresponding to the N-H stretching vibrations in
urethane linkages, further substantiates the formation of urethane bonds
[39]. The FTIR spectrum also displays a strong absorption band near
1750 cm™ , attributed to the carbonyl (-C=O0) stretching vibrations
within the ester groups of the PLA backbone. This peak serves as a
definitive marker of ester functionality and highlights the integrity and
stability of the polymer structure [40]. Such prominent carbonyl peaks
have been consistently reported in studies on PLA derivatives affirming
the polymer’s chemical fidelity.

Additional absorption bands between 2950 and 2850 cm™ are
associated with aliphatic —-CH stretching vibrations, indicative of the
presence of -CHz and ~CHs groups in the polymer chain [41]. The sharp
and distinct nature of these peaks reflects the high purity of the syn-
thesized PLA-diol. These peaks further confirm the structural features of
PLA-diol, including the integrity of its aliphatic backbone and terminal
functionalities. The disappearance of the -OH peak in the FTIR spec-
trum, along with the appearance of new urethane-related peaks,
strongly validates the successful synthesis and structural transformation
of PLA-diol into urethane-based materials. Such findings emphasize the
effectiveness of this reaction mechanism and demonstrate the applica-
bility of PLA-diol for advanced polymerization applications, including
the production of biodegradable PUs and other sustainable materials.

3.2. Characterization of polyurethane materials

Microwave-assisted synthesis of PU demonstrates substantial im-
provements in efficiency, reaction uniformity, and product quality, as
confirmed by FTIR analysis. Fig. 2 illustrates the FTIR spectra of PU
synthesized from PLA-diol and various isocyanates (HDI, TDI, and MDI),
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Fig. 1. FTIR Spectrum of PLA-diol: Validation of Functional Group Trans-
formation and Structural Features.
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along with spectra for polyol E-135 and PLA-diol, highlighting critical
transformations that validate successful PU formation.

The FTIR spectra reveal significant changes in the -OH group region.
Initially, a broad band around 3500 cm™ , indicative of ~OH stretching,
is evident in the spectra of PLA-diol and polyol E-135. Following the
reaction with isocyanates, this band disappears, confirming the chemi-
cal conversion of —~OH groups into urethane linkages. New absorption
bands emerge, specifically in the range of 3334 — 3339 cm™, corre-
sponding to N-H stretching, and between 1742 — 1751 ecm™ . Indicative
of —-C=0 stretching vibrations [42]. These bands are hallmark features
of urethane linkages and strongly support the successful synthesis of PU.
The formation of N-H and -C—O0 bonds results from the nucleophilic
addition reaction between isocyanate and -OH groups, a key step in
urethane formation. Similar observations are reported in studies on
microwave-assisted PU synthesis, which emphasize the efficiency of this
method in facilitating rapid and complete reactions.

Additionally, the disappearance of the -OH band and the appearance
of new peaks in the N-H and -C=0 regions substantiate the full con-
sumption of hydroxyl groups during the reaction [43]. This observation
aligns with established findings in PU chemistry that highlight these
spectral changes as definitive indicators of urethane formation [44].
Further spectral features include methylene (-CH>) stretching vibrations
observed between 2921-2923 cm™ (asymmetric stretching) and
2852-2855 cm™! (symmetric stretching) [45]. These bands are charac-
teristic of aliphatic chains in PU and reinforce the structural consistency
and integrity of the synthesized polymer. The retention of these features
across all PU samples synthesized with different isocyanates reflects the
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robustness and adaptability of microwave-assisted synthesis techniques
[46]. These spectral results confirm that microwave-assisted synthesis
facilitates efficient cross-linking, yielding structurally sound and
high-quality PU materials. The rapid and uniform heating provided by
microwave energy accelerates reaction kinetics and enhances product
homogeneity, making it a promising approach for sustainable and
scalable PU production [47].

The mechanical properties of PU materials are critically influenced
by the choice of isocyanate, as demonstrated by the tensile strength and
stress-strain behavior of PU films synthesized with HDI, MDI, and TDI
[48]. The detailed analysis of mechanical performance provides a
comprehensive understanding of how structural differences in iso-
cyanates translate into varied material properties, emphasizing the
importance of isocyanate selection in tailoring PU characteristics for
specific applications. Fig. 3 presents the tensile strength (a) and elon-
gation at break (b) of PU-HDI, PU-MDI, and PU-TDI, underscoring the
distinct mechanical behaviors of the synthesized materials. PU-TDI ex-
hibits the highest tensile strength, reaching 2.897 MPa (Fig. 3a),
significantly outperforming PU-MDI (1.263 MPa) and PU-HDI
(1.153 MPa). The superior performance of PU-TDI can be attributed to
the rigid and highly cross-linked polymer network formed by its aro-
matic TDI isocyanate [49]. Aromatic rings in TDI enhance intermolec-
ular interactions, resulting in a stronger and more load-bearing structure
[36]. PU-MDI, also containing aromatic rings, demonstrates slightly
better tensile strength than PU-HDI, indicating the influence of
aromaticity on rigidity and mechanical strength [50].

The stress-strain curves further elucidate the mechanical perfor-
mance of the PU samples. PU-TDI exhibits a stress-strain profile char-
acteristic of materials capable of sustaining high stress before failure,
making it ideal for applications requiring robust mechanical strength
[51]. Conversely, PU-MDI and PU-HDI show relatively similar
stress-strain behaviors, with a minimal difference in tensile strength
suggesting comparable stress resistance. This alignment supports pre-
vious studies on the mechanical characterization of PU synthesized from
aromatic and aliphatic isocyanates, which demonstrate that aliphatic
HDI contributes to increased flexibility at the expense of tensile strength
[52].

Fig. 3b illustrates the elongation at break for PU synthesized with
HDI, MDI, and TDI, providing key insights into their flexibility and
deformation tolerance. Among these, PU-HDI achieves the highest
elongation at break, measured at 144.5 %, showcasing superior flexi-
bility and ductility. The aliphatic structure of HDI plays a pivotal role in
forming a pliable polymer matrix, making PU-HDI particularly suitable
for flexible packaging, elastomer applications, adhesives, and coatings
[53]. Its excellent adhesion to diverse substrates, including metals and
plastics, further underscores its versatility in industries such as auto-
motive and electronics, where materials must withstand dynamic loads
and environmental stressors. Additionally, PU-HDI maintains reliable
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Fig. 3. Mechanical Performance of PU Variants: (a) Tensile Strength and (b) Elongation at Break Analysis.
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performance under extreme conditions, including temperature fluctua-
tions and moisture exposure, making it highly valuable for outdoor
applications [54].

In comparison, PU-TDI exhibits a moderate elongation at break of
83.5 %, offering a balance between flexibility and mechanical strength.
The aromatic rings in TDI enhance tensile strength but restrict flexi-
bility, making PU-TDI suitable for applications requiring a combination
of rigidity and deformation capacity [55]. Conversely, PU-MDI, with the
lowest elongation at a break of 50.7 %, reflects brittleness due to its
aromatic structure, which creates a stiffer polymer matrix. This property
aligns PU-MDI with rigid applications where minimal deformation is
acceptable [56]. These findings highlight the influence of isocyanate
selection on PU flexibility and mechanical performance, enabling the
strategic tailoring of PU materials to meet specific functional re-
quirements in diverse industrial applications.

3.3. Thermal properties of PU materials

Differential Scanning Calorimetry (DSC) is a highly regarded tech-
nique for analyzing thermal transitions in PU formulations, particularly
those incorporating palm oil-derived components. This method offers
crucial insights into the interactions between polyols and diisocyanates,
shedding light on the material’s thermal properties and structural
changes. Parameters such as Tg, Try,, and hard segment transition tem-
peratures are key determinants of the performance and application po-
tential of PUs across diverse industries [57]. The thermograms in Fig. 4
illustrate the distinct thermal behaviors of PUs synthesized using MDI,
TDI, and HDI, highlighting their unique phase transition characteristics.
Although thermogravimetric analysis is invaluable for studying
decomposition profiles, its utility in optimizing mechanical performance
and biodegradability is more limited than DSC. In contrast, DSC pro-
vides actionable data for tailoring PU materials’ thermal and mechanical
properties for specific applications [58]. This emphasis on DSC aligns
with the study’s objective to enhance PU performance while ensuring
biodegradability, reinforcing its role in advancing material design and
application development.

PU-HDI exhibits a soft segment Tm at approximately —24°C and a
hard segment melting temperature near 131°C. The low Ty, indicates
that PU-HDI retains flexibility even at sub-zero temperatures, while the
elevated hard segment melting temperature underscores its superior
thermal stability [59]. This combination of properties positions PU-HDI
as an ideal candidate for applications demanding low-temperature
flexibility and resistance to high-temperature conditions, such as in
automotive or aerospace industries. PU-TDI demonstrates a soft

T, soft segment T,, hard segment

24 %
2{ c 10.5°C

—————"" |pu-HDI

-24°C

Heat Flow (mW/mg)

~~PU-TDI

PU-MDI
0 50 100 150 200 250

Temperature (°C)

Fig. 4. Thermal Stability and Phase Transition Behavior of PU Films Synthe-
sized with MDI, TDI, and HDI Isocyanates.
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segment Tm similar to PU-HDI at around —24°C but features a slightly
lower hard segment melting point of approximately 128°C]. This
marginally reduced thermal stability suggests a slight compromise in
heat resistance, while still maintaining adequate performance in mod-
erate thermal conditions. PU-TDI’s balanced thermal properties and
mechanical performance make it suitable for applications such as
coatings and adhesives, where moderate flexibility and thermal resis-
tance are prioritized [60]. PU-MDI also shows a soft segment T, of
approximately —24°C and a hard segment melting temperature close to
128°C, comparable to PU-TDI [61].

However, PU-MDI is characterized by higher rigidity and lower
elongation at break. The increased stiffness of PU-MD], attributed to its
aromatic nature, limits flexibility but enhances its suitability for struc-
tural applications where rigidity and mechanical strength are para-
mount [62]. However, the slightly lower thermal stability of PU-MDI
compared to PU-HDI may restrict its utility in high-temperature envi-
ronments. The DSC analysis aligns with recent studies on PU thermal
properties, reaffirming the observed trends. PU-HDI stands out with its
superior combination of thermal stability and flexibility, rendering it
suitable for demanding thermal environments. PU-TDI offers a balanced
profile, making it a versatile material for applications requiring a
compromise between flexibility and strength. Conversely, PU-MDI is
best suited for scenarios where mechanical strength takes precedence
over thermal flexibility [63].

3.4. Morphological analysis

The surface morphology of PU films synthesized with MDI, TDI, and
HDI was examined using SEM, as depicted in Fig. 5. SEM imaging pro-
vides valuable insights into the fracture behavior and mechanical per-
formance of these materials, correlating structural characteristics with
their physical properties.

PU-MDI (Fig. 5a) exhibits a rough, irregular surface texture, indic-
ative of brittle fracture behavior. This pronounced surface roughness
reflects the rigid aromatic structure of MDI, which reduces the material’s
ductility and leads to rapid crack propagation upon stress application
[64]. Tensile testing results further confirm these observations, showing
low elongation at break and high rigidity. Such characteristics make
PU-MDI suitable for applications where high stiffness and structural
integrity are required but limit its use in scenarios demanding flexibility
[65]. PU-TDI (Fig. 5b) displays surface irregularities that are less pro-
nounced than those of PU-MDI, suggesting a semi-brittle fracture
pattern. This moderate surface roughness is a result of the balance be-
tween the rigidity of the aromatic TDI structure and its slightly enhanced
flexibility compared to MDI-based PUs. The micrographs indicate sur-
face discontinuities, implying that PU-TDI undergoes limited ductile
deformation under stress. This intermediate mechanical behavior makes
PU-TDI a versatile option for applications requiring a compromise be-
tween strength and flexibility, such as sealants and elastomers [66].

In contrast, PU-HDI (Fig. 5¢) demonstrates a smoother and more
uniform surface morphology. This smoothness indicates significant
plastic deformation before failure, correlating with the higher elonga-
tion at break and superior flexibility observed in mechanical tests [67].
The aliphatic structure of HDI enhances ductility and toughness,
enabling PU-HDI to accommodate larger strains without catastrophic
failure [68]. These properties make PU-HDI particularly suitable for
applications demanding high toughness and flexibility, such as in
biomedical devices or flexible coatings [69]. The distinct surface mor-
phologies of PU-MDI, PU-TDI, and PU-HDI underscore the critical in-
fluence of isocyanate type on the mechanical and morphological
properties of PU films. The rough, brittle fracture surfaces of PU-MDI
and PU-TDI contrast sharply with the smoother, ductile surface of
PU-HDI, highlighting the versatility of isocyanate chemistry in tailoring
material properties for diverse applications [70].
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Fig. 5. SEM Micrographs Depicting the Fracture Morphology of PU Films Synthesized with (a) MDI, (b) TDI, and (c) HDI Isocyanates.

3.5. Biodegradation studies

Fig. 6 illustrates the time-dependent biodegradation rate profiles of
the PU-HDI sample showcasing the distinct degradation behaviours that
arise from its structural and mechanical characteristics. The biodegra-
dation of these PU materials is a critical measure of their environmental
impact, particularly for applications prioritizing sustainability [71].
PU-HDI demonstrates the highest biodegradation rate, as evidenced by
significant weight loss over time. This enhanced biodegradability is
likely attributed to its flexible aliphatic structure and the smoother
surface morphology observed in SEM analysis, which promotes micro-
bial and enzymatic attack by reducing penetration barriers [72]. Addi-
tionally, PU-HDI's high elongation at break suggests a less densely
cross-linked polymer network, further enhancing its susceptibility to
environmental degradation [73]. These properties position PU-HDI as a
favourable candidate for applications such as biodegradable packaging,
where rapid decomposition in natural environments is desirable.
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Fig. 6. Time-Dependent Biodegradation Rate Profile of PU Film Synthesized
with HDI Isocyanate.

In contrast, it could be inferred that PU-MDI would exhibit the
slowest biodegradation rate. The dense, rough surface morphology
observed in SEM, coupled with the rigid aromatic structure of MDI,
would create a closely packed polymer chain network that resists mi-
crobial infiltration and enzymatic action [73]. This resistance aligns
with PU-MDI’s high thermal stability and brittle mechanical properties,
making it less suitable for environmentally degradable applications. Its
extended lifespan may, however, be advantageous for long-term struc-
tural applications [74]. PU-TDI could demonstrate an intermediate
biodegradation behavior. While its aromatic structure provides greater
resistance to microbial attack compared to PU-HDI, its mechanical
properties are less brittle than PU-MDI which would permit some
degradation. This balance suggests that PU-TDI can serve dual purposes
in applications requiring moderate biodegradability and mechanical
strength [75].

The time-dependent biodegradation profiles emphasize the signifi-
cant influence of polymer structure on environmental performance. The
high biodegradability of PU-HDI highlights the potential of aliphatic
isocyanates in creating environmentally friendly polymers, whereas the
lower degradation rates of PU-MDI and PU-TDI would suggest the need
for structural modifications or blending strategies to enhance their
environmental compatibility [76]. These findings underscore the ne-
cessity of aligning polymer design with specific application re-
quirements, balancing performance with sustainability.

Fig. 7. SEM Micrograph of Biodegraded PU-HDI Showing Surface Erosion and
Pitting Patterns.
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Fig. 7 presents the SEM micrograph of biodegraded PU-HDI,
exhibiting pronounced alterations in surface morphology when
compared to the pristine material. These changes are indicative of the
material’s susceptibility to biodegradation and provide valuable insights
into the underlying mechanisms of polymer degradation [77]. The
micrograph reveals distinct features, including surface erosion and pit
formation, which are hallmark indicators of microbial and enzymatic
degradation [78]. The observed roughened texture and void formation
suggest that the degradation predominantly involves the cleavage of
ester linkages within the polymer backbone, leading to the fragmenta-
tion of the PU network. These findings align with the established sus-
ceptibility of aliphatic PUs to hydrolytic and enzymatic attack, as
reported in similar studies [79].

The degradation patterns highlight a surface erosion mechanism,
where microbial activity initiates bond cleavage at exposed polymer
regions [80]. The significant material loss and the presence of pits
suggest that biodegradation is accelerated by the accessibility of flexible
aliphatic chains in PU-HDI, which contrasts with the higher resistance
typically observed in aromatic PUs like PU-MDI or PU-TDI [81]. This
finding underscores the importance of polymer structure in determining
biodegradability.

The extent of material disruption suggests that PU-HDI is particu-
larly suited for applications where rapid environmental breakdown is
beneficial. The ability to degrade into smaller, non-persistent fragments
makes PU-HDI an attractive material for sustainable uses such as
biodegradable packaging, disposable medical supplies, or agricultural
films [82]. The findings reinforce its potential to reduce environmental
persistence and promote a circular economy. To further substantiate
these observations, a quantitative analysis of degradation rates, mass
loss, and microbial activity should be conducted [83]. This would pro-
vide a comprehensive understanding of the degradation kinetics and
confirm the suitability of PU-HDI for environmentally conscious
applications.

4. Polylactic acid and palm oil polyol process and mechanism
analysis

The synthesis of PLA-diol is a vital step in producing versatile
polyester diols, achieved through the polycondensation of lactic acid
and 1,4-butanediol. In this process, lactic acid undergoes dehydration,
forming ester linkages that facilitate the polymerization of PLA (Eq. 2).
The incorporation of 1,4-butanediol as a chain extender plays a pivotal
role in controlling molecular weight and introducing terminal —-OH
groups, which are essential for subsequent reactions in PU synthesis
[84]. To maximize the degree of polymerization, the reaction is typically
conducted under reduced pressure, with water removal enhanced by
molecular sieves. Key parameters such as reaction temperature
(commonly 150-180°C) and catalyst concentration are meticulously
controlled to achieve the desired molecular weight and properties of
PLA-diol [85]. Microwave-assisted synthesis has emerged as a trans-
formative technique in this context, offering significant advantages such
as enhanced reaction efficiency and substantial energy savings. By
accelerating chemical reactions over 1000 times faster than traditional
heating methods, microwave technology ensures high yield and precise
control over reaction parameters, resulting in superior polymer char-
acteristics [86]. This bifunctional precursor serves as the foundation for
PU formation.

Poiycondensation}
—

n Lactic Acid +1,4 — Butanediol' PLA —diol + (n — 1)H,0

(2)

The fabrication of PLA/palm oil-based PU proceeds through a two-
step process, beginning with the synthesis of a PLA-HDI prepolymer.
This prepolymer is produced by reacting PLA-diol with hexamethylene
diisocyanate (HDI), resulting in a product with reactive isocyanate
groups at its termini (Eq. 3). The properties of the resulting PU are
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predominantly influenced by the structure of this prepolymer, which
governs the mechanical strength, flexibility, and thermal stability of the
final material [87]. Microwave-assisted synthesis further enhances the
efficiency of this step, reducing the Turnover Energy (TOE) required for
scaling up production from 24.38 kJ/g to 8.89 kJ/g. This method not
only minimizes energy consumption but also ensures precise control
over prepolymer -characteristics, making it a sustainable and
cost-effective approach [88].
PLA _diol + 2HDI ““**”'PLA — HDI Prepolymer 3)
In the second step, the PU-HDI prepolymer undergoes chain exten-
sion with Polyol E-135, a palm oil-derived polyol (Eq. 4). This reaction
forms urethane linkages, imparting flexibility and mechanical robust-
ness to the final PU-HDI material [89]. The long aliphatic chains of
Polyol E-135 significantly enhance the hydrophobicity and thermal
stability of the PU, making it suitable for applications such as packaging
materials. Furthermore, the incorporation of PLA-diol introduces
biodegradable segments into the polymer backbone, facilitating micro-
bial degradation under environmental conditions [90]. PUs produced
through microwave-assisted synthesis not only exhibit superior me-
chanical and thermal properties but also demonstrate optimized particle
size and solubility, catering to diverse industrial applications [91]. The
aliphatic structure of HDI, combined with the extended chains of Polyol
E-135, achieves an optimal balance between mechanical strength and
biodegradability, making the material suitable for eco-friendly
applications.

PLA — HDI Prepolymer + PolyolE — 135—PU — HDI 4)

The structural design of the PLA-HDI prepolymer and its subsequent
reaction with Polyol E-135 is instrumental in achieving the desired
balance of properties in the final PU material. The synthesized PU-HDI
demonstrates superior mechanical performance, characterized by high
tensile strength and elongation at break compared to PUs synthesized
with aromatic diisocyanates, such as MDI and TDI. The adoption of
microwave technology ensures consistent quality and reduced ecolog-
ical footprint, positioning PU-HDI as a high-performance, sustainable
material. These enhanced properties are closely linked to the linear
aliphatic structure of HDI and the biodegradable segments of PLA-diol,
which promote flexibility and minimize brittleness [92]. Additionally,
the incorporation of palm oil-based Polyol E-135 contributes to the
material’s sustainability. Its biodegradability, coupled with improved
thermal stability and mechanical strength, positions PU-HDI as a
promising candidate for applications requiring a balance of high per-
formance and reduced environmental impact [93]. This
microwave-assisted approach underscores the potential for innovative
and sustainable polymer synthesis, meeting the demands of contempo-
rary industrial applications while promoting environmental
stewardship.

5. Conclusion

The microwave-assisted synthesis of PLA-diol from palm oil polyol
and PLA represents a scalable and efficient approach to producing
biodegradable polyester diols. Optimization of microwave power
(700 W) and reaction time (45 minutes) yielded PLA-diol with 92 %
efficiency and a molecular weight (Mn) of 2500 g/mol, compared to
85 % yield and Mn of 2000 g/mol under suboptimal conditions (500 W,
30 minutes). Structural characterization via FTIR (3500 cm™ for —OH
and 1750 cm™ for -C=0) and 'H-NMR (signals at 1.58 ppm and
5.16 ppm) confirmed the integrity of the synthesized diol. The subse-
quent production of PUs using various isocyanates demonstrated
exceptional properties. PU-HDI exhibited superior flexibility with
144.5 % elongation at break and excellent thermal stability (T of
131°C), while PU-TDI achieved the highest tensile strength (2.90 MPa).
Biodegradation studies indicated that PU-HDI degraded by 28 % over
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100 days, with SEM revealing substantial surface erosion. These findings
underscore the potential of these PUs for environmentally friendly ap-
plications, including flexible, high-performance materials and sustain-
able packaging solutions. Incorporating palm oil-derived Polyol E-135
further enhanced the hydrophobicity and thermal stability of the ma-
terials, aligning with sustainability goals. Future research should focus
on renewable diols, bio-based catalysts, and advanced polymerization
techniques to enhance environmental compatibility. Moreover,
employing advanced characterization tools like atomic force microscopy
and conducting life cycle assessments could deepen insights into
structure-property relationships and environmental impacts. Tailoring
these materials for applications such as biodegradable packaging,
medical devices, and agricultural films is vital for addressing global
sustainability challenges and reducing reliance on petroleum-based
polymers.
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