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This study explores the development of non-isocyanate polyurethane (NIPU) composites incorporating
bio-based soybean oil and TiO, nanoparticles (TNPs) with enhanced functional properties. Epoxidized
soybean oil (ESBO) was converted to 5-membered cyclic carbonated soybean oil (CSBO) through CO,
insertion under high temperature and pressure. TNPs (0%, 0.25%, 0.5%, and 1%) were incorporated into
CSBO and cured with ethylenediamine (EDA). ATR-FTIR analysis confirmed the formation of urethane
linkages in the NIPU films. The impact of TNPs on the physiochemical properties of the NIPU films was
evaluated, thermal, surface antimicrobial
Thermogravimetric analysis (TGA) indicated that TNPs did not significantly alter the degradation
temperature of the NIPU films, whereas Differential Scanning Calorimetry (DSC) revealed that the glass
transition temperature (Ty) of the NIPU films increased from 24 °C to 27 °C with TNP loading.

Mechanical properties showed increased tensile strength with higher TNP content, while elongation at

including mechanical, wetting, and performance.

break decreased. Surface wettability measurements demonstrated that all composite films exhibited
hydrophobic behavior, with contact angles ranging from 97° to 105°, higher than those of the bare NIPU
films. Antimicrobial testing against Escherichia coli and Staphylococcus aureus demonstrated that TNP-
loaded NIPU films exhibited significant antimicrobial activity against E. coli and antifouling properties
against S. aureus. These bio-based NIPU composites offer a sustainable alternative to petroleum-based
polyurethanes, with potential applications in eco-friendly adhesives, antimicrobial coatings, and
protective surfaces, thereby contributing to greener solutions in materials science.

The global shift toward sustainable materials has intensified the need for eco-friendly alternatives to traditional, petroleum-based polyurethanes, which often
release harmful chemicals. Our research addresses this by developing non-isocyanate polyurethane (NIPU) composites derived from renewable soybean oil,

enhanced with TiO, nanoparticles. These materials not only reduce dependence on fossil fuels but also eliminate toxic isocyanates, offering a safer, non-toxic
solution for applications in coatings and adhesives. The TiO,-incorporated NIPU films exhibit superior antimicrobial properties, along with enhanced thermal
stability, mechanical strength, and hydrophobicity, making them suitable for high-performance, environmentally responsible applications. This work aligns
with the UN's Sustainable Development Goals by reducing hazardous chemicals (SDG 3), promoting the use of renewable resources (SDG 12), and advancing

sustainable industrial processes (SDG 9), contributing to a greener future.
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1. Introduction

In recent years, renewable and plant-based polymeric materials
have attracted significant attention due to growing economic
and environmental concerns. Plant oils, in particular, have been
extensively researched as starting materials for bio-based poly-
mers, given their accessibility, availability, biodegradability,
and green origins.* Plant oils have been successfully poly-
merized using various methods, including cationic,*>* metath-
esis,>® free-radical,*” and addition polymerization,®® resulting
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in a broad range of thermomechanical properties that span
from flexible rubbers to rigid plastics.'® Metathesis is an effec-
tive method for synthesizing bio-based polymers, such as diols
and polyols, for polyurethane (PU) production by utilizing
essential oils, fatty alcohols, and terpenes to replace petroleum-
based sources.'™* Xia et al. reported the creation of soft to
tough copolymers through cationic copolymerization using
linseed oil and dicyclopentadiene.** Sheet molding compounds
(SMCs) can also be made by replacing petroleum-derived
materials with soybean oil and divalent metallic oxides via
free radical polymerization.® Demchuk et al. explored the free
radical polymerization of vinyl monomers from plant oil
triglycerides.” Wang, Tang, and colleagues have enhanced bio-
based polymers by combining novel chemical structures with
unidirectional processing to produce ultra-strong polyamide
elastomers from castor oil through thiol-ene addition poly-
merization.’ Such versatility highlights their potential to replace
petroleum-based polymers across various industries.

Polyurethanes (PUs) rank among the top six most manufac-
tured polymers globally due to their versatility and diverse
properties. The global PU market was valued at $72.82 billion in
2021 and is projected to grow at a compound annual growth rate
(CAGR) of 4.3% from 2022 to 2030."* PUs are integral to a broad
range of industries, including automotive, construction,
medical devices, adhesives, coatings, and packaging.**
However, conventional PU production relies heavily on isocya-
nates derived from toxic precursors such as phosgene, raising
serious concerns regarding environmental safety and human
health risks, including skin irritation and chronic respiratory
diseases." Additionally, the production and application of these
materials often lead to the emission of volatile organic
compounds (VOCs) and hazardous air pollutants (HAPs), which
further contribute to environmental degradation.*® In response,
a global movement toward more environmentally friendly
polyurethane alternatives has emerged, driven by stricter regu-
lations and consumer demand for safer, low-VOC, bio-based
materials.

Non-isocyanate polyurethanes (NIPUs) have gained promi-
nence as a sustainable alternative, offering an eco-friendly route
to polyurethane synthesis without the use of harmful isocya-
nates. NIPUs are typically formed by the reaction of cyclic
carbonates with amines, producing urethane linkages more
safely.'” Various renewable resources, including vegetable oils,
have been explored for NIPU synthesis due to their abundant
availability and potential for functionalization."”** Castor oil,
with inherent hydroxyl groups, is often used directly in poly-
urethane formulations, while other oils like soybean oil require
chemical modification, such as epoxidation and subsequent
CO, insertion to form cyclic carbonates.**

Soybean oil, in particular, is an attractive candidate for bio-
based NIPUs due to its global availability and favorable
triglyceride structure, which consists of three fatty acids con-
nected by a glycerol backbone.'*** Modifying these triglycerides
to produce CSBO allows for the creation of NIPU through pol-
yaddition with diamines. In a notable example, Javni et al
successfully synthesized NIPUs by reacting CSBO with diamines
via a non-isocyanate approach.*” Following similar principles,
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this study employs CSBO, derived from epoxidized soybean oil
(ESBO) through CO, insertion, and cross-links it with ethyl-
enediamine (EDA) to form NIPU films. ESBO has already found
applications in the PVC industry as a plasticizer and stabilizer
due to its cost-effectiveness and beneficial properties such as
low viscosity, odorlessness, and high functionality.'>**-

To further enhance the properties of the resulting NIPUs,
some of the metal nanoparticles, such as ZnO, TiO,, Cu, CuO,
Ag, and Au, were incorporated into the polymer matrix.** Gho-
lami et al. reported a similar study of soybean oil-derived NIPU
containing azetidinium groups for antimicrobial applications
and in situ formed nano-silver for antimicrobial wound dressing
applications.>*® In comparison, TiO, nanoparticles are
biocompatible, non-toxic, and environmentally safe, unlike
nanosilver, which raises concerns due to potential cytotoxicity,
environmental accumulation, and antimicrobial resistance.
Additionally, TiO, nanoparticles provide long-term antimicro-
bial activity and multifunctionality, including enhanced
mechanical strength, thermal stability, and hydrophobicity,
without the leaching issues associated with nanosilver.
Compared to azetidine-functionalized polyurethanes, which
involve complex chemical modifications and limited antimi-
crobial scope, our approach is more straightforward and scal-
able while ensuring broad-spectrum antimicrobial efficacy
through photocatalytic mechanisms. Furthermore, our
synthesis method avoids hazardous reagents like isocyanates
and phosgene, aligning with sustainable and eco-friendly
material development goals. These distinctions highlight the
novelty of our work, offering a safer, more sustainable, and
multifunctional alternative for antimicrobial polyurethane
films. TiO, is well known for its excellent mechanical rein-
forcement, thermal stability, and antimicrobial properties.*®
The addition of TiO, nanoparticles has been shown to signifi-
cantly improve the surface hydrophobicity, mechanical
strength, and antimicrobial efficacy of polymeric films. Such
properties are critical for various applications, including anti-
microbial coatings, medical devices, and protective surface
treatments.'® Despite these advantages, soybean oil-based NIPU
composites containing TNPs have not been extensively studied,
presenting an opportunity to explore novel material properties
and applications.

In this study, NIPU films were synthesized by curing
carbonated soybean oil (CSBO) with ethylenediamine (EDA).
The influence of varying concentrations of titanium dioxide
nanoparticles (TNPs) on the films was examined, focusing on
their antimicrobial activity, surface wettability, mechanical
properties, and thermal performance. This research under-
scores the promise of sustainable, bio-based NIPUs as a feasible
replacement for traditional polyurethanes, supporting the
expanding field of green chemistry and sustainable materials
science.

2. Experimental section
2.1 Materials

Epoxidized soybean oil was obtained from Makwell Organic
Private Limited, Mumbai, India. Titanium dioxide (TiO,)

RSC Sustainability, 2025, 3,1434-1447 | 1435
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nanoparticles (TNPs) were purchased from Sigma-Aldrich
Chemicals Pvt Ltd, and ethylene diamine was purchased from
Spectrochem Pvt Ltd Mumbai, India. Dipropylene glycol mon-
omethyl ether (mixture of isomers) extra pure 99% was
purchased from Sisco Research Laboratories (SRL) Pvt. Ltd, and
3-hydroxy-2,2,4-trimethylpentyl  isobutyrate (texanol) was
purchased from TCI. Kosmos (stannous octoate) was purchased
from Goldschmidt Gmbh, Essen, Germany. Tetrabutylammo-
nium bromide (TBABr), hydrobromic acid (HBr, 46%), acetic
acid, and hydrochloric acid (HCl) were obtained from Finar
Chemicals Pvt. Ltd.

2.2 Methods

2.2.1 Synthesis of carbonated soybean oil (CSBO).
Carbonated soybean oil was synthesized by coupling CO, with
epoxidized soybean oil in a high-pressure reactor (Amar
Equipment Pvt. Ltd, Mumbai, India, having a capacity of 1 L
volume, vessel design with —1 to 100 bar pressure, and —10 to
250 °C temperature operating conditions) as shown in Scheme 1
as per the discussed synthesis process in our previous
report.’** In the reaction vessel, approximately 250 g of ESBO
and tetrabutylammonium bromide (TBAB, 8.8 wt% of ESBO)
were added. Then, the reaction mixture was heated to 120 °C
with continuous stirring. CO, was passed into the reactor with
a 20 bar pressure and maintained during the entire course of
the reaction for the next 24 h. After the completion of the
reaction, clear brownish viscous oil was collected at 60-70 °C (to
afford free-flowing liquid oil, Fig. S1). CO, insertion was also
confirmed by FT-IR and "H NMR.'*** ESBO to CSBO conversion
was reported in our previous report® and the same material was
used for this study.

2.2.2 Preparation of NT-X nanocomposite films. Pre-
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was introduced as a catalyst at ambient temperature. Subse-
quently, the formulation was supplemented with different TNP
concentrations (NT-X, X = 0%, 0.25%, 0.5%, and 1%), resulting
in NIPU, NT-0.25, NT-0.5, and NT-1 films, respectively (Table 1
and Scheme 2). These variations were intended to enhance the
antimicrobial properties of the films. The mixture was then
sonicated for 30 minutes, and a coalescing solvent mixture was
incorporated to reduce the viscosity of the NT-X dispersions.
Finally, an EDA curing agent, at 13 wt% relative to CSBO, was
added and thoroughly combined. The films were cast into
silicon molds and cured at 80 °C for 24 hours, followed by an
additional 4 h of curing at 110 °C (Fig. S4t). The produced
nanocomposite films were subjected to various characterization
techniques to evaluate their physical, thermal, and antimicro-
bial properties.

2.2.3 Characterization. A PerkinElmer (Spectrum-1000,
Waltham, MA, USA) spectrophotometer instrument was used
for functional group identification of monomers and polymers
by FT-IR (Fourier Transform Infra-Red) spectroscopy. The
samples were smeared on KBr pallets and scanned from 4000 to
400 cm ! with 8 scans on average at a resolution of 4 cm ™" and
the IR spectra were recorded. Meanwhile, the FT-IR of the
prepared films was conducted in Attenuated Total Reflection
(ATR) mode in a scan range from 4000 to 400 cm ' with
a resolution of 4 cm ™" by performing 40 scans.

Nuclear Magnetic Resonance Spectroscopy (1H NMR) spectra
of ESBO and CSBO were recorded with the help of a BRUKER
AVANCE-400 MHz spectrometer at ambient temperature in
CDCl; solution. The mechanical properties of the film were

Table 1 Formulation for the cast NT-X composite films

determined quantities of CSBO were combined with varying Sample CSBO (g) Catalyst (g) EDA (g) TNPs (g)
concentrations of TNPs to fabricate NIPU composite films. The
reparation of NIPU composites was started by incorporating o 0 > 0-1 0.650 N
prep pos Y P & NT-0.25 5 0.1 0.650 0.015
the necessary components into the CSBO, followed by 30 yt.05 5 0.1 0.650 0.03
minutes of homogenization to ensure uniform dispersion. NT-1 5 0.1 0.650 0.06
Initially, the CSBO was weighed precisely, and stannous octoate
o
O, 0)\()
2 o 0 0
120 °C, 20 bar O 0 o” o 0" o
300 rpm, 24 hr
OO
(0]
(o)
8.8 wt% TBABr 0)(0
CSBO

Scheme 1 Synthesis of CSBO from ESBO.
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Scheme 2 Synthesis of NT-X films from CSBO.

tested by a tensile test using a Universal Testing Machine (UTM)
(Dak System Inc.; model no. T-72502). The UTM was equipped
with a 100 kg load cell and 50 mm gauge length with a cross-
head speed of 10 mm min~" as per ASTM D882. The specimen
had the following dimensions: 0.5 mm thickness and a length
and width of nearly about 110 mm and 10 mm, respectively, and
two samples of each specimen were tested to obtain an average
value of each group.

A DSC Q100 EXFO Series 2000 model from TA Instruments
was used to record the DSC curve of the prepared NT-X
composite films. The glass transition temperature of the films
was determined at a heating rate of 10 °C min ™" with about ~8-
10 mg of each sample under a nitrogen atmosphere in the —70 °©
C to 150 °C temperature range. The heating cycle for each
sample began with the first cycle, where the temperature was
increased from —70 °C to 150 °C. In the second cycle, the
sample was cooled down to —70 °C, followed by a third cycle in
which it was reheated from —70 °C to 150 °C.

A Dynamic Mechanical Analyzer (DMA Q800, TA Instru-
ments) was used to conduct DMTA studies on NIPU films that
were properly cut. Under nitrogen, the samples were evaluated
at a fixed frequency of 1 Hz and a heating rate of 10 °C min " to
determine the rheological characteristics, such as storage
modulus and loss or damping factor (tan ¢). The tan é curves
provided the glass transition temperature of the NIPU films.

The Water Contact Angle (WCA) of the NIPU was evaluated as
a measure of hydrophilicity using a G10 Goniometer (KRUSS
instrument, Hamburg, Germany) by applying the captive
bubble technique through a stalkless drop at ambient condi-
tions. The WCA, as a measure of hydrophobicity, was evaluated
after 10 days of sample preparation on a glass side coating and
a water droplet was poured on the coated surface with a micro-
syringe fitted in instruments to obtain the average value of 5-6
replicates performed on each sample.

The SEM analysis of the TNPs incorporated into NIPU films
was carried out using a Hitachi-S520 (Oxford link ISIS SEM
model), Japan, and a Zeiss Merlin Compact Model for the
surface smoothness and particle dispersion into a film. The
elemental mapping of the film was studied through Energy-
Dispersive Spectroscopy (EDS) combined with FE-SEM. The
materials were dried in the air before use.

Thermogravimetric analysis (TGA) was performed using 5-
10 mg of material on a TA Q500 (TA Instruments, New Castle,

© 2025 The Author(s). Published by the Royal Society of Chemistry

DE, USA) thermogravimetric analyzer under a N, environment
from room temperature to 700 °C, with a heating rate of 10 °©
C min~ .

The microbial growth inhibition studies of the NIPU were
performed against a Gram-negative organism, Escherichia coli
(MTCC 443), and a Gram-positive organism, Staphylococcus
aureus (MTCC 96), using the conventional agar diffusion
method.'™* The prepared nutrientrich agar medium was
poured into sterile Petri dishes under aseptic conditions. Once
the medium in the plates had solidified, 0.5 mL of the test
organism (106 CFU mL ") culture was evenly inoculated across
the agar surface. To test microbial inhibition, each NIPU-based
film was accurately cut into 1 cm x 1 cm specimens, washed
thoroughly with distilled water, and carefully placed on the
growth medium of the cultured microbial organisms. Finally,
the microbial growth inhibition observed with the films was
incubated for 24 hours at 37 °C. Streptomycin served as a posi-
tive control for comparison during the same period. The anti-
microbial properties of the films were evaluated by measuring
the clear zone of inhibition surrounding the films against each
microbial strain.

Additionally, the antimicrobial activity of each NIPU film was
further assessed by evaluating microbial growth inhibition at
both 48 hours and 72 hours. Under these conditions, bacterial
growth continued in the medium for the entire 72-hour dura-
tion. For determining antifouling properties, we analyzed the
possible growth of microorganisms both on the surface and
below the film. If growth occurred either on or below the surface
of the film, it suggests a lack of antifouling activity. Conversely,
if there was no growth observed on or below the surface of the
film, it indicates antifouling activity.

3. Results and discussion

The conversion of ESBO to CSBO is crucial in the synthesis of
non-isocyanate polyurethanes. While epoxies exhibit significant
reactivity, curing epoxides on long alkyl chains, such as
secondary epoxies, presents challenges due to their lower
reactivity, frequently resulting in incomplete curing and
suboptimal polymer network formation.*** In contrast, the
cyclic carbonates (in our case, CSBO) react effectively with
amines, enabling the formation of urethane linkages without
the need for toxic isocyanates. This transformation not only

RSC Sustainability, 2025, 3,1434-1447 | 1437
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addresses the limitations of secondary epoxies but also facili-
tates the development of sustainable, bio-based polyurethanes
with enhanced environmental and functional performance.***®
The structural characterization of the ESBO and CSBO using
epoxy values, FT-IR, '"H NMR, and "*C NMR was given in our
earlier report® and is also presented in Fig. S2 and S37 for FT-IR
and "H-NMR, respectively.

After confirming the formation of CSBO, EDA was employed
as the curing agent for CSBO to make the NIPU network. The
choice of EDA as the curing agent for CSBO is crucial due to the
need for enhanced crosslinking density in NIPUs.*** Soybean
oil-based triglycerides, with their longer molecular chains and
higher molecular weight, often result in lower crosslinking
density and, consequently, reduced mechanical properties
when cured with conventional amines.?**® EDA, with its small
molecular structure and high reactivity, improves the cross-
linking of CSBO, leading to stronger films with enhanced
tensile strength. This is particularly important when working
with bio-based materials, which typically exhibit lower reactivity
and weaker mechanical properties compared to petroleum-
based alternatives. By employing EDA, a higher degree of
crosslinking is achieved, ensuring that the final films or coat-
ings possess better mechanical integrity.*>*” Furthermore, the
incorporation of TNPs further enhances the NIPU's mechanical,
hydrophobic, and antimicrobial properties, making it suitable
for advanced applications in sustainable coatings and
adhesives.

The physicochemical properties of the NIPU and NT-X films
were investigated through extensive thermal, mechanical,
spectroscopic, microscopic, and antimicrobial analyses and
were discussed in the following section.

3.1 Fourier transform infrared spectroscopy of NT-X
composites

The FTIR spectra of the NIPU exhibit peaks indicative of the
formation of urethane linkages, as shown in Fig. 1. Specifically,

3303-3342
N-H

- -’
=
< /\
54
=
S
E
~
/\ /\ C-N
! CSBO S
WV co W W~

: 1809

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Fig.1 ATR-FTIR spectra of NT-X composites.
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peaks at 3303-3342 cm~ ' and 1528 cm ™' correspond to the N-H
stretching and bending of the urethane bond, respectively.
Similarly, the C=0 and C-N stretching of the urethane bond
are responsible for peaks at 1699 and 1255 cm ™', respectively.
These findings confirm that the ring-opening of cyclic
carbonate with amines leads to the synthesis of urethane bonds
in the NIPU. Furthermore, the small carbonyl peak at 1809 cm™*
corresponds to the residual cyclic carbonate in NT-X compos-
ites.*® The peaks of the coupling between NIPU and TiO, NPs in
NT-X composites are located at 1255 cm ™" and 773 cm ™", which
are not distinguishable in FTIR spectra. Because NIPU has
absorption peaks in these locations and the absorption level for
C-O-Ti coordination is almost negligible compared to that of
the NIPU peaks, there is not an additional peak between NIPU
and NT-X.* A similar kind of response was reported by Kian-
pour et al* for in situ synthesized TiO,-polyurethane
nanocomposites.

3.2 Thermal analysis of NT-X composites

TGA was conducted on the NT-X composite films to evaluate
their thermal stability and degradation behavior as a function of
temperature, as depicted in Fig. 2. In the initial stage, from 50 to
230 °C, mass loss was attributed to the evaporation of phys-
isorbed water and residual solvent molecules, as indicated by
the Tq4so, values. At this stage, no significant changes were
observed in the NT-X films. The second degradation phase,
occurring between 230 °C and 270 °C, is associated with the
dissociation of urethane linkages within the NIPU matrix as
seen in the DTG curve. The major weight loss observed between
270 °C and 450 °C is likely due to the decomposition of the long
alkyl chains from the soybean oil component of the polymer as
observed at a large peak in the DTG curve. Additionally, the final
degradation stage, from 450 °C to 520 °C, is attributed to the
breakdown of C-C and C-O bonds, leading to the thermal
decomposition of the polymeric backbone. This is a three-stage
degradation that occurs in NT-X composites as seen in the DTG
curve in Fig. 2(b). Furthermore, the degradation temperatures
corresponding to 5%, 10%, 50%, and 95% weight loss for the
NIPU films with varying TNP concentrations are summarized in
Table 2. A slight increase in Tyos0, Was noted, from 470 °C for
the pure NIPU to 480 °C for NT-1, alongside a higher final ash
content (at 700 °C) with increasing TNP concentration. This
improvement in thermal stability can be attributed to the
formation of tetrahedral O-Ti-O linkages within the polymer
matrix through electrostatic interactions. Additionally, the
hydrogen bonding between TNPs and the polymer backbone
contributes to the enhanced thermal stability of the nano-
composite films.****

DSC curves for all NT-X films, obtained from the second
heating scans, are presented in Fig. 3. The glass transition
temperature (7Tg) of the NIPU nanocomposite films was found to
be near room temperature. Xu et al. reported on a self-healing
glassy polyurethane with a T, of 36.8 °C.”* A slight increase in
T, was observed with the increasing concentration of TNPs,
where the T, values ranged from 24.25 °C for the pure NIPU film
to 27.69 °C for the NT-1 film (1% TNPs). Specifically, the T,

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4su00587b

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 28 1403. Downloaded on 11/12/1404 02:45:54 ..

(cc)

Paper
a
( )100 i e NIPU
e NT-0.25
=—NT-0.5

80 - e NT-1
~_
°\° 2.5 — 236
< 604 9 235
= 2

215
B 40 1 & 138
0 \
69 698 700 702
20 Temperature (°C) \
0+
T T T T T T
100 200 300 400 500 600 700
Temperature (°C)
Fig. 2 (a) TGA and (b) DTG curves of 0 to 1% NT-X composite films.

Table 2 Thermal degradation data of NT-X composite films

Degradation temperatures (°C)

Tas% Ta10% Tas0% Ta9s5% Residues at
Sample (°C) (°C) (°C) (°C) 700 °C (%)
NIPU 229.19 246.47 370.86 470.0 1.38
NT-0.25 229.98 229.71 372.12 473.45 2.13
NT-0.5 226.12 248.44 372.57 479.72 2.35
NT-1 225.87 245.94 367.81 480.42 2.36

T,=27.69°C

20 40 60 80
Temperature (°C)

Exo —» Heat Flow (a.w.)

L] T 1 T 1 T
-20 0 20 40 60 80
Temperature (°C)

T L]
100 120

Fig. 3 DSC curves of NT-X films at different concentrations of TNPs.

values were 25.45 °C for NT-0.25, 26.98 °C for NT-0.5, and
27.69 °C for NT-1. The lowest T, was observed in the pure NIPU
film, which lacked fillers. As the concentration of TNPs
increased, the T, values progressively rose. This trend can be
attributed to the surface hydroxyl groups present on the TNPs,
which likely form hydrogen bonds with the -NH groups in the
polymer backbone. These hydrogen bonds restrict the mobility
of the polymer chains, leading to a reduction in the free volume

© 2025 The Author(s). Published by the Royal Society of Chemistry
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within the crosslinked structure. This decrease in chain
mobility, combined with the interaction between TNPs and the
polymer matrix, results in the observed increase in 7,.%***

3.3 Mechanical properties of NT-X composites

Dynamic mechanical thermal analysis was performed to
measure the storage modulus (E') and tan ¢ of the NT-X films
with varying TNP content, as shown in Fig. 4(a) and (b). The
storage modulus increased with increasing TNP loading, due to
the reinforcement effect of the nanoparticles, which hindered
the mobility of the NIPU chains and enhanced interfacial stress
transfer, leading to greater stiffness in the films. This indicates
how TNPs strengthen the nanocomposite by improving the
rigidity of the polymer matrix. As expected, the storage modulus
decreased with increasing temperature, as the molecules within
the polymer became more thermally active, leading to weaker
intermolecular forces and reduced nanoparticle-matrix
bonding.>*?¢

The rapid drop observed in E' of all films in the temperature
range from —60 to 30 °C, corresponding to energy dissipation of
the materials, is shown as the peak maximum in the tan
0 curve.” The glass transition temperature of the NT-X films
increased with TNP content, rising from 37.23 °C for NIPU to
45.8 °C for NT-1, consistent with the reinforcing effect of
TNPs.” This increase in Ty is attributed to the strong inter-
facial interactions between the polymer matrix and the nano-
particles, which restrict the mobility of the polyurethane chains,
further enhancing the mechanical properties of the films.?*%%%
A similar kind of response was reported by Meera et al.®* for
silica NPs for a castor oil-based polyurethane nanocomposite
and Chang et al® for epoxy resin-silica nanocomposite
materials.

The mechanical properties of the NT-X nanocomposite films
were evaluated using a UTM, with the results presented in Fig. 5.
The stress-strain behavior of all NT-X films exhibited an elastic
response. As summarized in Table 3, the tensile strength of the
NT-X films increased with the loading of TNPs, showing higher
tensile strength compared to the bare NIPU film. This
improvement in tensile strength can be attributed to the
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Fig. 5 Stress—strain curves of the NIPU, NT-0.25, NT-0.5, and NT-1
films.

reinforcing effect of the TNPs, which contribute to enhanced
stress distribution within the NIPU matrix. However, as the TNP
content increased, the elongation at break decreased, from
206.9% for NIPU to 130.9% for NT-1. This reduction in elon-
gation is likely due to the decreased flexibility of the polymer
matrix caused by the nanoparticles, which restrict the chain
mobility.>*¢

Table 3 Static mechanical properties of the NT-X composite films

20 0 20 40 60 80
Temperature (°C)

-40

DMTA curve of NT-X films: (a) storage modulus vs. temperature and (b) tan é vs. temperature curves.

3.4 Surface morphology analysis of NT-X composites

The surface characteristics of NIPU and NT-X films were
examined using field emission scanning electron microscopy
(FE-SEM), both with and without TNPs, as presented in Fig. 6.
The FE-SEM images demonstrate that the surface roughness of
the films increased as the TNP content increased. The NIPU film
(without TNPs) displayed a smooth surface, indicating minimal
irregularities. Conversely, the NT-0.25, NT-5, and NT-1 films,
containing TNPs, exhibited increased surface roughness, which
may be due to enhanced cross-linking within the polymer
matrix. As seen in Fig. 6(a) to (d), the formation of a micropo-
rous flake-like structure is evident due to the incorporation of
TNPs.** As illustrated in Fig. 6, the TNPs were uniformly
dispersed throughout the NIPU matrix.*>** This homogeneous
distribution of nanoparticles contributed to the increase in
surface roughness, which was further corroborated by the rise
in the water contact angle, indicating a more hydrophobic
surface.

Elemental mapping using energy-dispersive X-ray (EDX)
spectroscopy was performed on the NIPU and NT-1 films to
identify the distribution of key elements such as C, O, N, and Ti
(Fig. S51 and 7). The results verified the uniform dispersion of
TNPs throughout the NIPU polymer matrix, as seen in Fig. 7.
This even distribution can be attributed to hydrogen bonding
between the hydroxyl groups on the surface of the TNPs and the
carbonyl or hydroxyl functional groups within the polymer.
Additionally, physical forces such as van der Waals interactions

Storage modulus

(MPa)
Sample Tensile strength (MPa) Elongation at break (%) @—60 °C Ty (°C)/tan 6
NIPU 0.33 £ 0.18 206.9 £+ 0.1 1521 37.23
NT-0.25 0.71 £ 0.05 162.9 £ 13.7 2002 39.15
NT-0.5 1.43 £ 0.08 142.4 £17.3 2139 43.65
NT-1 2.28 £ 0.11 130.9 £17.1 2207 45.80
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helped to prevent particle agglomeration, ensuring a stable and
uniform dispersion of the nanoparticles within the composite
films.*>%¢

3.5 Surface wettability of NT-X composites

The wettability of the NIPU and NT-X composite films was
evaluated using water contact angle (WCA) measurements

(Fig. 8), which revealed a clear trend toward increased hydro-
phobicity with the incorporation of TNPs. Hydrophilicity or
hydrophobicity is determined by the WCA of a material: a WCA
less than 90° indicates a hydrophilic surface, while a WCA
greater than 90° denotes a hydrophobic surface. The NIPU films
exhibited a WCA of 97°, suggesting a moderately hydrophobic
nature due to the long alkyl chains in the soybean oil-derived

Electron Image 1

EDS Layered Image 1

74.2

sCuOuNnTi

100pum

Fig.7
1 film.

© 2025 The Author(s). Published by the Royal Society of Chemistry

(a) FE-SEM image, (b) EDS mapping, (c) EDX percentage distributions of elements, and (d) elemental mapping of C, O, N, and Ti for the NT-
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Fig. 8 Water contact angle (WCA) analysis of the prepared NIPU, NT-0.25, NT-0.5, and NT-1 composite films.

triglycerides, which naturally repel water.*® However, when
TNPs were incorporated, the WCA increased to 105° for the NT-
X films, confirming a stronger hydrophobic behavior. The
stability of the contact angle was measured over various time
intervals for NT-X films, as shown in Table 4. The contact angle
measurements remained relatively unchanged during the
observed periods. This increase is attributed to the inherently
hydrophobic nature of the Ti-O bonds within the TNPs, which
reduces the surface's ability to interact with water molecules.>>%”
The enhanced hydrophobicity is also linked to the increased
surface roughness at the nanoscale caused by the presence of
TNPs. As the nanoparticle loading increased, the crosslinking
density within the polymer matrix also rose, as evidenced by the
mechanical property data obtained through UTM and DMA.
Increased crosslinking reduces the flexibility of the polymer
chains and leads to greater surface irregularities at the nano-
scale. This, in turn, results in greater air trapping at the surface,
further decreasing the material's wettability and contributing to
the overall hydrophobic behavior of the films. The combination
of the inorganic TNPs within the organic NIPU matrix, coupled
with the increased surface roughness, explains the enhanced
water-repellent properties observed in the NT-X films.>*¢®

3.6 Antimicrobial activity of NT-X composites

The antimicrobial efficacy of NT-X composites with varying TNP
loading (0-1%) was assessed against Gram-negative Escherichia
coli and Gram-positive Staphylococcus aureus using the
conventional agar diffusion method. The antimicrobial activity
of the films was evaluated over 24 h, 48 h, and 72 h, with the
results of the zone of inhibition (ZOI) studies presented in Fig. 9
and 10 and Table 5. It is known that any material with

Table 4 WCA of NT-X films with time

WCA of NT-X films
Time NIPU NT-0.25 NT-0.5 NT-1
Initially 97.9 + 1.3 101.2 £ 2.0 102 +£ 0.4 105.4 + 1.3
After 7 days 97.0 £ 1.1 100.1 £ 0.6 101.1 £ 1 103.1 £ 0.9
After 16 days 98.5 £ 1.6 101.8 £ 0.9 102.1 + 1.8 104.2 + 2.1

1442 | RSC Sustainability, 2025, 3, 1434-1447

antimicrobial properties will not allow the growth of the
bacteria, even when fully fledged in a bacterial medium.*® In our
case, E. coli, as depicted in Fig. 9, the NT-X films demonstrated
a distinct zone of inhibition, indicating effective prevention of
microbial growth around the composite films. The NIPU film
without TNPs showed no ZOI, even after 72 h of incubation,
suggesting negligible antimicrobial activity. In contrast, NT-X
films with 0.25%, 0.5%, and 1% TNPs exhibited increasing
inhibition zones of 1 mm, 2 mm, and 3 mm, respectively, after
72 h. The increasing ZOI with higher TNP loading suggests
a dose-dependent antimicrobial effect. After 24 h, no bacterial
growth was observed on any of the films. To comprehensively
evaluate microbial resistance, the incubation was extended to
48 h and 72 h, revealing an increasing trend in the ZOI for NT-X
films. Notably, no physical changes such as deformation or
discoloration were observed in the films, even after 72 h of
incubation, highlighting their structural stability and effective
antimicrobial properties against E. coli.

Similarly, antimicrobial testing against S. aureus, shown in
Fig. 10, revealed no significant ZOI for any of the films.
However, the absence of microbial growth on the film surfaces,
along with no observable changes in the film morphology (size,
shape, or color), indicated antifouling activity. This suggests
that while the NT-X films do not actively kill S. aureus, they
inhibit microbial adhesion and proliferation on their surfaces.

The antimicrobial activity of the TNP-loaded NIPU films is
likely attributable to the photocatalytic properties of TNPs.
TNPs are known to generate reactive oxygen species (ROS), such
as hydroxyl radicals and superoxide ions, upon exposure to UV
or visible light. These ROS can damage microbial cell walls,
disrupt cellular functions, and ultimately lead to cell death.*>”®
When embedded in the polymer matrix, TNPs act as active
centers, continuously generating ROS under ambient light
conditions, contributing to the antimicrobial efficacy of the NT-
X films against both E. coli and S. aureus. In conclusion, the NT-
X films demonstrated both antifouling and antimicrobial
properties. The antifouling effect, particularly against S. aureus,
was evident from the lack of microbial adhesion and growth on
the film surface. For E. coli, the films exhibited robust antimi-
crobial activity by inhibiting bacterial growth around the films.
The physicochemical interaction of bacterial cells with the film

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Antimicrobial activity of the prepared NIPU (T1), NT-0.25 (T2), NT-0.5 (T3), and NT-1 (T4) films against Escherichia coli after (a) 24 h, (b)
48 h, and (c) 72 h.

surface is a key factor influencing microbial adhesion and hydrophobicity, hindering microbial adhesion to the film. This

proliferation.” As the WCA results from the previous section dual-function behavior suggests that NT-X films not only
indicated, increasing TNP content enhances surface possess potent antimicrobial activity but also effectively prevent

Staphylococcus aureus

(¢) 72 hr

Fig. 10 Antimicrobial activity of the prepared NIPU (T1), NT-0.25 (T2), NT-0.5 (T3), and NT-1 (T4) films against Staphylococcus aureus after (a)
24 h, (b) 48 h, and (c) 72 h.
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Table 5 Zone of inhibition against E. coli and S. aureus for NT-X
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Zone of inhibition (mm) after 72 h

Sample Gram-negative Escherichia coli Gram-positive Staphylococcus aureus
NIPU — —
NT-0.25 1 —
NT-0.5 2 —
NT-1 3 —
Positive control (Streptomycin) 25 25

biofilm formation, contributing to their potential for advanced
antimicrobial and antifouling applications.”

4. Conclusion

This study presents the development of non-isocyanate poly-
urethane (NIPU) nanocomposite films incorporating bio-based
soybean oil and TNPs, using ethylenediamine (EDA) as the
curing agent. FTIR analysis confirmed the successful synthesis
of NIPU films, with varying TNP loadings (0, 0.25, 0.5, and 1%)
examined for their impact on the film properties. DSC analysis
showed that the glass transition temperature (T,) of the NIPU
films increased with TNP loading, due to enhanced crosslinking
density and reduced chain mobility. Mechanical tests revealed
a significant improvement in tensile strength from 0.33 MPa to
2.28 MPa with TNP addition, while elongation at break
decreased, reflecting increased cross-linking. DMA results
indicated a higher storage modulus (E') and tand, demon-
strating enhanced stiffness and mechanical reinforcement. The
water contact angle increased from 97° to 105° with TNP
loading, indicating improved hydrophobicity due to the
increased surface roughness. Antimicrobial tests showed that
NT-X films effectively inhibited Escherichia coli and exhibited
antifouling properties against Staphylococcus aureus. The anti-
microbial activity is attributed to the photocatalytic properties
of TNPs NPs, which generate reactive oxygen species (ROS)
under light exposure. In summary, the TNP-incorporated NIPU
films exhibited improved thermal stability, mechanical prop-
erties, hydrophobicity, and antimicrobial effectiveness
compared to bare NIPU films, highlighting their potential for
high-performance, friendly coating
applications.
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