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The growing demand for eco-friendly substitutes of traditional plastics has further driven the research on
compostable and biodegradable films with enhanced functionality. Epoxidized soybean oil (EPSO) was
prepared through in situ peracid epoxidation and used as a nhontoxic, hydrophobic plasticizer in thermo-
plastic starch (TPS)/poly(butylene adipate-co-terephthalate) (PBAT) nanocomposites in this study. For
better interfacial compatibility and functionality, TPS was filled with nanocrystalline cellulose (NCC) and
mixed with EPSO, glycerol, maleic anhydride (MA), rice bran wax (RBW), and stearic acid (SA). The flexible
films (50-80 pm) were prepared using blown film extrusion. Structural assessments verified effective
soybean oil epoxidation and its homogeneous integration into the polymer matrix. Mechanical analysis
indicated that EPSO-modified films, especially 20% glycerol-10% EPSO and 15% glycerol-15% EPSO,
exhibited higher tensile strength (13.63 MPa), better sealability, and maintained ductility. Barrier analysis
demonstrated these films have lower water vapor permeability and greater hydrophobicity (contact angle
up to 108.6°). Thermal analysis (TGA, DSC and FTIR) also confirmed their higher stability and compatibility.

Received 25th September 2025, Soil burial tests provided proof of excellent biodegradability (>75%), emphasizing the compostability of the
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films. In general, the synergistic contribution of EPSO and bio-reinforcements resulted in mechanically
stable, hydrophobic, and biodegradable films that provide an eco-friendly substitute for single-use packa-
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1. Introduction

Polythene bags, although very popular for their strength and
ease of use, have emerged as a major source of environmental
pollution because of their non-biodegradable content. They
clog up the soil and water for extended periods of time' and
pose a serious danger to wildlife,> especially marine life,?
which often mistake them for food. Additionally, their manu-
facturing process depends greatly on fossil fuels, with resultant
greenhouse emissions and global warming.* As plastic con-
sumption continues to rise dramatically, Asia is expected to
reach a plastic demand of 321 million tons by 2050 due to
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rapid surges in population and urbanization.’> Thus, the need
for sustainable, biodegradable substitutes has become criti-
cal.® Good candidates for such solutions are biodegradable
polymers like poly(butylene adipate-co-terephthalate) (PBAT)
and thermoplastic starch (TPS). PBAT is a flexible, mechani-
cally strong biodegradable polyester,”® whereas TPS is a renew-
able starch-based material. However, native starch is brittle
and not very flexible, and therefore less attractive industrially.’
Nayak et al.*® proved that adding 30 wt% starch to PBAT gave
materials with tensile strength of 4-10 MPa and elongation of
180-390%, whereas simultaneous addition of nanoclays
improved stiffness but at the cost of ductility. Olivato et al.'*
also used citric acid and maleic anhydride as compatibilizers
and attained tensile strength close to 6.5 MPa, although
elongation plunged (<20%) due to a lack of suitable interfacial
compatibility. Fourati et al.'®> subsequently strengthened PBAT/
TPS blends with cellulose nanofibrils, with tensile strength
gains of up to ~6 MPa and modulus enhancements of approxi-
mately 225%, yet the blends continued to show water absorp-
tion of 5-9% and contact angles of less than 90°, verifying
their hydrophilic characteristics. Even with several alterations,
TPS-PBAT blends retain low tensile strength, reduced elonga-
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tion, and high moisture sensitivity. Their contact angle tends
to be below 90°, reflecting minimal hydrophobicity, which
limits their function for long-lasting packaging purposes. This
drawback is overcome by adding additives to enhance their
processability and flexibility. The one additive most widely
used is glycerol, which is also very hydrophilic in nature and
hence enhances moisture uptake and decreases the long-term
stability of TPS. An alternative additive, chemically synthesized
through epoxidation, is epoxidized soybean oil (EPSO),*?
which has enhanced hydrophobicity, flexibility, and thermal
stability that makes it a good bio-based plasticizer.

Herein, we hypothesize that the addition of a second
plasticizer would improve the performance of TPS/PBAT
composite films having a high TPS content (up to 40%),
thereby increasing their carbon content. In particular, the
addition of EPSO, a bio-based hydrophobic plasticizer,
should enhance interfacial adhesion, mechanical strength,
and barrier properties of the films without compromising
their biodegradability. In addition, synergistic interaction
between NCC, EPSO, RBW, and SA is expected to improve
hydrophilicity, water contact angle, and thermal stability.
Overall, these changes will facilitate the production of sus-
tainable, compostable films with potential use in packaging
and agriculture.

In the previous work reported by our group,'* we blended
TPS/PBAT at a ratio of 30/70 and prepared films with tensile
strength of 11.01 + 0.15 and Young’s modulus of 1200.94 + 16
MPa. In our current research work, biodegradable composite
films were prepared employing blends of TPS/PBAT in a ratio
of 40/60 plasticized with glycerol'* and EPSO." Reactive melt
extrusion was utilized for plasticization. EPSO was a contribu-
tor to the bio-based content along with functioning as a hydro-
phobic plasticizer, while glycerol acted as a plasticizer and
chain extender. The coupling agent of maleic anhydride (MA)
was employed to increase interfacial compatibility between the
hydrophilic TPS and hydrophobic PBAT. Nanocrystalline cell-
ulose (NCC) was incorporated as a reinforcing filler owing to
its high strength and capability of influencing improved
mechanical performance through hydrogen bonding and
efficient stress transfer'>'” Rice bran wax (RBW) was added as
secondary reinforcement to reduce water permeability caused
by cellulose. Stearic acid (SA) was also included to serve as a
lubricant, facilitating processing and enhancing the surface
texture of the film. The films that were produced showed
better mechanical and barrier properties. Addition of NCC
greatly improved tensile strength and Young’s modulus, with
the best performance occurring at certain filler loadings. RBW
and compatibilizer addition provided improved hydrophobicity
by lowering water absorption and increasing the water contact
angle'® - a key requirement for applications needing moisture
resistance.'® Blown film extrusion was employed to fabricate
the composite into smooth, flexible films with good mechani-
cal strength. Thermal analysis revealed enhanced stability, and
biodegradation tests verified the compostability of the films
under natural composting conditions. The bio-based content,
mechanical strength, hydrophobicity, and compostability ren-
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dered these films suitable for use in packaging, agricultural
mulch, and wrapping films.

Overall, the biodegradable films prepared in this research
using PBAT-TPS blends proved to be a promising and eco-
friendly substitute for traditional polythene bags. With the
combination of EPSO, NCC, MA, RBW, and SA, composite
films have been developed with improved mechanical perform-
ance, water resistance, and degradability in an outdoor
environment, paving the way toward environmentally friendly
packaging solutions.

2. Materials and methods

PBAT was procured from Ecopond® (KB 100 grade, MFI:
3.0-5.0 g per 10 min at 190 °C, 2.16 kg, melting point:
115-125 °C). Corn starch was purchased from Deepak Starch &
Chemicals, Hyderabad, India. Glycerol (extra pure, density:
1.257-1.260 g ml™', refractive index: 1.470-1.475, 98% misci-
bility in ethanol), and stearic acid (n-octadecanoic acid,
melting point: 54 °C, acid value: 194-212) were procured from
Finar Chemicals, Gujarat, India. Maleic anhydride (molecular
weight: 98.06, melting point: 52-54 °C), hydrogen peroxide,
formic acid (molecular weight: 46.03), ethyl acetate and hexane
(molecular weight: 86.18, specific gravity at 25 °C: 0.658-0.669)
were procured from Avra Chemicals, India. Silica gel (pH~7.0,
60-120 mesh) and toluene (HPLC grade, refractive index at
20 °C: 1.496-1.497) were procured from SRL Chemicals, India.
Nanocrystalline cellulose powder was provided by a nanocellu-
lose pilot plant at the Chemical Engineering and Process
Technology Division, CSIR - Indian Institute of Chemical
Technology, India. The edible soybean oil used in this study
was Fortune soybean oil purchased from Adani Wilmar, India.
Rice bran wax was procured from Vijay Impex, India. All the
chemicals were used without any further purification.

2.1 Methods for the preparation of the composite material

(i) Epoxidation of soybean oil. The epoxidation of soybean
oil was done using a method described by de Quardros et al.*°
with certain modifications. 1100 mL of soybean oil was mixed
with 1500 mL of toluene. The mixture was passed through a
silica column to remove any impurities (such as antioxidants,
vitamins and additives) and then transferred into a 5 L round-
bottom flask, where it was thoroughly stirred. To this solution,
118 g (2.5 mol) of formic acid was added, and the reaction
mixture was heated to 50 °C. Once the desired temperature
was reached, 837 g (7.4 mol) of hydrogen peroxide (30% w/w)
was added dropwise, while maintaining the temperature
between 50 and 55 °C. The reaction was allowed to proceed
under continuous stirring for 10 h. After completion, the
mixture was cooled to a temperature of 25 + 2 °C and washed
3-4 times with ethyl acetate and distilled water until a neutral
pH was obtained. The organic layer was then dried over anhy-
drous sodium sulfate and filtered. Finally, toluene and ethyl
acetate were removed using a rotary evaporator at 70 °C under

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of epoxidation of soybean oil.

vacuum conditions, yielding the epoxidized soybean oil. The
epoxidation of soybean oil is represented in Fig. 1.

(i) Plasticization of starch using EPSO. A pre-mix was
initially prepared by combining all additives, including the
plasticizer EPSO, glycerol, MA, SA, RBW and NCC. Each com-
ponent was oven-dried prior to mixing to achieve a moisture
content below 1000 ppm. Six formulations of thermoplastic
starch (TPS)-based composites were developed by systemati-
cally reducing the glycerol concentration from 30% to 10%
while proportionally increasing that of EPSO from 0% to 20%
while keeping the starch, NCC, MA, RBW, and SA content con-
stant. NCC served as the primary reinforcement agent to
enhance the mechanical strength. Glycerol served as the
primary plasticizer, whereas EPSO functioned as a secondary
bio-based plasticizer and chain extender, enabling the evalu-
ation of its influence on blend flexibility and interfacial com-
patibility (Table 1). RBW was added to enhance the hydropho-
bicity of the composite material. MA and SA work as a compati-

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

Table 1 Composition of different thermoplastic starch batches

Starch  Glycerol EPSO RBW NCC MA SA
TPS 70% 30% — — 3% 1% 0.5%
TPS-G30-E0 30% — 2%
TPS-G25-E5 25% 5%
TPS-G20-E10 20% 10%
TPS-G15-E15 15% 15%
TPS-G10-E20 10% 20%

bilizer and a lubricant, respectively, required for the smooth
melt extrusion process.

The pre-dried constituents were blended with starch using
a mechanical kneader fitted with double naben blades to
ensure homogeneous mixing and to prevent agglomeration.
The uniform pre-mix was subsequently melt-processed in a
twin-screw extruder (L/D ratio - 25, eight thermal zones) with
the temperature profile set as follows: Z1-Z2 at 135 °C, Z3 at

RSC Appl. Polym.
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140 °C, Z4 at 145 °C, Z5-Z7 at 150 °C, and Z8 (die) at 145 °C.
The extrusion was conducted at a screw speed of 12 rpm with
a feeding rate of 60 g min~', and vacuum-assisted degassing
was applied to remove any residual moisture. The extrudates
were pelletized using a titanium-carbide-tipped cutter to
obtain pellets of approximately 2 x 3 cm? The pellets were
then oven-dried at 60 °C for 4 h and stored in a vacuum-sealed
desiccator at ambient temperature to prevent oxidative degra-
dation prior to subsequent processing.

(iii) Blending of reinforced TPS with PBAT. The TPS pellets
were combined with pre-dried PBAT in a weight ratio of 40 : 60
(TPS:PBAT) and thoroughly mixed using a kneader. The
mixture was subsequently processed through a twin-screw
extruder, following a controlled temperature profile: zones Z1-
Z2 at 125 °C, Z3 at 130 °C, Z4 at 135 °C, zones Z5-Z27 at 140 °C,
and Z8 (die) maintained at 135 °C. The screw speed was set to
10 rpm—Ilower than that employed for reinforced TPS prepa-
ration—to promote enhanced molecular interactions between
the blend components. A vacuum system was engaged during
extrusion to remove residual moisture. The extrudates were
pelletized using a titanium-carbide-tipped cutter, producing
pellets of approximately 2 x 3 cm?’. The resulting pellets
(TPS-PBAT, TPS-G30-E0-PBAT, TPS-G25-E5-PBAT, TPS-G20-E10-
PBAT, TPS-G15-E15-PBAT and TPS-G10-E20-PBAT) were oven-
dried at 60 °C for 4 h, and then stored in a vacuum-sealed
desiccator at ambient temperature to minimize oxidative
degradation prior to further processing.

(iv) Blown extrusion of the blended composite. The fabri-
cated composite blends (TPS-PBAT, TPS-G30-E0-PBAT,
TPS-G25-E5-PBAT, TPS-G20-E10-PBAT, TPS-G15-E15-PBAT and
TPS-G10-E20-PBAT) were subjected to blown film extrusion
using a blown film extruder (provided by Titan Extrusion) to
produce film with thickness of 50-80 microns. The barrel zone
temperature was set to 130 °C and 135 °C for Z1 and Z2,
respectively. The die temperature was set to 140 °C with the
main motor speed of 28 rpm and take-up motor speed of 4
rpm. The feed capacity in the blown film extrusion process
was 80 ¢ min~". Thin films of the composite blends TPS-PBAT,
TPS-G30-E0-PBAT, TPS-G25-E5-PBAT, TPS-G20-E10-PBAT, and
TPS-G15-E15-PBAT were blown properly, but the film of the
TPS-G10-E20-PBAT material did not blow properly. All of the
prepared thin-film rolls were taken and kept in a conditioned
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Fig. 2 Method showing the preparation of composite thin films.
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environment (temperature: 27-30 °C; relative humidity: 35%)
for further use or treatment. The complete method for the
preparation of composite films is shown schematically in
Fig. 2.

3. Testing and characterization

The viscosity and shear stress of SO and EPSO were measured by
using a First Plus Viscometer manufactured by Lamy Rheology
Instruments. The viscosity of oils was determined using
LV3 measuring equipment at 30 °C for 60 seconds with a speed
setting of 30 rpm. Five specimens were analyzed and the average
values calculated were used for viscosity and shear stress.

The density and specific gravity values of SO and EPSO were
measured by using an Anton Paar density meter (DMA 4500
M) at a temperature of 30 °C. Five specimens were analyzed
and the average result was used for the density value,
expressed in g cm™.

To measure the oxirane oxygen content, approximately 1.0 g
of each oil sample was accurately weighed and dissolved in
25 mL of glacial acetic acid in a conical flask. After ensuring
complete dissolution, 10 mL of 0.1 N hydrochloric acid (HCI)
solution was added to the mixture. The solution was stirred
thoroughly for 30 minutes to achieve complete homogeniz-
ation and to allow the reaction to proceed. Following this, a
few drops of phenolphthalein indicator were added to the reac-
tion mixture. The resulting solution was then titrated against a
standardized 0.1 N sodium hydroxide (NaOH) solution until a
persistent pink endpoint was observed. The oxirane oxygen
content was calculated as per ASTM D1652-97 by using the fol-
lowing equation:**

(B—S)XNx16

Oxirane oxygen content (%) = —w (1)

where B is the volume of NaOH required for the blank (mL), S
is the volume of NaOH required for the sample (mL), N is the
normality of NaOH (N), W is the weight of the sample (g) and
1.6 is the conversion factor.

The CHNSO analysis of SO and EPSO was done by using a
CHNSO analyzer to check the elemental composition in the
oil. The oils were kept in an oven at 50 °C for 4 hours before

Blown Extrusion of Thin
Films

Developed Product

© 2025 The Author(s). Published by the Royal Society of Chemistry
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analysis to remove moisture content that can affect the
elemental composition results.

Nuclear magnetic resonance (NMR) spectra were recorded
for SO and EPSO to check the formation of epoxy linkages in
the unsaturated chain of the oils. The spectra of the oils were
recorded at 300 Hz for "H and *C NMR with tetramethylsilane
used as the internal standard. The oils were kept in an oven at
50 °C for 12 hours before the analysis to remove moisture
content. The oils were mixed with chloroform-D (*H NMR peak
at 7.26 ppm and ">C NMR peak at 77.16 ppm) for the analysis.

Attenuated Transmission - Fourier Transmission IR
(AT-FTIR) spectroscopy was used to analyze the thin films in
the wavenumber range of 4000-400 cm™' to determine the
functional groups associated with them. Samples of thin film
of 1 x 1 ecm?® were cut and then cleaned using cotton to ensure
lint- and dust-free conditions and avoid any contamination.
The oils were kept in an oven at 50 °C for 4 hours before the
analysis to remove moisture content. The thin film samples
were conditioned at 27 + 2 °C under 52% relative humidity for
24 hours prior to testing.

The melt flow index (MFI) values for the composite pellets
were determined using an MFI tester procured from Advanced
Equipments, India, with measurements undertaken in accord-
ance with the ASTM D-1238 standard. The measurements were
conducted at 190 °C with load weights of 2.16 kg. After a pre-
heating time of 360 seconds and a rejection time of 60 seconds,
three cuts were performed at one-minute intervals. The average
value of these three cuts was recorded as the resultant MFI.
Three specimens were tested, and the average MFI value was
expressed in g per 10 min. All the specimens were stored at a
temperature of 27 + 2 °C under 52% humidity before testing.

Burst tests were performed using a burst tester procured from
Advanced Equipments, India, in accordance with ASTM F1140-
00. A film of size 15 x 20 cm” was folded, and the exposed edges
were heat-sealed ensuring proper sealing to form a packet. A
1 mm hole was then cut into the middle of the formed packet,
which was attached to the air pipe of the burst tester, and sub-
jected to burst testing. Three specimens of each sample were
tested, and the average value was recorded as the burst capacity,
expressed in psi. All of the film packets were stored at a tempera-
ture of 27 + 2 °C under 52% humidity before testing.

The tensile strength of the films was measured using a
Universal Testing Machine (UTM) operated at a maximum load
of 2.5 kN and a speed of 12 mm min™", in accordance with the
ASTM D882-02 standard. The thickness of the films was
measured using a thickness meter provided by S C Dey and Co.,
India. The thickness was measured at eight different places of
the films and the average value was taken as the final thickness
of the films. The stress (kg) versus elongation (%) graph was
obtained, and the tensile strength (MPa), elongation at break
(%), and Young’s modulus (MPa) were calculated. Three speci-
mens of each sample were tested, and the average values were
recorded. All the specimens were stored at a temperature of 27 +
2 °C under 52% humidity for 24 h prior to testing.

The contact angle of the composite films was measured
using a Kriiss goniometer controlled by Kruss advance software

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(v1.6.2.0) with gravitational acceleration of 9.0665 m s > The
drop phase was water and the surrounding phase was air. Three
specimens of the same film with sample size of 2 x 5 cm® were
cut and stuck to a glass slide and then tested; the mean contact
angle was evaluated. All specimens were stored at a temperature
of 27 + 2 °C under 52% humidity for 24 h prior to testing.

The thermogravimetric analysis of the films was performed
using a PerkinElmer thermal analyzer with a heating profile of
35 °C to 750 °C ramped at 10 °C min~"' under a continuous
nitrogen flow of 10 mL min~'. The initial mass (nearly
8-10 mg) of the specimen was precisely measured before
testing. All the specimens were stored at a temperature of 27 +
2 °C under 52% humidity for 24 h prior to testing.

The DSC analysis of the films was performed using a
PerkinElmer thermal analyzer over a temperature range of
40-400 °C at a heating rate of 20 °C min~". Film samples of
8-10 mg were prepared and subjected to analysis, and heat-flow
curves (Endo Up) were recorded as a function of temperature.
From these curves, enthalpy changes were integrated to deter-
mine the melting temperature (7,,), crystallization temperature
(Te), crosslinking temperature, decomposition/oxidation temp-
erature and the crystallinity index (y.). The enthalpy change
(exothermic and endothermic) and the crystallinity index were
calculated using the formulas given below:**

area under the peak (m])

Enthalpy change (AH;) = sample mass (mg)

0, @

Crystallinity index (y.) = % x 100 (%), (3)
where AH = melting enthalpy of the material and AH* =
melting enthalpy of 100% crystalline PBAT (114 ]).

The water vapor permeability test was done following ASTM
E96-E96M. 120 g of calcium chloride (CaCl,) was heated at 80 °C
for 4 hours in a hot-air oven to remove any excess moisture,
setting the internal vapor pressure to zero. Then, the dried CacCl,
was transferred into three 100 mL beakers (40 g per beaker) and
covered using thin film samples. The beaker was tightly sealed
using Sellotape to prevent the entry of any excess moisture. The
thickness of the films was measured and the exposed area of the
film was calculated using the diameter of the beaker.
Subsequently, the setup was placed in a humidity chamber at
90% RH and 27 °C. The initial weight was measured, and at inter-
vals of 3 h, the weight was measured again for 24 h. The water
vapor transmission rate (WVTR) and water vapor permeability
(WVP) were calculated using the following equations:**>*

_Am

“"IR— k) (4)
axt
_ WVTR x d (5)
AP

where Am = change in mass (g), a = exposed area (cm?), and
¢t = time (day). The value AP = difference in vapor pressure of
both sides (bar) was obtained from:

AP = Pyater = Psar X RH,

(6)
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where Pg, of the system was measured by using Antione’s
equation:?*

B -
log,, P(sat) =A — CIT (Tin°C), (7)

where, for water, A = 5.40221, B = 1838.675 and C = —31.737.

Atomic force microscopy (AFM) images of the films were
acquired to check the surface vibration and topology of the
films. A thin film of 1 x 1 cm? was cut, and then it was cleaned
using cotton to ensure it was lint-free to avoid any contami-
nation. The sample was conditioned at 27 + 2 °C under 52%
relative humidity for 24 hours prior to testing.

The surface imaging of the films was performed by scan-
ning electron microscopy (SEM) to check for surface cracks
and the incorporation of fillers into the compostable polyester.
A thin film of 1 x 1 cm” was cut, and then it was cleaned using
cotton to ensure it was lint-free to avoid any contamination
during the surface imaging. Additionally, a thin film of 1 x
1 cm?® was cut perpendicular to the surface for cross-sectional
imaging. The samples were conditioned at 27 + 2 °C under
52% relative humidity for 24 hours prior to testing.

For biodegradation studies, each film sample was cut into
pieces of nearly 2 x 2 ecm® and accurately weighed using a pre-
cision balance. Each sample was then buried at a depth of
10-15 cm in microbe-enriched soil to facilitate biodegradation
under natural conditions. The film samples were incubated in
the soil for a period of 45 days. After the incubation period, the
films were carefully retrieved and gently cleaned to remove any
adhering soil and contaminants, and then dried before being
reweighed. The extent of biodegradation was determined by cal-
culating the percentage weight loss using the following equation:
Wo — W,

t
20 Tt 100, 8
We (8)

Biodegradation (%) =

where W, is the initial dry weight of the film sample (g) and W,
is the final dry weight of the film sample after soil burial (g).

Statistical analysis was performed using one-way analysis of
variance (ANOVA), followed by the Student-Newman-Keuls
method for all pairwise multiple comparisons. A p-value of
less than 0.05 was considered statistically significant. Each
experiment was conducted in triplicate in this research work,
and the data were expressed as mean + standard deviation.

4. Results and discussion

SO, containing a high proportion of unsaturated triglycerides,
was epoxidized successfully via a peracid-based epoxidation
process. The efficiency of the epoxidation reaction was evalu-
ated using different analytical techniques: the oxirane oxygen
content test, CHNSO elemental analysis and NMR studies.

4.1 Oxirane oxygen test and CHNSO analysis

The oxirane oxygen content, which indicates the presence of
epoxy (oxirane) groups formed by the reaction of double bonds
with a peracid (formed after formic acid reacts with peroxide),
showed a substantial increase from 21.6 to 63.2. This increase
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confirmed that a significant number of double bonds in the
fatty acid chains were successfully converted into epoxy
groups, validating the effectiveness of the epoxidation process.
Further confirmation was obtained through CHNSO elemental
analysis, which tracks the elemental composition (carbon,
hydrogen, nitrogen, sulfur, and oxygen) of the sample. A
notable increase in the oxygen content from 7.39% (in the
edible soybean oil) to 24.32% (in the epoxidized oil) was
observed, as shown in Table S1. This considerable increase in
oxygen percentage supports the introduction of oxygen-con-
taining epoxy functionalities during epoxidation. Following
epoxidation, the viscosity of soybean oil increased dramatically
from 572 + 20 cP to 3760 = 45 cP, while its shear stress
increased from 5207 to 10783 mPa at 30 °C, indicating
increased molecular interactions as a result of the epoxy group
formation. The addition of these rigid polar oxirane rings
decreased the molecular mobility, creating a more cohesive
and thicker fluid. Moreover, the density was 0.878 g cm™ to
0.938 g cm™?, indicating successful integration of oxygen
atoms into the molecular structure of the o0il.>®

The formation of oxirane rings from carbon-carbon double
bonds was established using both "H and "*C nuclear mag-
netic resonance (NMR) spectroscopy.

4.2 'H-NMR analysis and *C-NMR analysis

The "H NMR spectrum (Fig. S1a) of edible soybean oil showed
distinctive signals of olefinic protons at § ~ 5.30-5.40 ppm
corresponding to the protons of the unsaturated C=C bonds.
Following epoxidation, these signals were drastically decreased
or vanished in the EPSO spectrum, showing the absence of
double bonds. At the same time, new signals emerged in the
6 ~ 2.90-3.20 ppm region in the EPSO spectrum. These peaks
were due to the protons of the newly formed oxirane rings
(epoxy groups), verifying successful epoxidation. Also, minor
shifts and changes in the methylene proton region (6 ~
1.20-2.80 ppm) also supported the structural alterations in the
triglyceride backbone after epoxidation.>”

The *C NMR (Fig. S1b) spectrum of SO featured olefinic
carbon signals at § ~ 127-130 ppm. In the EPSO spectrum,
these signals either decreased or disappeared, with new
signals appearing at § ~ 54-58 ppm corresponding to the
carbons of the epoxide rings. This change was a definite sign
of the double bond conversion to three-membered oxirane
rings. In addition, carbonyl (§ ~ 173 ppm) and glycerol back-
bone (5§ ~ 62-72 ppm) signals did not exhibit much change,
which suggested that the epoxidation process had selectively
taken place at the C=C positions without the degradation of
the triglyceride backbone.?**°

Together, these results clearly showed the successful epoxi-
dation of soybean oil, providing a modified product enriched
with reactive epoxy groups suitable for further applications
such as polymer synthesis, plasticization, or resin formulations.

4.3 Melt flow index

The melt flow index (MFI) of each blended composite was
measured, and the results are presented in Table S2. An
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increasing trend in the MFI values was observed with the
incremental addition of EPSO. The control sample without
EPSO and RBW (secondary reinforcement filler), ie. TPS-
PBAT, exhibited an MFI value of 5.35 g per 10 min at 190 °C
under a load of 2.16 kg. Upon incorporating the secondary
reinforcement filler, the MFI value slightly increased to 5.52
for TPS-G30-E0-PBAT. Upon incorporation of EPSO at varying
concentrations (5% to 20%), the MFI values increased to 6.86,
7.72, and 8.95 g per 10 min for the films TPS-G25-E5-PBAT
(5%), TPS-G20-E10-PBAT (10%), and TPS-G15-E15-PBAT (15%),
respectively. This increase was attributed to the plasticizing
effect of EPSO, which acts as a green plasticizer. EPSO
improves the chain mobility and reduces the intermolecular
interactions between polymer chains, thereby decreasing melt
viscosity and enhancing flow properties. This improved MFI
contributes significantly to better processability during blown
film extrusion, facilitating smoother flow of the melt through
the die and film formation. However, a slight decrease in the
MFI to 5.88 g per 10 min was observed for the sample
TPS-G10-E20-PBAT at the highest EPSO concentration (20%).
This decline was likely due to over-plasticization, which can
lead to phase separation or reduced compatibility between the
polymer matrix and the plasticizer at excessive concentrations.
Such behavior hinders effective stress transfer and reduces the
free volume available for chain mobility, resulting in decreased
melt flow and alterations of blow properties.

4.4 Mechanical properties

Mechanical properties of the blown thin films were assessed
using tensile strength, elongation at break, and burst tests.
The results are presented in Table S2. TPS-PBAT exhibited
well-balanced mechanical characteristics with moderate
tensile strength and high elongation, reflecting ductile and
flexible film properties. Application of glycerol as a hydrophilic
plasticizer enhanced starch flexibility due to increased inter-
molecular spacing and chain mobility. In TPS-G30-E0-PBAT,
the incorporation of RBW, a hydrophobic and semi-crystalline
material, resulted in reduced tensile strength (6.21 MPa) but
elevated elongation (426%). This is due to the fact that wax
interferes with polymer chain packing, decreases stiffness, and
improves plastic deformation ability. Reduced interfacial com-
patibility between hydrophilic and hydrophobic phases might
be responsible for strength loss, however. In TPS-G25-E5-PBAT,
TPS-G20-E10-PBAT, and TPS-G15-E15-PBAT, EPSO was added
in increasing quantities in place of glycerol. EPSO, as a reac-
tive, green plasticizer containing oxirane functional groups,
can form non-covalent bonds (e.g., hydrogen bonding) and
potential covalent linkages (weak crosslinking) with starch,
NCC, and PBAT, hence enhancing film cohesion. In TPS-G25-
E5-PBAT, even though EPSO has been added, the tensile
strength decreased even more (5.63 MPa), since, at lower levels
of EPSO, there would not be complete plasticizer-matrix inter-
actions with reduced glycerol content. In TPS-G20-E10-PBAT,
there was remarkable improvement in the tensile strength
(13.63 MPa) due to the optimum EPSO content where
increased intermolecular interactions, enhanced chain entan-
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glement, and greater compatibility between PBAT and starch
resulted in a more robust and consistent network.
Nevertheless, elongation decreased to 299%, signifying a com-
promise in strength and elongation because of an increasingly
rigid structure. In TPS-G15-E15-PBAT, minor loss in strength
(11.55 MPa) and partial recovery in elongation (325%) were
revealed, signifying that redundant EPSO might begin to
phase-separate or decrease crosslink density, causing a more
plasticized but slightly weaker matrix to form. Failure to
acquire a blown film for TPS-G10-E20-PBAT indicated over-
plasticization or Phase separation, which degrades melt
strength and elasticity—parameters that are the most impor-
tant for stable bubble development during the process of
blown film extrusion. The mechanical properties of the
blended composite films are shown in Fig. 3.

The burst pressure of the blown films was determined in
order to check their resistance to internal pressure under
stress conditions (Table S2). These findings showed that all
films had good structural integrity, with TPS-G20-E10-PBAT
having the greatest burst strength (16 + 2 psi), matching well
with its increased tensile strength. The addition of EPSO in
TPS-G25-E5-PBAT, TPS-G20-E10-PBAT, and TPS-G15-E15-PBAT
helped to increase internal cohesion and flexibility of the
matrix, improving the resistance of the films to higher press-
ures prior to rupture. Notably, none of the films ruptured from
the heat-sealed areas under testing. This showed very good
heat sealability of the films, which was due to the addition of
PBAT and plasticizers (glycerol and EPSO) that provided
enhanced thermoplastic flow and interfacial adhesion on
sealing. The compatibility and partial miscibility of the com-
ponents of the films ensured strong, homogeneous seals that
resist high internal pressure without rupture.

4.5 Barrier properties

The barrier properties of the composite thin films were quan-
tified by analyzing their water vapor permeability (WVP) and
water contact angle (WCA). The values of WVP and WCA are
shown in Table S3. A distinct decreasing trend of WVP was
found going from TPS-PBAT to TPS-G15-E15-PBAT, revealing
the enhancement of barrier properties of the films with
an increase in EPSO content. The large value of WVP for
TPS-PBAT (190.23 ¢ m~> day ' em™ ' bar ") is a result of the
hydrophilic characteristics of glycerol and starch, both of
which easily associate with water molecules and make it easy
for them to diffuse into the matrix of the film. The stepwise
decrease in WVP in TPS-G30-E0-PBAT to TPS-G15-E15-PBAT
was the result of the addition of RBW (TPS-G30-E0-PBAT) and
varying the levels of EPSO in TPS-G25-E5-PBAT to TPS-G15-
E15-PBAT. Both RBW and EPSO add hydrophobic long-chain
aliphatic moieties and epoxide functional groups, which
decreased the overall polarity of the polymer matrix. This
decreased the affinity of the film for water molecules and
restricted their diffusion within the material. In a similar
way, the water contact angle, a measure of surface wettability,
increased from 69.7° in TPS-PBAT to 108.6° in TPS-G15-E15-
PBAT. The low contact angle of TPS-PBAT suggested a hydro-
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Fig. 3 Mechanical properties of the composite thin films.
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Fig. 4 Contact angle of the composite thin films.

philic surface, as seen with the presence of glycerol and
starch. The minor increase in contact angle of TPS-G30-E0-
PBAT (72.4°) is because RBW is hydrophobic. The water
contact angle on the film created by a water droplet is shown
in Fig. 4. An even greater increase was seen in TPS-G25-E5-
PBAT to TPS-G15-E15-PBAT, with readings of over 90°, signify-
ing a shift toward a hydrophobic surface. This increase in
hydrophobicity was attributed to the occurrence of epoxide
rings and long alkyl chains in EPSO, which lower surface

RSC Appl. Polym.

energy and affinity to water. Moreover, the partial incompat-
ibility between hydrophilic starch and hydrophobic EPSO
could result in microphase separation, where hydrophobic
domains migrate to the surface upon film formation, enhan-
cing water repellency.

The prepared films exhibited enhanced mechanical and
barrier properties compared to films in previously reported
works based on TPS-PBAT containing different additives in
different ratios (Table 2).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison of currently prepared film with previously reported TPS—PBAT films

TPS-PBAT Tensile strength Elongation at break Young’s modulus wvp Ref.

40-60 5 184 57.68 — 10

40-60 4.32 +£0.31 264.47 +21.33 — — 11

50-50 3.5+£2 48 £5 261 +15 12

30-70 10.3 £ 0.91 — 1200.94 + 16 63.96 + 1.02 14 (previous work)
40-60 5.8+0.2 520 £ 20 — 12.5+0.8 30

40-60 6.3 £ 0.3 256.8 + 34.0 112.0 + 34.5 — 31

30-70 25.43 580.83 — — 32

50-50 8.8 +0.3 510 £ 27 — 415 £ 25 33

40-60 11.55 £ 0.35 325 +£26 — 117.09 + 3.88 Current work

4.6 Surface morphology topography

The surface morphology and topography of the composite
films were analyzed using scanning electron microscopy (SEM)
and atomic force microscopy (AFM), as shown in Fig. 5. The
micrographs indicated that the different formulations dis-
played conspicuous differences in surface characteristics, a
reflection of the effect of the formulation composition and
plasticizer content. The TPS-PBAT film, made up of glycerol-
plasticized starch, NCC, PBAT, MA, and SA, had a porous and
rugged surface with visible non-uniformity. The occurrence of
multiple surface pores and defects was due to the irregular dis-
persion of NCC in the starch-PBAT matrix. Ineffective inter-
facial compatibility and low hydrogen bonding between the
hydrophilic NCC and hydrophobic PBAT could cause localized
aggregation and stress sites in the film formation process,
leading to surface vibration and micro-voids. In TPS-G30-E0-
PBAT, the addition of RBW resulted in surface uniformity,
accompanied by a
Nevertheless, pores were still visible, suggesting that the pres-
ence of wax was insufficient to improve the compatibility or

reduction in surface vibrations.

3 | \I\'-

i

dispersion of NCC into the matrix. SA, which is a long-chain
fatty acid, is both a processing aid and dispersion promoter. It
assisted in lowering the surface tension and enhancing the
dispersion of NCC and RBW in the hydrophobic PBAT matrix,
further enabling a smoother surface.

With the addition of EPSO to the films TPS-G25-E5-PBAT,
TPS-G20-E10-PBAT, and TPS-G15-E15-PBAT, there was a clear
decrease in surface porosity and increased smoothness. The
oxirane groups in EPSO were capable of interacting with starch
and NCC hydroxyl groups through hydrogen bonding or weak
covalent interactions, facilitating interfacial compatibility,
which resulted in its enhanced dispersion. MA acts as a com-
patibilizer by grafting onto PBAT chains and creating ester or
anhydride linkages with hydroxyl functionality in starch and
NCC. This chemical bridging enhances interfacial adhesion
and minimizes phase incompatibility, leading to improved
morphology and mechanical integrity. Furthermore, the plasti-
cizing effect of EPSO enhances the flexibility and flowability of
the polymer matrix during processing, leading to pore closure
and surface leveling. Of all the films, TPS-G20-E10-PBAT and
TPS-G15-E15-PBAT contained the most even and smooth sur-

[ET

[d] 7]

Fig. 5 AFM and SEM images of the films (a) TPS-PBAT (b) TPS-G30-EO-PBAT (c) TPS-G25-E5-PBAT (d) TPS-G20-E10-PBAT (e) TPS-G15-E15-PBAT.
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faces with the least porosity. This was because an ideal ratio of
EPSO was used, which had a balance of plasticization and
compatibility but without causing phase separation.

4.7 Thermal analysis and FTIR

Thermal stability of the composite films was analyzed by
thermogravimetric analysis (TGA) and derivative thermo-
gravimetric analysis (dTGA). The TGA curves are plots of the
percentage weight loss against temperature, whereas dTGA
curves reflect the rate of degradation (shown in Fig. 6), which
marks the different thermal characterizing the
decomposition of different components of the blend. All the
films had a multi-step thermal degradation profile. The first
weight loss, seen at temperatures below 150 °C, was associated
with the evaporation of adsorbed water and low molecular
weight volatiles. The second degradation process, in the range
of 250-350 °C, was primarily the result of thermal decompo-
sition of the hydrophilic moieties like starch, glycerol, and
NCC. These degradation processes included dehydration and
depolymerization reactions, coupled with fragmentation of the
polysaccharide backbone. The third significant degradation
region, from 380 °C to 500 °C, was linked to the breakdown of
PBAT, EPSO, and lipid additives such as SA and RBW. PBAT
was degraded by chain scission via ester bond cleavage,
whereas EPSO was degraded via epoxide and fatty acid chain
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Fig. 6 TGA, dTGA, FTIR and DSC graphs of the composite films.
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breakdown. From the TGA analysis, it was evident that the
TPS-PBAT sample, which contained only glycerol as a plastici-
zer, displayed the lowest thermal stability, as indicated by the
earlier onset of degradation and higher rate of mass loss. This
was primarily due to the poor compatibility between starch
and PBAT and the high volatility of glycerol. Conversely, the
films with RBW and EPSO exhibited improved thermal stabi-
lity, characterized by a retarded degradation onset and a shift
of the dominant decomposition peaks to higher temperatures.
Adding RBW to TPS-G30-E0-PBAT made the thermal behavior
slightly better by helping to enhance its hydrophobic nature
and produce a semi-crystalline thermal transport barrier. A
greater improvement was found for TPS-G25-E5-PBAT,
TPS-G20-E10-PBAT, and TPS-G15-E15-PBAT with progressively
higher content of EPSO. The epoxide groups of EPSO can facili-
tate secondary interactions or weak covalent bonding with the
hydroxyl groups of starch and NCC, hence enhancing compat-
ibility and thermal homogeneity. In addition, MA, when uti-
lized as a compatibilizer, can graft onto PBAT chains and react
with starch and NCC hydroxyl groups to produce ester or anhy-
dride linkages, promoting interfacial adhesion and improving
the thermal resistance of the matrix. SA further improved
thermal stability by enhancing the dispersion of NCC and
minimizing the stress concentrations in the matrix, leading to
further thermal uniformity. These observations were sup-

60
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ported by the dTGA curves. TPS-PBAT showed steep and promi-
nent degradation peaks, which represented fast and inhomo-
geneous decomposition. Yet, TPS-G20-E10-PBAT and TPS-G15-
E15-PBAT showed smoother and wider peaks at elevated temp-
eratures, showing more gradual and homogeneous degra-
dation. This trend verifies the enhanced thermal integration of
additives within the matrix as a result of the synergistic effects
from the plasticizers.

The thermal and structural responses of the composite
films were evaluated by Fourier transform infrared spec-
troscopy (FTIR) and differential scanning calorimetry (DSC).
These analytical methods gave information regarding the
chemical functional groups, compatibility between the com-
ponents, and thermal transitions.

The FTIR spectra (Fig. 6) of the films exhibited representa-
tive absorption bands that affirmed the existence and inter-
action among the constituent polymers and additives. All films
featured a broad peak in the range 3200-3500 cm™", attributed
to O-H stretching vibrations, essentially from starch, glycerol,
and NCC. This wide band decreased in intensity in TPS-G20-
E10-PBAT and TPS-G15-E15-PBAT, suggesting that fewer free
hydroxyl groups were available, which was probably due to
hydrogen bonding and esterification reactions between the
epoxy groups of EPSO.>* Peaks at around 2920 and 2850 cm™*
corresponded to C-H stretching of aliphatic chains in PBAT,
SA, and EPSO. An intense absorption signal at 1740 cm ™" was
attributed to the C=0 vibration of ester linkages in PBAT and
EPSO, which became more intense and well-defined in the
films TPS-G25-E5-PBAT, TPS-G20-E10-PBAT and TPS-G15-E15-
PBAT, in agreement with the increased interaction between
EPSO and the starch matrix. The FTIR spectrum further exhibi-
ted intense bands in the range of 1000 to 1200 cm™, linked
with C-O-C and C-O stretching vibrations of starch and PBAT.
These bands were more uniform and peak-resolved in the
TPS-G20-E10-PBAT and TPS-G15-E15-PBAT films, indicating
improved uniformity of distribution and interaction of the
components. The presence of MA was thought to enhance

Table 3 Degradation of thin films after 45 days
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covalent bonding between the hydroxyl-abundant starch/NCC
phase and the hydrophobic PBAT matrix, thus improving inter-
facial adhesion. SA also helped in better dispersion of NCC
and increased the hydrophobic nature of the matrix, which
indirectly contributed towards better molecular alignment and
smoothness of the film.**?3®

Thermal transitions of the composite films were analyzed
by differential scanning calorimetry (DSC) (Fig. 6). A wide
endothermic zone at 60-90 °C represented the glass transition
temperature (T,) of the amorphous part of the starch and
PBAT matrix. The T, value of TPS-G20-E10-PBAT and TPS-G15-
E15-PBAT was marginally higher than that in TPS-PBAT, reflect-
ing their greater molecular interaction and lower mobility of
polymer chains because of the incorporation of EPSO and
compatibilizers. This reflects that EPSO is not only a plasticizer
but also that it improves chain entanglement through its mul-
tifunctional epoxy groups. Sharp and intense peaks at distinct
endothermic points between 130 and 200 °C are reflective of
the melting points of the crystalline regions in PBAT and
lipoid additives like RBW and SA. TPS-G20-E10-PBAT and
TPS-G15-E15-PBAT revealed these peaks to be sharper and
more intense, pointing towards their enhanced crystallinity
and more thermally resistant structures. The enhanced crystal-
lization behavior was likely due to successful plasticization by
EPSO, which promoted chain mobility during processing, and
subsequent improvement of molecular packing on cooling.
The DSC profiles of TPS-PBAT and TPS-G30-E0-PBAT featured
wider and less sharp transitions, indicative of poorer miscibil-
ity and structural order caused by glycerol-rich plasticization.

4.8 Biodegradation experiments

In the biodegradation experiments (Table 3), a remarkable
decrease in the weight of the composite films was noticed,
reflecting successful microbial degradation under conditions
of soil burial. Of all the films, the TPS-PBAT film had the
maximum weight loss of 82.46%, reflecting better biodegrad-
ability. This was followed by 79.23% in TPS-G30-E0-PBAT,

TPS-PBAT TPS-G30-E0-PBAT

TPS-G25-E5-PBAT TPS-G20-E10-PBAT TPS-G15-E15-PBAT

Before degradation

Degradation after 45 days
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78.56% in TPS-G25-E5-PBAT, 76.23% in TPS-G20-E10-PBAT, and
75.11% in TPS-G15-E15-PBAT after 45 days of soil burial. The
greater degradation of the TPS-PBAT film was due to the greater
content of glycerol, which increased the hydrophilicity of the
matrix, thus allowing greater water uptake and penetration by
microorganisms. Furthermore, the absence of EPSO in
TPS-PBAT minimized the level of crosslinking and hydrophobic
interactions, thus making the matrix more prone to enzymatic
attack under natural conditions. In contrast, with increasing
EPSO content going from TPS-G25-E5-PBAT to TPS-G20-E10-
PBAT and TPS-G15-E15-PBAT, the films became hydrophobic
and more structurally dense because crosslinked networks were
formed between the hydroxyl groups of starch or NCC and the
epoxy groups of EPSO. The higher crosslink density and lower
water absorption impeded microbial invasion, leading to slightly
reduced rates of biodegradation in the EPSO-rich composites.
However, all the formulations proved to be highly biodegradable,
upholding their place within areas of sustainable use.

5. Conclusion

In this reported work, elemental and spectroscopic analyses
confirmed the successful synthesis of EPSO via in situ peracid
epoxidation of edible soybean oil. Incorporating EPSO as a
bio-based plasticizer into TPS-PBAT nanocomposites,
reinforced with NCC, RBW and other sustainable additives,
material performance was significantly enhanced. Substituting
10-15 wt% of glycerol with EPSO improved processability,
interfacial compatibility, and polymer chain mobility, which

led to increased mechanical strength (13.63 + 0.81 MPa),
elongation (299 + 18%), and film integrity.
EPSO-plasticized TPS-PBAT films exhibited increased

thermal stability, lower water vapor permeability (117.09 =+
3.88), and greater surface hydrophobicity (WCA of 108.6 +
0.46°), as indicated by higher contact angles, and smoother
morphologies as observed using scanning electron microscopy
(SEM) and atomic force microscopy (AFM). These enhance-
ments resulted from the reactive, hydrophobic, and lubricating
properties of EPSO, which facilitated uniform dispersion and
effective molecular interactions within the polymer matrix.
The biodegradation rate remained >75%, indicating that EPSO
incorporation did not reduce environmental sustainability.

In summary, EPSO functions as an efficient and environ-
mentally friendly plasticizer that reinforces the mechanical,
barrier, and thermal properties of TPS-based composites while
preserving their biodegradability. The optimized formulations,
specifically TPS-G20-E10-PBAT and TPS-G15-E15-PBAT, demon-
strated their strong potential for use in sustainable packaging,
mulch films, and other biodegradable applications.

6. Future outlook

The present study establishes the mechanical, thermal,
barrier, and biodegradation performance of EPSO-modified
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TPS/PBAT composites, showing their suitability for sustainable
packaging applications. However, for practical deployment, the
long-term performance stability of these materials under
environmental factors such as humidity, temperature fluctu-
ations, and ultraviolet (UV) radiation requires further evalu-
ation. Previous studies on TPS/PBAT systems have reported
that prolonged exposure to such conditions can lead to plasti-
cizer migration, oxidation, and gradual mechanical deterio-
ration.’® In the present formulation, the incorporation of
hydrophobic components such as epoxidized soybean oil
(EPSO) and rice bran wax (RBW) is expected to mitigate these
effects by reducing water uptake and providing a protective
barrier against moisture and UV-induced degradation. The
reactive epoxy functionality of EPSO can also promote limited
crosslinking, improving structural cohesion and resistance to
environmental aging. Future studies will therefore include
accelerated aging and UV-resistance analyses to assess the
retention of mechanical and barrier properties over extended
storage periods.

In addition to performance stability, the investigation into
the long-term safety of these films for potential food-contact
applications is essential. Epoxidized soybean oil (EPSO) is a bio-
based and non-toxic additive that is listed by the U.S. Food and
Drug Administration (FDA) for use as a plasticizer and stabilizer
in food packaging materials. To ensure full regulatory compli-
ance, overall and specific migration studies will be conducted
in accordance with EU Regulation No. 10/2011. Previous
reports'>'® have shown that EPSO exhibits very low migration
levels because its reactive epoxy groups can partially crosslink
with hydroxyl functionalities of starch, PBAT, and cellulose,
thereby immobilizing it within the polymer matrix. This indi-
cates that the developed biocomposite films are not only envir-
onmentally benign but also hold strong potential for use in
compostable and food-safe packaging applications, pending
confirmation through migration and aging validations.
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