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1. Introduction

Design and engineering of novel extrusion-cast
films from plasticized cellulose acetate filled with
mineral fillers for flexible packaging applications
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Amar K. Mohanty

Plasticized cellulose acetate (pCA)-based green composite films were fabricated via cast film extrusion
as sustainable alternatives to solvent-cast processing and conventional petroleum-based plastics for
applications in flexible packaging. Cellulose acetate was plasticized with bio-based triacetin (pCTA) or
petrochemical triethyl citrate (oCTEC). Green composites were then prepared by incorporating 10 or 15 wt%
talc or recycled CaCOs (rCaCOs) with an optimized amount of Luperox (LUP) used as a compatibilizer. The
combined addition of fillers and LUP significantly enhanced the elastic modulus (EM) of all samples,
particularly for talc-filled systems. Specifically, EM increased by 126% in pCTA/LUP/15Talc and by 136% in
pCTEC/LUP/15Talc compared with pCA. The tensile strength (TS) also improved by 31-40% in talc-filled
films, while rCaCOs-filled films showed minimal changes. These enhancements were attributed to improved
interfacial adhesion between talc and pCA, promoted by LUP as well as orientation of talc crystallites and
polymer chains during cast film extrusion. X-ray diffraction confirmed the higher nucleating efficiency of talc,
yielding higher crystallinity values of 75-84% for talc-filled versus 66-69% for rCaCOsz-filled pCA. Talc-filled
films also exhibited superior elongation at break (EB), thermal stability, and barrier performance, with oxygen
and water vapor permeability reductions of up to 38% and 72%, respectively. Talc-filled films’ higher contact
angles (for both water and diiodomethane) and lower surface energy further supported the improved barrier
properties. Overall, the synergistic effects of LUP and talc significantly enhanced the mechanical strength, bar-
rier effectiveness, and thermal stability of pCA composites, demonstrating their strong potential as sustainable
materials for flexible packaging applications.

of substitution (DS) of the CA. The DS, which can be in the
range of 1.7-3.0,” is a primary factor that determines the rate of

Cellulose, the most abundant polysaccharide on Earth," can be
converted into cellulose acetate (CA) - a polymer of growing
interest for sustainable applications. Moreover, CA is approved
by the Food and Drug Administration as GRAS (Generally
Recognized as Safe). CA is used in food-related applications
such as disposable cutlery and produce wrapping.” However, its
poor tear strength and limited barrier properties against moist-
ure and gases restrict its broader use. To overcome these
limitations, researchers have explored blending CA with other
polymers® or reinforcing it with fillers to enhance performance.*

The number of hydroxyl groups that are substituted by acetyl
groups in a single anhydroglucose unit determines the degree
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CA’s biodegradability. The higher the DS, the lower the biode-
gradation rate.® A higher DS also increases gas permeability by
expanding the polymer structure and reducing hydrogen
bonding.” Thus, more research on low-DS CA is needed, as it
offers higher biodegradability rates and gas barrier properties
for sustainable packaging applications.

CA’s strong dipolar interactions result in a high glass
transition temperature (7g) and a narrow temperature range
between melting and decomposition limits its processability.>
Plasticizers are essential to overcome these challenges and
improve CA’s processability.>® Glycerol-based plasticizers such
as TA and citrate plasticizers such as TEC are well-known
additives originating from renewable molecules that are used
in the plastic industry as a replacement for phthalate- and
dibenzoate-based plasticizers.” The typical plasticizer content
that is added to CA is 15-35 wt%.'® For instance, 25% TEC was
reported as an optimized amount to plasticize CA with optimal
mechanical properties without compromising its structural

© 2026 The Author(s). Published by the Royal Society of Chemistry
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integrity.> Moreover, plasticization of CA with 25% TA results in
continuous strands without any breakage during processing.'*
It has been reported that CA plasticized with >25% plasticizer
was needed for high impact resistance at room temperature,
marking it a critical threshold for toughness. Beyond this level,
miscibility issues caused inconsistent yield stress behavior,">"?
suggesting 25% as the optimal plasticizer content for CA.

Talc, a hydrous magnesium silicate (Mg3Si40;0(OH),), is
certified safe for specific food use according to a Canadian
government report'* and is widely used as a reinforcement filler
in a polymeric matrix to improve the mechanical and barrier
properties. CaCOj is an abundant mineral commonly found in
limestone'® and it can be recycled from sea shell waste'® or
paper sludge’” supporting circular economy efforts. Composite
performance depends heavily on effective stress transfer at the
fiber-matrix interface, making interfacial bonding a key focus in
composite design.'® Thus, compatibilizing agents, such as
organic peroxide compounds,'® are commonly used to enhance
interfacial compatibility. During reactive extrusion, peroxides
can trigger chain scission, branching, and crosslinking, improv-
ing adhesion and stress transfer. Similar effects can occur in
polymer-filler systems. However, peroxide content must be
optimized, as excess can cause phase separation.”’

In our previous work,” the effect of different inorganic fillers
at 10% wt (talc, CaCOs3, kaolin clay) and a natural fiber (micro-
crystalline cellulose) in pCA-based composites prepared by melt
extrusion and injection molding was studied for rigid packaging
applications. Overall, pCA-filled talc composites showed super-
ior mechanical and barrier properties compared with pCA-filled
CaCOgs, while in terms of thermal properties the Tynser Was
higher for pCA-filled CaCO; (by 16 °C) versus pCA-filled talc.
The pCA-filled talc improved the elastic modulus (EM) by 30%
compared with neat pCA, while the EM of pCA-filled CaCO;
remained almost unchanged. Similar to CA’s increased thermal
stability induced by fillers in the previous study, especially
CaCO;, the CA-CaCO; nanocomposites exhibited a growth in
the CA’s thermal stability by 30 °C compared to neat CA.>> These
hybrid nanocomposites were fabricated through bubbling CO,
into the mixture of CA and Ca(OH), solution. The development
of CA-based composites filled with talc, in particular, or CaCO;
is very limited in the available literature to the best of our
knowledge. However, there are studies that compared these
fillers in other polymeric matrices such as polypropylene
(PP)**** or polyvinyl chloride (PVC)*® which reported the same
trends. For example, PP-filled 30 wt% talc-rich hybrid compo-
sites prepared by melt extrusion followed by injection molding
demonstrated superior tensile and flexural strength as well
as higher modulus, whereas hybrid composites containing
higher proportions of CaCO; exhibited greater toughness and
deformability.”® A notable hybridization effect occurred when
half of the talc content was substituted with CaCO; (PP:talc:
CaCO; 70:15:15), resulting in a more pronounced increase in
flexural and impact strength. Similarly, hybrid PP/talc/CaCO; (at
5 wt% filler) composites prepared by melt blending using a hot
press, resulted in higher elastic and flexural moduli and better
thermal stability than single-filler PP at similar total loading,
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again with improved toughness versus talc alone.**However, at a
higher filler loading (more than 5 wt%), the mechanical proper-
ties were reduced due to poor filler-matrix adhesion. In another
study, talc-rich PVC composites prepared by compression molding,
showed higher stiffness (flexural modulus) and the lowest impact
strength, while CaCOs-rich PVC composites showed optimum
properties in terms of impact resistance and flexural modulus.
The hybrid filler composites exhibited a gradual increase in impact
strength, while the flexural modulus, flexural strength, elastic
modulus, and tensile strength (TS) reduced with increasing CaCOs
content. The authors reported that the best stiffness-toughness
balance was achieved by combining 20 phr CaCO; and 10 phr talc
in PVC-based composites.?®

Most studies on CA-based bioplastic films employ solution
casting,”**° though hot-melt cast extrusion remains the industry
standard for plastic film production.*® For instance, cellulose
nanofibril (CNF) reinforced CA films produced by solvent casting,
plasticized with 30 wt% TA and TEC, showed 38% and 65%
improvements in TS and EM, respectively, at 5 phr CNF, though
higher loading reduced performance due to agglomeration.>”
Similarly, nanocrystalline CA films with 0.8 wt% graphene oxide
achieved ~62% higher TS, ~64% higher EM and ~47% lower
water vapor permeability (WVP), while higher loadings worsened
barrier properties.® El-Rehim et al.?* reported that adding 5 wt%
clay to pCA films plasticized with polyethylene glycol (PEG)
(16 wt%) decreased oxygen and water vapor transmission while
enhancing TS and elongation at break (EB), underscoring their
packaging potential. Shlush et al.*° showed that solution casting
and hot-melt extrusion of ethyl cellulose with myvacet and
glycerol produced films with distinct properties: extrusion yielded
smoother, stronger films (TS ~ 5-10 MPa, EB ~ 10-60%) and
slightly lower T, and Tp,,. Myvacet-plasticized ethyl cellulose films
processed by extrusion also showed reduced T, and Ty, improved
mechanical properties, WVTR of 76-109 g m > day, and hydro-
philicity suitable for fresh produce.*® Extruded pCA/anionic clay
films with 5 wt% filler showed 12.5% higher EM but 77.7% lower
EB due to filler-induced brittleness, yet preserved pomegranate
quality during storage.>* Similarly, pCA/cellulose nanowhisker
composites (5 wt%) improved TS and EM by 100% and 300%,
though EB dropped 87%.%° Melt-extruded pCA/montmorillonite
nanocomposites plasticized with TEC and loaded with antimi-
crobial agents exhibited reduced TS and EM, and a 150%
increase in WVP.?® Finally, thermoplastic starch (TPS)-CA films
produced using a catalyst showed enhanced hydrophobicity, TS
(by 146%), EB, and toughness compared to neat TPS, indicating
their potential for food packaging applications.?”

In pursuit of sustainable packaging solutions, we hypothe-
sized that the synergistic use of suitable plasticizers and inor-
ganic fillers, coupled with reactive compatibilization via LUP,
could substantially improve the processability, mechanical per-
formance, and barrier properties of CA. Accordingly, the objec-
tive of this study is to establish structure-property relationships
in pCA composite films by systematically evaluating the effects
of the plasticizer type (bio-based TA and petro-based TEC) and
filler type (talc and recycled CaCOs3) on the final performance of
developed composite films. The main distinction of this work in
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comparison to our previous work®" lies in the development of
uniform, defect free cast films derived from cellulose acetate-
based composites through an industrially relevant melt-
extrusion processing approach for flexible packaging applica-
tions, unlike our previous work in which pCA-composites were
processed through injection molding for rigid packaging appli-
cations. Furthermore, unlike prior CA processing studies in the
literature, this work integrates (1) renewable and petro-based
plasticizers (TA and TEC), (2) inorganic fillers (talc and recycled
CaCO03), and (3) peroxide-driven interfacial compatibilization,
and systematically links these factors to structure-property
relationships encompassing rheological, crystallinity, mechan-
ical, morphological, contact angle and surface energy as well as
barrier properties designed for flexible packaging applications.

2. Experimental

2.1. Materials

Cellulose diacetate (CA) (based on the technical datasheet: CAS
9004-35-7, RTW grade, approximate purity 100 wt%, specific
gravity 1.31-1.32 ¢ cm ™2, T, 230-250 °C, T4 304 °C, degree of
polymerization 185, combined acetic acid 52.8%, free acidity
0.01%, degree of substitution DS 2.26, wood pulp nature and
molecular weight (MW) of 91098.72 g mol ') was sourced from
Sichuan Push Acetati Co., Ltd. The MW and DS calculations are
provided in the supplementary information (SI). Food-grade
bio-based TA was supplied by Wuhan Golden Wing Industry,
and TEC was purchased from Sigma-Aldrich. Luperox DHBP
101 (LUP), with 10.25-10.47% active oxygen was purchased
from Arkema. Jetfine 3CC talc (CAS 14807-96-6) and ReMined
recycled calcium carbonate (rCaCO;) powder were provided by
Imerys, USA. Glycerol (ACS reagent, > 99.5%) was purchased
from Sigma-Aldrich. All materials were used as received.

2.2. Plasticization of cellulose acetate

CA powder was dried in an oven at 80 °C. The moisture content
of CA was measured using a Sartorius MA37 moisture analyzer
before initiating plasticization to be <1%. For plasticization,
the CA powder was mechanically blended with 25% plasticizer
(TEC or TA), and then left to rest at room temperature for
4 hours. The term ‘“plasticized CA” (pCA) refers to CA powder
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containing 25% plasticizer. When TA is used as the plasticizer,
the material is labeled pCTA, whereas pCTEC designates the
sample plasticized with TEC.

2.3. Melt extrusion of pCA and composites

Depending on the chosen ratios of pCA, organic peroxide (LUP)
and fillers, each formulation was produced using a Micro-27 co-
rotating twin-screw extruder (Leistritz Advanced Technologies
Corporation, USA). The extruder was operated at temperatures
of 160 °C in zone 1 and 180 °C in the remaining zones, with a
screw speed of 100 rpm and a feed rate of 6-7 kg h™'. Before
extrusion, the required amounts of all components were accu-
rately weighed and manually premixed in zip-lock bags, then
loaded into the extruder hopper. After processing, the extruded
materials were cooled in a water bath, pelletized, dried over-
night at 70 °C, and finally kept in aluminum bags for storage. A
complete list of the formulations is provided in Table 1.

2.4. Extrusion casting of pCA and pCA-based composite films

The dried pellets made by melt extrusion in Section 2.3 were
cast into films using a cast film extruder (Microtruder RCP-
0625, Randcastle, USA, 24:1-L:D) (Fig. 1) with a 1.25” single
screw, a lip die and chill rollers. Each composition was pro-
cessed at a specific temperature, as summarized in Table 2. The
lip die gap was adjusted to produce films with a thickness of <
0.25 mm.

2.5. Mechanical properties

The mechanical properties of the cast films were studied in the
machine direction per ASTM D882-18 using a universal testing
machine (Instron 3382, Massachusetts, USA) equipped with
Bluehill software, at 25 + 2 °C and 50% relative humidity with
a 5 kN load cell. The crosshead speed, gauge length and sample
dimensions were selected based on the anticipated EB% per
ASTM D882-18. Each sample was tested with ten replicates.

2.6. Rheological properties

Rheological measurements were carried out at 200 °C, the
average temperature used during cast film processing, using
a strain-controlled AntonPaar MCR-302 rheometer. To char-
acterize the frequency-dependent behavior of the pellet

Table 1 pCA-based formulations prepared in the present study with either TA or TEC with/without LUP and fillers. pCA: plasticized cellulose acetate,
TEC: triethyl citrate, TA: triacetin, LUP: luperox, rCaCOs: recycled calcium carbonate

Formulation Sample ID CA (Wt%) Plasticizer (wt%) Luperox (phr) Filler (wt%)
PCA (25%TA) pCTA 75.00 25.00 — —
PCA (25%TEC) pCTEC 75.00 25.00 — —
PCA (25%TA) + 0.01Luperox pCTA/0.01LUP 75.00 25.00 0.01 —
PCA (25%TEC) + 0.01 Luperox pCTEC/0.01LUP 75.00 25.00 0.01 —
PCA (25%TA) + 0.01 Luperox + 10%Talc pCTA/0.01LUP/10Talc 67.50 22.50 0.01 10
PCA (25%TEC) + 0.01 Luperox + 10%Talc pCTEC/0.01LUP/10Talc 67.50 22.50 0.01 10
PCA (25%TA) + 0.01 Luperox + 15%Talc pCTA/0.01LUP/15Talc 63.75 21.25 0.01 15
PCA (25%TEC) + 0.01 Luperox + 15%Talc pCTEC/0.01LUP/15Talc 63.75 21.25 0.01 15
PCA (25%TA) + 0.01 Luperox + 10%rCaCO; pCTA/0.01LUP/10rCaCO; 67.50 22.50 0.01 10
PCA (25%TEC) + 0.01 Luperox + 10%rCaCO3; pCTEC/0.01LUP/10rCaCO; 67.50 22.50 0.01 10
PCA (25%TA) + 0.01 Luperox + 15%rCaCO; pCTA/0.01LUP/15rCaCO, 63.75 21.25 0.01 15
PCA (25%TA) + 0.01 Luperox + 15%rCaCO; pCTEC/0.01LUP/15rCaC0O;  63.75 21.25 0.01 15
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pCTEC/0.01LUP pCTEC /0.01LUP/Talc pCTEC/0.01LUP/rCaCO;
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Fig.1 The neat pCTEC, pCTEC/0.01LUP and pCTEC/0.01LUP/10 or 15 Talc and pCTEC/0.01LUP/10 or 15 rCaCOs films prepared by cast film extrusion.
The films using TA or TEC seem similar in appearance, so only pCTEC-based films are shown for simplicity. pCTEC: plasticized cellulose acetate with

triethyl citrate, TEC: triethyl citrate, and LUP: luperox.

Table 2 Conditions in the cast film extruder used for each composition in
this study. pCTEC: plasticized cellulose acetate with triethyl citrate, pCTA:
plasticized cellulose acetate with triacetin, TEC: triethyl citrate, TA: triace-
tin, LUP: luperox, and rCaCOs: recycled calcium carbonate

Temperature (°C) Screw
in zone 1, zone 2, rotation

Take-up
roller

zone 3, zone 4, speed  speed
Sample ID die (rpm)  (rpm)
pCTA 195 40 20
pCTEC 200 40 20
pCTA/0.01LUP 210 40 25
pCTEC/0.01LUP 210 40 25
pCTA/0.01LUP/10 or 15 Talc 200 40 22
pCTEC/0.01LUP/10 or 15 Talc 200 40 22
pCTA/0.01LUP/10 or 15 rCaCO; 195 40 22
pCTEC/0.01LUP/10 or 15 rCaCO; 195 40 22

samples, tests were performed in dynamic oscillation mode
with a 25 mm parallel-plate fixture and a 1 mm measurement
gap, all under a nitrogen atmosphere. The complex viscosity
along with the storage and loss moduli were quantified across a
frequency range of 0.01-100 s~ while maintaining a constant
strain of 0.1%. The results of rheological analysis are presented
in Fig. S1 and S2.

2.7. X-ray diffraction (XRD)

The crystallinity percentage of the samples was determined
through powder X-ray diffraction (XRD), employing a PANaly-
tical Empyrean diffractometer (CuKo, A = 1.5418 A, 45 kv,
40 mA, 20 range 5-60°). Data acquisition and analysis were carried
out using a Data Collector and HighScore Plus (version 4.1) soft-
ware. Crystallinity was calculated using OriginPro 2025.b software
and eqn (1), which compares the area under the crystalline peaks
(A¢) to the total diffractogram area (Ar).*®

XXRP (%) = ‘:—: x 100 (1)

© 2026 The Author(s). Published by the Royal Society of Chemistry

2.8. Thermogravimetric analysis (TGA)

The thermal stability of samples was analyzed using a Q500
analyzer (TA Instruments, Delaware). Each sample (15-20 mg)
was subjected to heating at a rate of 10 °C min~" from 25 °C to
600 °C under nitrogen (N,) gas (purging flow of 40 mL min ™"
and balancing flow of 60 mL min ). Derivative TGA (DTGA)
curves were used to determine the temperatures at which peak
degradation occurred.

2.9. Water vapor absorption (WVA)

The hydrophilicity of the two neat pCA formulations (pCTA and
PCTEC) was assessed through water vapor absorption (WVA)
testing following the methodology described by Menossi et al.*°
Briefly, square specimens (1 x 1 cm?) were cut and oven-dried
at 40 °C for 48 h to remove residual moisture. The initial dry
mass (M;) of each specimen was recorded prior to exposure.
Then, the samples were placed in hermetic containers main-
tained at 25 °C under controlled relative humidity (RH) condi-
tions of 60% and 90%, in accordance with ASTM D5032-19. The
desired RH levels were achieved using water—glycerin solutions
and verified with a hygrometer (TempPro TP50).

The mass of each specimen was monitored at regular inter-
vals over a 48-h period. The percentage of water vapor absorp-
tion was calculated using eqn (2).

WVA(%) = w % 100 D)

In this study, M, is the mass of the specimen at a given time
(). All measurements were performed in triplicate. The equili-
brium water vapor absorption (WVA.q) was determined as the
WVA values reached equilibrium and is reported as the mean +
standard deviation. Each WVA.4 value for 60 and 90% RH is
provided in Table S1.

Mater. Adv., 2026, 7, 5662-5678 | 5665
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2.10. Barrier properties

WVP was determined using a Permatran-W 3/33 analyzer
(Mocon, USA) at 90 + 5% relative humidity (RH) and 37.8 °C
per ASTM F1249. The cast film samples (5 cm?) were mounted
between two aluminum frames, and then placed in the dual-
chamber module. Highly pure N, gas was introduced at
100 cm® min~" flow rate. During the test, water vapor that
permeated through the sample was transported by the N,
stream to the sensor, enabling quantification of WVP. For OP
analysis, samples with similar dimensions were tested using a
Mocon OX-TRAN 2/21 analyzer (USA) at 0%RH and 25 £ 2 °C
per ASTM D3985. During testing, a 10 cm® min~ ' flow of N,
transported the diffused oxygen molecules from the film to the
sensor, which then served as the basis for calculating the OP.
Experiments were performed in duplicate.

2.11. Attenuated total reflection Fourier-transform infrared
(ATR-FTIR) spectroscopy

FTIR spectroscopy was used to study the samples’ chemical
structures and main functional groups, in the ATR mode, with a
Nicolet Summit X instrument (Thermo Scientific). Spectral data
were collected in the range of 600 to 4000 cm ', 4 cm

resolution, and 256 scans.

2.12. Scanning electron microscopy (SEM)

The microstructures of talc and rCaCO; powders were studied
using SEM (Thermo Fisher Scientific, Quanta FEG 250) at 20 kv.
The cast films were studied through SEM (Phenom World BV,
Netherlands) at 10 kv. All samples were sputter-coated with
gold prior to SEM analysis. The cast film samples were placed
in liquid N,. After ~5 min, samples were cryo-fractured manu-
ally to study the cross-sections.

2.13. Contact angle and surface energy

To evaluate the water and diiodomethane contact angles of the
cast film samples, a Rame-hart standard goniometer (260-U1,
USA) with a high-speed digital camera, 0° stage angle, +-0.01°
resolution and +0.1° accuracy. Films were trimmed into 2 X
2 ecm” sections and positioned on the sample holder. Using a
glass syringe, 5 pL droplets of either water or diiodomethane
were placed on the surface of the sample and left undisturbed
for approximately 10 seconds. The contact angles were recorded
using DROP image advanced software. Each test was repeated
in triplicate. Based on the measured contact angles, the surface
tension of the cast films was calculated using Young’s equation

(eqn (3)):*°
s = ys1 + 71€08 0 (3)

where ys and 7, refer to the equilibrium surface tensions at
solid-vapor and liquid-vapor interfaces, respectively, while yg is
attributed to the interfacial tension of the liquid and solid phases
and 6 is the contact angle. The Owens-Wendt-Rabel-Kaelble
(OWRK) model extends this concept by applying a geometric mean
approach to separate the surface tension into dispersive and polar
forces (Table 3). Alternatively, when identical intermolecular forces
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Table 3 Surface tension (y) and polar (y°) and dispersive (;%) components
(mN m™) for water and diiodomethane

Liquid y P 54
Water 72.8 51.0 21.8
Diiodomethane 50.8 0.0 50.8

exist at the interface, the harmonic-mean equation applies. We
measured the contact angle of cast films using a geometric- and
harmonic-mean®® and the surface tension was computed using
DROP image advanced software.

3. Results and discussion

3.1. Mechanical properties

Mechanical properties (EM, TS, EB%) play a critical role in the
functionality and longevity of packaging films. We evaluated
the influence of a bio- and a petro-based plasticizer (TA and
TEC) along with rCaCO; and talc fillers on the pCA matrix
(Fig. 2). The mechanical properties depended on the miscibility
of the plasticizer with CA and filler dispersion in the pCA
matrix and their interactions.

3.1.1. Influence of organic peroxide on the pCA-based
matrix. The neat pCTA and pCTEC showed almost similar
mechanical properties (Fig. 2). The TS, EM and EB% for pCTA
were 42.74 MPa, 1.79 GPa, 30.2%, respectively while these para-
meters for pCTEC were 42.15 MPa, 1.85 GPa, 29.9%, respectively.
Overall, the pCA neat films developed here showed superior
mechanical performance compared to those reported in the
literature. For example, the pCA film fabricated through extru-
sion showed an EM of 1.12 + 0.03 GPa and an EB% of 23.8 +
3%.* Similarly, cellulose acetate butyrate (CAB)/20%TEC films
were fabricated through a twin-screw extruder showing an EM of
0.79 GPa £ 0.11, a TS of 20 + 1.62 MPa and an EB% of 18.3 +
5.1%.*® The differences in the mechanical properties reported in
the literature versus this study, can be due to the differences in
the plasticizer amount and type, processing temperature, DS of
CA used and the type of substituent.

We previously optimized the level of LUP (0.01 phr) added to
the pCA to achieve well-balanced mechanical properties.**
Addition of LUP to the pCTEC matrix resulted in higher TS
and EM, which can be due to the crosslinking effect of LUP,
which was further confirmed through rheological analysis
showing higher complex viscosity after addition of luperox into
the pCA matrix (Fig. S1). Peroxide compounds function as a
crosslinking agent, thus can improve the mechanical integrity.**
Specifically, for pCTEC/0.01LUP, the TS and EM increased by
~15% and ~44%, respectively, compared to the neat pCTEC
film. In the case of pCTA/0.01LUP, the TS remained almost
unchanged after the addition of LUP, while the EM increased by
~31%, compared with the neat pCTA film. The EM indicates
the stiffness of the matrix which is mainly controlled by the
composition rather than the reactive extrusion reactions. Simi-
larly, addition of 0.02 phr LUP to a ternary blend of polylactic
acid (PLA)/polybutylene succinate (PBS)/polybutylene adipate
terephthalate (PBAT), resulted in an increased EM and TS."

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Mechanical properties of the neat pCA films and pCA-based
composite films. (a) Tensile strength (TS), (b) Young's or elastic modulus
(EM), and (c) elongation at break (EB%). The combined addition of LUP and
fillers increased the EM compared with neat pCA films. The TS remained
almost unchanged after the addition of rCaCOz and LUP, while there was a
significant increase after the addition of talc and LUP and finally, the EB%
experienced a dramatic reduction across all samples. pCA: plasticized
cellulose acetate, TEC: triethyl citrate, TA: triacetin, LUP: luperox, and
rCaCOs: recycled calcium carbonate.

In another study, addition of only 0.025 wt% peroxide to a
binary blend of polyethylene (PE)/PP, increased the TS signifi-
cantly due to increased crosslinking.*

EB% decreased markedly after peroxide addition, with the
EB% reduced in pCTEC/0.01LUP by 85% and 67% for pCTA/
0.01LUP, consistent with chain mobility restrictions in cross-
linked systems and improved complex viscosity observed in
rheological properties (Fig. S1). Liu et al.** reported that cross-
linking in low-density polyethylene (LDPE) involves chemical
and physical junctions as well as permanent entanglements.
During cooling from melt in cast film extrusion, these junctions

© 2026 The Author(s). Published by the Royal Society of Chemistry
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restrict elongation by limiting segment mobility and reducing
chain slippage, leading to lower EB%. The amount of peroxide
strongly influences this trade-off: small additions (0.01 phr in
this study) improve TS and EM but reduce flexibility, while
higher levels can cause excessive crosslinking and severe EB%
loss. For example, 0.05 phr peroxide in a blend of pCA/PBAT,
resulted in a higher TS and lower EB%, due to the formation of
crosslinked structure.’® While, in a PE/PP binary blend, Gon-
zalez et al.** added 0.025 and 0.05 wt% peroxide and observed
higher EB% compared with a neat blend but higher loadings
led to sharp declines in EB% as a result of more restrictions
caused by crosslinking against the sliding of polymer chains.*?
This further highlights the critical importance of the amount of
peroxide compound that is added to a polymeric matrix.

3.1.2. Influence of talc and rCaCOs; fillers on the pCA-based
matrix. Overall, the pCA-based composite films developed here
showed superior mechanical performance compared to those
reported in the literature. For example, pCA-filled layered double
hydroxide showed an EM of 1.26 £ 0.07 GPa and an EB% of 5.3 +
0.7% due to filler-induced discontinuities.>* In this study, addi-
tion of 10 wt% and 15 wt% rCaCO; or talc into the pCTA or
PCTEC matrix showed almost similar trends in TS, EM and EB%
compared with pCTEC- and pCTA neat films (Fig. 2). Addition of
fillers and further increasing the filler content from 10 wt% to
15 wt%, consistently raised EM across all samples, compared
with neat pCTA and pCTEC films due to filler stiffness and
restricted chain mobility.*® This effect was more pronounced in
talc composites, particularly pCTA/0.01LUP/15Talc and pCTEC/
0.01LUP/15Talc, where the EM increased by 126% and 136%,
respectively. Improved interfacial adhesion with talc, aided by
0.01 phr LUP, likely explains this enhancement, which was also
confirmed through rheological analysis showing lower complex
viscosity with the combined addition of LUP and talc into pCA
compared to only talc-filled pCA (Fig. S1). The same observation
was reported by Zhu et al.,*> where increasing the silica content
in the polystyrene and LDPE increased the EM. Comparable
effects of LUP compatibilization were reported for PP-hemp
composites.*®

The TS remained almost unchanged for rCaCO;-filled films
compared with neat pCA films, and even slightly declined in
pCTA/0.01LUP/rCaCO; due to filler agglomeration which
restricted the effective stress transfer from polymer to the filler.
A similar reduction in TS was observed in the case of talc-PBAT
composite films,"* as well as Biochar-PBAT composite films.*” In
contrast, talc-filled films showed significant TS improvements:
40% in pCTEC/0.01LUP/15Talc and 31% in pCTA/0.01LUP/10Talc
versus pCTEC and pCTA films, respectively. This improvement
arises from better dispersion of talc in the presence of LUP, as
supported by SEM observations as well as lower viscosity
observed in rheological analysis (Fig. S1). Similar results were
reported in TiO,-filled PBAT/thermoplastic starch films*® or TiO,-
filled starch films.*® The increase in talc level (from 10 to 15 wt%)
exhibited a continued increase in TS for pCTEC-based compo-
sites, while the reverse was observed for pCTA-based composites.
This is consistent with reports that filler agglomeration and poor
interfacial adhesion between filler and polymer initiate crack
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propagation resulting in composite failure.>® It was reported
previously that strain-induced -crystallization upon stretching
the PBSA-filled talc®® or PBAT-filled talc'* positively affected the
mechanical properties of the films when compared to unstretched
films. This can be another reason behind the improvement in TS
and EM of the present study, in which orientation of talc crystal-
lites and polymer chains along the draw direction during cast film
extrusion processing might occur. However, to verify this phenom-
enon one needs to compare the film properties in this study with
unstretched films.

The improved TS and EM of talc-filled films also correlate
with the improved crystallinity after talc addition to the pCA
matrix in this study, which is discussed in Section 3.2. Similar
observations were reported for PBSA-filled talc®* and PBAT-filled
talc composites."* The compatibilization effect of LUP was more
effective in talc-filled films rather than in rCaCOs;-filled films.
This is also evident when comparing the SEM images of talc-filled
films with rCaCOs-filled films, which will be further discussed in
terms of the SEM analysis (Section 3.3). Talc, due to its platelet-
like structure, facilitates more effective stress transfer than
spherical or other particle shaped fillers.>® Because of its platy
morphology, talc tends to align with the direction of polymer flow
during processing. This shape gives platy fillers a high aspect
ratio, which improves their wettability by the polymer matrix.
Improved wettability reduces the formation of microvoids and
enhances the interfacial contact between the filler and the matrix.
As a result, the stronger filler-matrix interaction enables more
efficient transfer of stress from the polymer matrix to the talc
particles during external loading.>* Similarly, the PP~hemp bast
fiber using LUP as a compatibilizer, showed a 40% increase in TS
compared with neat PP.*®

EB% decreased notably in all filler-loaded films, reflecting
reduced chain mobility and increased crystallinity. The lowest
values were found for rCaCO; composites (7.7% for pCTEC/
0.01LUP/15rCaCO; and 5.6% for pCTA/0.01LUP/15rCaCO3), which
also showed phase separation and agglomeration in SEM images
due to the poor adhesion of filler and polymer matrix. A similar
decrease in EB% was reported in a previous study due to an
increase in the film crystallinity upon talc addition.>* The highest
EB% among all composites, in this study, was obtained from
pCTA/0.01LUP/10Talc  (14.6%) and pCTEC/0.01LUP/10Talc
(20.2%), which indicate a better filler dispersion in the presence
of LUP as a compatibilizing agent compared to those composites
with rCaCOj;. Conversely, stronger chemical cross-links induced by
LUP enhanced intermolecular forces, increasing TS,** which was
particularly evident in pCA-talc composites.

In summary, the combined addition of LUP and fillers (talc
or rCaCOj;) increased the EM compared with pCA films. The TS
remained almost unchanged after the co-addition of rCaCO;
and LUP, while talc increased the TS significantly. Finally, EB%
experienced a drastic decrease after adding LUP and either
rCaCO; or talc into the pCA matrix.

3.2. X-ray diffraction (XRD)

Fig. 3(a-f) show the XRD patterns of talc, rCaCO3, pCA, and
their composite films. rCaCO; powder (Fig. 3a) exhibited sharp
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peaks of the calcite phase at 20 = 23.0° (012), 29.4° (104), 35.9°
(110), 39.4° (113), 43.2° (202), 47.5° (018), 48.5° (116), and 57.4
(122).°>"% Talc powder (Fig. 3b) displayed distinct diffraction at
26 = 9.8° 19.5° 29.1° 38.9° and 49.1°, corresponding to the
(002), (110), (006), (132), and (060) crystallographic planes,
respectively.”

Neat pCTA and pCTEC (Fig. 3¢ and e), with or without LUP,
showed patterns typical of semi-crystalline polymers, character-
ized by a van der Waals broad amorphous halo at 20 ~ 20° and
a weaker low van der Waals halo feature near 20 ~ 10°. Another
distinct peak at approximately 20 =~ 8° reflects structural
disorder caused by acetylation, which disrupts cellulose micro-
fibril packing and increases interfibrillar spacing. Similar dif-
fraction features were reported by de Freitas et al.>* in CA with a
DS of 2.29.

Incorporation of rCaCO; introduced its characteristic peaks
at 29.4° 47.5°, and 48.5° (Fig. 3c and e), with intensity increasing
at 10-15% loading. This suggests enhanced crystallinity and a
transition from an initially amorphous halo to more semi-
crystalline and ordered domains. Similar findings were reported
by Menossi et al*® for a wollastonite-filled PBAT matrix. It is
important to note that as more rCaCO; is added, the relative
proportion of pCA (TA- or TEC-plasticized) decreases, thereby
lowering peak intensities associated with pCA (TA- or TEC-
plasticized) in the composite due to the reduced presence of the
polymer phase.>

Similar to rCaCOs;-filled films, talc-filled films showed their
characteristic reflections (Fig. 3d and f), with intensity increas-
ing at 10-15% loading, indicating improved crystalline organi-
zation. Furthermore, a slight shift of the peaks toward lower 20
values was observed in the pCTA/0.01LUP/15Talc compared to
those with 10% talc (Fig. 3f), suggesting a minor alteration in
the polymer blend’s crystalline lattice, induced by filler-matrix
interactions. Comparable behavior was reported by Pal et al.,>®
when incorporating clay into a biodegradable polyhydroxybu-
tyrate-co-hydroxyvalerate (PHBV)/PBAT blend.

The neat pCA formulations exhibited crystallinity values of
54.0% for pCTA and 55.8% for pCTEC (Table 4). The slightly
higher crystallinity observed in pCTEC may stem from the hydroxyl
(-OH) group in TEC, which enables additional hydrogen bonding
between polymer chains and the plasticizer. According to Decroix
et al.,”” crystalline peaks in CA disappeared when the ethyl lactate
plasticizer content exceeded ~19 wt%, highlighting structural
modifications induced by plasticizers.

The addition of peroxide resulted in a reduction in crystal-
linity, decreasing from 54.0% to 53.6% for pCTA and from 55.8%
to 48.6% for pCTEC, likely due to crosslinking points that
interfere with the orderly arrangement of polymer chains during
cooling from the melt. This correlates with improved complex
viscosity observed after addition of LUP into pCTA or pCETC in
rheological analysis (Fig. S1). As crosslinking, primarily initiated
in the molten phase, increases, it limits the chain mobility
necessary for forming well-organized crystalline domains.**
These changes can affect mechanical performance where stron-
ger chemical crosslinks restrict chain flexibility, shorten effective
segment lengths, and cause uneven stress distribution under

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XRD diffractograms of (a) rCaCOs; (b) talc; (c) pCTEC/0.01LUP/10 or 15 rCaCOs composite and neat pCTEC films; (d) pCTEC/0.01LUP/10 or 15
talc composite and neat pCTEC films; (e) pCTA/0.01LUP/10 or 15 rCaCOz composite and neat pCTA films; (f) pCTA/0.01LUP/10 or 15 talc composite and
neat pCTA films. While the addition of LUP reduced the crystallinity, fillers could improve crystalline organization in the pCTA or pCTEC matrix. pCTEC:
plasticized cellulose acetate with triethyl citrate, pCTA: plasticized cellulose acetate with triacetin, TEC: triethyl citrate, TA: triacetin, LUP: luperox, and

rCaCOs: recycled calcium carbonate.

tensile loading, correlating with the reduced EB%>® observed
after LUP addition to pCA films (plasticized either with TA or
TEC) (Section 3.1.1).

As previously discussed, mineral fillers such as rCaCO; or talc
can influence the crystalline behavior of thermoplastic polymers
due to their nucleating effect.”® In this study, when 15 wt%
rCaCO; was introduced, crystallinity increased markedly,
reaching values close to 66-69% and almost 75-84% for talc

© 2026 The Author(s). Published by the Royal Society of Chemistry

(Table 4), confirming talc’s superior nucleating ability. Simi-
larly, Phetwarotai and Aht-Ong®® found talc to be a more
effective nucleating agent than CaCO; in PLA composites,
though higher filler loadings may cause filler agglomeration
and reduce the overall nucleation efficiency within the polymer
matrix.

In conclusion, talc and rCaCOj; resulted in more ordered
crystalline structures in the pCTA or pCETC matrix, leading to
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Table 4 Crystallinity degree calculated by X-ray diffraction for the neat
pCA and its composites. pCTEC: plasticized cellulose acetate with triethyl
citrate, pCTA: plasticized cellulose acetate with triacetin, TEC: triethyl
citrate, TA: triacetin, LUP: luperox, rCaCOs: recycled calcium carbonate

Sample Xc (%) Sample Xc (%)
pCTA 54.0 pCTEC 55.8
pCTA/0.01LUP 53.6 pCTEC/0.01LUP 48.6
pCTA/0.01LUP/10Talc 73.7 pCTEC/0.01LUP/10Talc 71.6
pCTA/0.01LUP/15Talc 84.0 pCTEC/0.01LUP/15Talc 74.8
pCTA/0.01LUP/10rCaCO; 57.7 pCTEC/0.01LUP/10rCaCO; 63.7
pCTA/0.01LUP/15rCaCO; 68.9 pCTEC/0.01LUP/15rCaCO; 66.2

higher crystallinity and increased rigidity and stiffness, consis-
tent with the mechanical results (Section 3.1.2).

3.3. Scanning electron microscopy (SEM)

SEM analysis was performed on rCaCO; and talc powder as well
as a cross-section of the neat pCA and composite films to
evaluate morphology, filler distribution, porosity, and struc-
tural defects.

View Article Online
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As shown in Fig. S3 for talc and rCaCO; powder, the former
is well known for its flat plate-like, shaped particles, with well-
defined edges,”" which makes talc an attractive reinforcement in
polymeric composites. In contrast, rCaCO; consists of irregular,
sharp-edged particles, in agreement with previous observations.®>

Fig. 4 presents SEM photographs of pCTEC and pCTA films,
along with their LUP-modified counterparts. Our earlier work®
showed that pCTEC films have rougher surfaces than pCTA,
though both display delaminated structures without pullouts due
to the absence of fillers. As was explained in Section 3.1, LUP can
introduce crosslinking, supported by rheological properties (Fig. S1
and S2) between polymer chains; excessive crosslinking may cause
phase separation and cracking.*® Even at the low peroxide loading
used here (0.01 phr), LUP addition resulted in rougher surfaces
with cracks compared to neat films. These defects correlate with
reduced tensile performance, as crosslinks restrict chain mobility
and act as defect sites,** explaining the sharp decrease in EB% for
PCTEC/0.01LUP and pCTA/0.01LUP relative to neat films.

Fig. 5a-h exhibit the pCTA- and pCTEC-based composites
containing 10 or 15 wt% talc or rCaCOj;. At first glance, the

Fig. 4 The SEM images of cross-sections of films prepared in this study. (a) pCTA, (b) pCTEC, (c) pCTA/0.01LUP and (d) pCTEC/0.01LUP. [pCTEC:
plasticized cellulose acetate with triethyl citrate, pCTA: plasticized cellulose acetate with triacetin, TEC: triethyl citrate, TA: triacetin, and LUP: luperox].
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Fig. 5 The SEM images of cross-sections of composite films prepared in
this study. (a) pCTA/0.01LUP/10Talc, (b) pCTEC/0.01LUP/10Talc, (c) pCTA/
0.01LUP/15Talc and (d) pCTEC/0.01LUP/15Talc, (e) pCTA/0.01LUP/
10rCaCOs, (f) pCTEC/0.01LUP/10rCaCOs, (g) pCTA/0.01LUP/15rCaCOs3,
and (h) pCTEC/0.01LUP/15rCaCOs. pCTEC: plasticized cellulose acetate
with triethyl citrate, pCTA: plasticized cellulose acetate with triacetin, TEC:
triethyl citrate, TA: triacetin, LUP: luperox, and rCaCOs: recycled calcium
carbonate.

tale-filled composites (Fig. 5a-d) showed a more homogenous
dispersion of talc with better adhesion to the pCA matrix
compared to the rCaCOs-filled composites (Fig. 5e-h). This
correlates with the significant improvements in mechanical
properties (TS and EM) observed for pCTA/0.01LUP/10-15 wt%
talc and pCTEC/0.01LUP/10-15 wt% talc relative to neat pCTA

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and pCTEC, respectively. The talc platelets’ delamination and
exfoliation in the presence of LUP promoted better interfacial
adhesion, consistent with our previous findings.”" Similar
enhancements were reported when compatibilizers within LUP
were incorporated into pCA/microcrystalline cellulose com-
posites.®® As shown in Fig. 5a-d, during cast film extrusion,
the mobility of talc particles in the molten state enabled
alignment of the platelets in the stretching direction, thereby
strengthening interfacial adhesion. Comparable alignment
was observed in the SEM of PP/talc composites prepared by
injection molding,>® as well as in poly(butylene succinate-co-
butylene adipate) (PBSA)/talc®' and PBAT/talc prepared by film
blowing.'* Although some talc pullouts and debonding voids
were detected, especially in pCTEC/0.01LUP/10Talc and pCTA/
0.01LUP/10Talc (Fig. 5a and b), most talc platelets were
embedded within the polymer matrix. Increasing the talc
loading to 15 wt% (Fig. 5c¢ and d) further improved homo-
geneity and platelet embedding compared to 10 wt% compo-
sites. A similar effect of peroxide compatibilizers on PLA/talc
composites has been reported.®*

In contrast, rCaCOs-filled composites (Fig. 5e-h) showed
evident phase separation and filler agglomeration, more pro-
nounced in TA-plasticized samples (Fig. 5e and g) than in those
with TEC (Fig. 5f and h). This agrees with the mechanical
results, where pCTEC/0.01LUP/10-15 wt% rCaCO; outperformed
the TA-based composites in terms of TS, YM, and EB%.
At 15 wt% loading (Fig. 5g and h), phase separation and
agglomeration became more severe, regardless of the plasticizer
type. Detachment of rCaCO; from the matrix (Fig. 5g and h)
produced voids and gaps, especially in TA-plasticized compo-
sites, reflecting poor phase compatibility. Generally, higher
filler content increases the likelihood of aggregation, leading
to stress concentration zones and crack initiation sites that
require less energy for crack propagation.®® This explains the
pronounced reduction in EB% of rCaCO;-filled composites
compared to neat pCA. Comparable aggregation was observed
in PLA/CaCO; when the filler increased from 5 to 10 wt%.°’
The better adhesion observed for pCTEC-filled rCaCO; com-
pared with pCTA-filled rCaCO;, which directly resulted in
higher EB%, can be attributed to the higher hydrophilicity of
TEC than TA, where the -OH group in TEC promotes stronger
interactions with rCaCO;. A similar trend was reported for
better CaCO; adhesion to poly-L-lactic acid (PLLA)-PEG-PLLA
copolymers (more hydrophilic in the presence of PEG) com-
pared to PLLA (hydrophobic).®?

In summary, talc delamination and platelet alignment
during film extrusion enhanced filler-matrix adhesion, leading
to uniform dispersion. In contrast, rCaCO; composites exhib-
ited agglomeration and poor compatibility, resulting in non-
uniform dispersion and inferior mechanical performance.

3.4. Water contact angle and surface energy

The wettability test is used to assess the interaction between a
liquid and a solid surface, with lower contact angles indicating
stronger interactions and greater spreading.®® Hydrophobic sur-
faces, typically composed of non-polar components, resist water

Mater. Adv., 2026, 7, 5662-5678 | 5671
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and exhibit moisture-repellent behavior. In contrast, hydrophilic
surfaces readily attract water. Generally, a contact angle of less
than 90° suggests a hydrophilic surface, while values exceeding 90°
are indicative of hydrophobicity.®” The surface wettability of the
pCA and composite films was evaluated by measuring the contact
angles of water and diiodomethane. A summary of the results is
presented in Table 5, while corresponding images of the contact
angle measurements for each formulation are available in the SI
(Fig. S4 and S5).

Neat pCA samples exhibited contact angles of ~62° for water
and ~33° for diiodomethane (Table 5) regardless of the plasti-
cizer (TEC or TA), suggesting hydrophilic behavior. Shlush and
Davidovich-Pinhas®® reported that improved compatibility
between a plasticizer and a polymer is typically associated with
a lower contact angle. Based on solubility parameters, TEC
would theoretically exhibit better compatibility with CA. How-
ever, this trend was not reflected in our results, as both
plasticizers produced similar contact angle values, indicating
that surface wettability was not significantly influenced by
plasticizer type.

Incorporation of 0.01 phr LUP did not significantly alter
contact angles, indicating minimal influence of low-level cross-
linking on surface wettability (Table 5). The introduction of
organic peroxide compounds can initiate two primary types of
reactions: crosslinking and chain scissions."® While no directly
comparable data were found in the open literature, a study by
Kwon et al.®® reported that crosslinking with glycidyl carbamate
changed the WCA of glycidyl-carbamate-crosslinked polyur-
ethane, and the trend in WCA does not necessarily match the
trend in bulk crosslink density; this is attributed to differences
in crosslinker flexibility and migration of hydrophobic seg-
ments to the surface during film formation.

Adding talc significantly increased WCAs, from ~62° for
both neat pCTA and pCTEC samples to 69.4° and 74.0° for the
pCTEC/0.01LUP/10Talc and pCTA/0.01LUP/10Talc, respectively
(Table 5). Similarly, the diiodomethane contact angles increased
from 32.3° (pCTA) and 34.1° (pCTEC) to 41.9° and 42.4° after
addition of 10% Talc, reflecting the hydrophobic nature of the
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filler. Notably, no significant difference was observed between
WCAs of the 10 wt% and 15 wt% talc-containing samples, in
this study, with only a slight increase in diiodomethane contact
angle at the higher filler loading. This aligns with previous
studies reporting reduced hydrophilicity in polymer matrices
upon incorporation of inorganic fillers.*® A similar phenom-
enon was reported for PBAT-filled kaolin composites with vary-
ing loadings (1-5 wt%),*® where the WCA increased from 70.5°
to 93.1° upon incorporating 5 wt% kaolin into the PBAT matrix.

Like talc, rCaCOj; reduces the hydrophilicity of the pCTA and
the pCTEC matrix due to its inherently hydrophobic character-
istics. The rCaCO; incorporation also increased contact angles,
but to a lesser extent than talc. For example, the contact angles
of water and diiodomethane increased by ~8% and ~21% in
pCTA/0.01LUP/10rCaCO; compared to that in neat pCTA. The
lower effectiveness compared to talc may be due to differences
in particle morphology, as discussed in the SEM analysis
(Section 3.3): talc has flat, platelet-like particles that align
parallel to the flow direction during processing, while rCaCO;
exhibits irregular, non-oriented shapes, affecting only the over-
all dispersion within the polymer matrix. Similarly, paper sheet-
filled talc showed higher WCA than those with CaCO; due to
talc’s intrinsic hydrophobic nature.”® Furthermore, increasing
rCaCO; content from 10% to 15% did not significantly change
the wettability, consistent with talc-filled composites.

Surface energy is a fundamental factor in understanding a
material’s wettability, as it quantifies the reversible energy required
to generate a unit surface area under constant temperature and
pressure.”' Among the samples, pCTA and pCTEC exhibited the
highest total surface energy, ~53 mN m ™, using the harmonic
and geometric mean methods (Table 5). This indicates pCA
(plasticized with either TA or TEC) has the greatest affinity for
wetting, consistent with its lower contact angle measurements.

In line with the contact angle trends, the incorporation of
rCaCO; resulted in only a moderate reduction in surface energy,
achieving a value of ~49 mN m ™' (Table 5). This suggests that
rCaCO; was less effective than talc in enhancing hydrophobi-
city. Conversely, talc-containing composites exhibited the lowest

Table 5 Contact angle measurements and calculated total surface tension (y), including its polar (y°) and dispersive (y%) components, for the neat pCTA
and pCTEC samples and their composites. pCTEC: plasticized cellulose acetate with triethyl citrate, pCTA: plasticized cellulose acetate with triacetin,
TEC: triethyl citrate, TA: triacetin, LUP: luperox, and rCaCOzs: recycled calcium carbonate

Contact angle (°)

Surface tension (mN m™%)

Harmonic mean Geometric mean

Sample Water Diiodomethane PP 74 ytotal yP 74 protal
pCTA 62.3 £ 2.7 32.3 £ 2.0 15.9 43.5 59.4 10.0 43.3 53.3
pPCTEC 61.6 = 0.7 34.1 £ 1.7 16.4 42.8 59.2 10.7 42.4 53.1
pCTA/0.01LUP 62.5 + 2.4 31.9 + 2.2 15.8 43.7 59.5 9.9 43.4 53.3
pCTEC/0.01LUP 60.3 + 0.6 44.0 + 0.6 18.0 38.3 56.3 13.1 37.5 50.6
pCTA/0.01LUP/10 Talc 74.0 + 2.1 41.9 £ 0.8 11.2 39.3 50.5 5.9 38.7 44.6
pCTA/0.01LUP/15 Talc 73.6 £ 1.5 44.8 £ 1.0 11.7 37.9 49.6 6.5 37.1 43.6
pCTEC/0.01LUP/10 Talc 69.4 £+ 0.5 424 +1.1 13.4 39.1 52.5 8.1 38.4 46.5
pCTEC/0.01LUP/15 Tale 70.6 + 0.5 431+ 2.9 12.9 38.7 51.6 7.6 38.0 45.6
pCTA/0.01LUP/10 rCaCO;3 67.2 + 0.5 39.1 + 1.7 14.1 40.6 54.7 8.6 40.1 48.7
pCTA/0.01LUP/15 rCaCO;3 65.9 £ 1.1 43.6 = 3.9 15.2 38.5 53.7 10.0 37.8 47.8
pCTEC/0.0lLUP/lO rCaCoO; 67.7 £ 0.2 373 1.2 13.8 41.4 55.2 8.1 40.9 49.0
pCTEC/0.01LUP/15 rCaCO; 64.0 = 1.2 41.2 £ 0.8 15.9 39.6 55.5 10.5 39.0 49.5
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surface energy, with the pCTA/0.01LUP/15Talc formulation
reaching 43.6 mN m™ " (Table 5), corresponding to the highest
measured contact angles for both water and diiodomethane.
This reduction in surface energy and enhanced hydrophobicity
is likely due to the orientation of the talc platelets and polymer
chains during processing, which promotes higher crystallinity
as supported by XRD analysis (Section 3.2). Supporting these
findings, Olewnik and Richert’> found that adding 5 wt%
montmorillonite led to a slight decrease in contact angle, by
about 1.5%, highlighting how the amount of filler can influence
the surface energy and wettability.

3.5.
(op)

Water vapor permeability (WVP) and oxygen permeability

For packaging applications, films must provide high water
vapor and oxygen barriers to prevent moisture and oxygen
permeation, thereby reducing microbial growth, spoilage, and
quality loss. Barrier performance depends on penetrant char-
acteristics (shape, size, and hydrophobicity), filler properties,
polymer chain orientation, and processing method.”® The OP
and WVP of neat pCTA, pCTEC, and their composite films are
shown in Fig. 6 and Table S2 (SI).

3.5.1. Oxygen permeability. Neat pCTEC exhibited a higher
OP (2462.99 cc mil/m” day) than pCTA (1986.93 cc mil/m?” day).
Several factors contribute to this difference: (I) more efficient
plasticization effect of TEC, which disrupts polymer chain
packing and increases free volume, and OP. (II) Film stretching
during the casting process may further align TA, promoting
tighter packing and lower OP compared with the bulkier TEC.

Adding LUP alone had little effect on barrier performance.
pCTA/0.01LUP showed ~32% higher OP, while pCTEC/
0.01LUP remained unchanged compared to the neat films,
consistent with minimal WCA changes for pCTA and a slight
decrease for pCTEC. In contrast, incorporating talc within LUP
significantly enhanced the oxygen barrier properties. The best
performance was observed in pCTA/0.01LUP/15Talc (34%
improvement) and pCTEC/0.01LUP/15Talc (38% improvement)

774 pCA a)
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versus neat pCTA and pCTEC films, respectively. The relative

improvements in water vapor barrier properties of pCA-based

composite films, compared with neat pCA, are as follows:
pCTA-based composite films:

pCTA/0.01LUP/15Talc (34.37%) > pCTA/0.01LUP/10Talc
(21.19%) > pCTA/0.01LUP/10rCaCO; (13.60%) > pCTA/
0.01LUP/15rCaCO; (11.02%)

PCTEC-based composite films:

PCTEC/0.01LUP/15Talc (38.27%) > pCTEC/0.01LUP/10Talc
(26.19%) > PpCTEC/0.01LUP/15rCaCO; (2.48%) > pCTEC/
0.01LUP/10rCaCOj; (1.85%)

These results demonstrate that talc-filled composites outper-
formed rCaCOs-filled systems, which correlated with SEM images
showing deep talc embedding in the pCA matrix, compared with
agglomeration of rCaCO; in rCaCO;-filled pCA (plasticized either
with TA or TEC). OP depends on the diffusion rate of oxygen over
the amorphous region of the polymer matrix.”® This correlates
with the highest %crystallinity improvement of pCTA/0.01LUP/
15Talc (by 55%) and pCTEC/0.01LUP/15Talc (by 34%) compared
with the neat pCTA or pCTEC, respectively. Talc’s platelet struc-
ture facilitates delamination, exfoliation, and alignment during
film stretching, forming a talc-embedded pCA (plasticized either
with TA or TEC) layer against OP, which results in a tortuous
diffusion path, thereby reducing OP, similar to effects reported
for the talc-filled PLA films.”

On the other hand, pCTA-filled rCaCO; and pCTEC-filled
rCaCOs, only slightly reduced the OP compared with neat pCTA
and pCTEC, respectively, which can be due to reduction of the
overall amorphous structure of pCA and imparted crystallinity after
the addition of crystalline rCaCOj; particles. This is consistent with
the improved %crystallinity after addition of 10 or 15 wt% rCaCO;
into pCTA/0.01LUP or pCTEC/0.01LUP. Similar observations were
reported in the case of calcium carbonate-cellulose composite
films”® and PP-filled pretreated CaCO; composite films.””

3.5.2. Water vapor permeability. Comparing neat pCTA
and pCTEC, the latter showed ~2x higher WVP due to the
greater hydrophilicity of TEC versus TA, which enhances

7000

74 PCA
s pCA/0.01 Lup

- 6000+ rcA/0.01LUP/10 rCacO3
-] 5000 /™™ pCA/0.01LUP/15 rCaCO3
E | ===8 pCA/0.01LUP/10 Talc

= 4000

b)

pCA/0.01LUP/15 Talc

E. 3268
£ 3000
o)

5 2000
2 1000

(a) Oxygen permeability, and (b) water vapor permeability of neat pCTA and pCTEC films and their composite films. pCTA showed higher barriers

against oxygen and water vapor permeation in comparison with pCTEC. The pCA-filled talc composite films exhibited superior barriers to both water
vapor and oxygen compared with pCA-filled rCaCOs. pCTEC: plasticized cellulose acetate with triethyl citrate, pCTA: plasticized cellulose acetate with
triacetin, TEC: triethyl citrate, TA: triacetin, LUP: luperox, and rCaCOs: recycled calcium carbonate.
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interactions with water vapor. Studies showed that TEC has higher
water solubility (hydrophilicity) than TA (ie., 65 g liter * vs.
58 g liter ', respectively).”* Teixeira et al.”® similarly reported
higher WVP in pCA plasticized with glycerol than with TEC,
attributed to glycerol’s stronger hygroscopicity. Higher WVP of
pPCTEC than pCTA is also consistent with pCTEC’s higher WVA.4
calculated in Table S1 (SI).

Similar to the OP trends, adding LUP alone to pCTA did not
improve barrier performance: pCTA/0.01LUP exhibited ~22%
higher WVP compared to the neat film, consistent with its
reduced crystallinity. In contrast, pCTEC/0.01LUP showed an
~18% reduction in WVP, though its crystallinity decreased
compared to neat pCTEC. As mentioned earlier, several factors
contribute to barrier performance which can compensate for
the inferior crystallinity of pCTEC/0.01LUP over neat pCTEC.

The incorporation of LUP with 10 or 15 wt% rCaCOj; or talc
to pCTA or pCTEC showed the same trend in reduction of WVP,
while talc more effectively reduced it, compared with their pCA/
0.01LUP films. The best water vapor barrier was achieved from
pCTA/0.01LUP/15Talc (increased by ~31%) and pCTEC/
0.01LUP/15Talc (increased by ~72%) versus pCTA and pCTEC,
respectively.

The WVP is mainly governed by the solubility of penetrants in
the polymer, which depends on polymer-permeant interactions.”
Talc, with its hydrophobic, plate-like morphology,* repels moist-
ure and enhances barrier properties in pCTA- or pCTEC-filled talc
composites. This effect aligns with the talc-filled composites’
higher WCA (greater hydrophobicity) and %crystallinity compared
to rCaCOg;-filled systems. Increased hydrophobicity reduces the
solubility coefficient, thereby improving water vapor resistance.”
Additionally, parallel alignment of talc plates during film casting
creates tortuous diffusion paths that lengthen permeation routes,
reducing WVP. The same behavior of talc particles has been
reported in previous literature reports."**' Similarly, addition of
talc into PLA composites increased the barrier against water vapor
by more than 50% compared with neat PLA.*!

On the other hand rCaCO; particles are more hydrophilic
than talc,®* which makes them more favorable for water inter-
actions and moisture absorption (as discussed in the FTIR
results provided in Fig. S6), thereby increasing the WVP. The
rCaCO; spherical shape can lead to poor interfacial adhesion
and aggregation in the pCA (TA- or TEC-plasticized) matrix, as
observed in the SEM photographs of the pCTEC-filled or pCTA-
filled rCaCO;. Such aggregation disrupts the matrix integrity
and forms microvoids that facilitate water vapor transport.
Similarly, Surya et al.®® reported higher WVP in CaCOj;-filled
biocomposites due to filler agglomeration and pull-out, which
created gaps that enhanced moisture penetration.

The relative improvements in water vapor barrier properties
of the pCA-based composite films, compared with neat pCA, are
as follows:

pCTA-based composite films:

pCTA/0.01LUP/15Talc (31.29%) > pCTA/0.01LUP/10Talc
(28.42%) > pCTA/0.01LUP/15rCaCO; (—1.88%) > pCTA/
0.01LUP/10rCaCO; (—9.97%)

PCTEC-based composite films:

5674 | Mater. Adv., 2026, 7, 5662-5678
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pCTEC/0.01LUP/15Tale (72%) > pCTEC/0.01LUP/10Talc
(64%) > pCTEC/0.01LUP/15rCaCO; (57%) > pCTEC/0.01LUP/
10rCaCOj; (55%)

In conclusion, pCTA showed higher barriers against WVP
and OP in comparison with pCTEC. The pCTEC- or pCTA-filled
talc composites developed in this study exhibited superior
barriers to both oxygen and water vapor versus pCTA- or
pCETCfilled rCaCO;, highlighting their potential as an eco-
friendly alternative for traditional packaging materials.

3.6. Thermogravimetric analysis (TGA)

The thermal stability of neat pCTA and pCTEC and composite
films was evaluated by TGA, with results shown in Fig. 7 and
Table 6, and the corresponding DTG curves are shown in Fig.
S7. All samples exhibited two-step degradation: plasticizer loss
(226-323 °C) and CA decomposition (376-384 °C).

The pCTEC displayed markedly higher stability than pCTA
in terms of their Typger, 211.51 °C compared to 143.35 °C, respec-
tively. This difference can arise from TEC’s free -OH group, which
enables additional hydrogen bonding with CA, whereas TA lacks
such groups, which results in a lower number of hydrogen
bonding. This is further reflected in the T}, of plasticizers, where
Tiaxrec (315.37 °C) greatly surpassed Tpaxra (226.25 °C), a trend
also maintained after adding LUP and fillers (Table 6).

LUP incorporation improved stability in pCTA, increasing
the Tonset by ~28 °C due to crosslinking, consistent with its
higher complex viscosity and reduced elongation at break.
Similarly, the addition of LUP to the blend of pCA/PBAT"’
resulted in an increase in the Tyhgee due to the crosslinking
effect induced by organic peroxide. In contrast, pPCTEC/0.01LUP
showed a slight decrease in Tonset compared with pCTEC.

Adding 10-15 wt% talc to pCTA/0.01LUP significantly
increased the Tonser (by ~43 °C and ~ 23 °C, respectively). Talc
hydroxyl groups (Mg3Si,O;0(OH),) can form hydrogen bonds
with pCTA and interact with free radicals generated by LUP,
enhancing stability. Similarly, Hong et al.** reported the reac-
tion between -OH groups in talc with PLA and epoxidized
soybean oil. For pCTEC/0.01LUP after the addition of 10 or
15 wt% talc, the Tonsee increased which was more pronounced
in pCTEC/0.01LUP/15Talc for which T increased by ~15 °C,
compared with pCTEC/0.01LUP. Similarly, addition of talc as
well as increasing the talc content in the blend of PP/thermo-
plastic polyurethane resulted in significant improvements in
Tso, and Tpax.>*

The addition of 10 or 15 wt% rCaCO; into pCTA/0.01LUP
likewise enhanced the thermal stability as their Ty increased.
pCTA/0.01LUP/10rCaCO; and pCTA/0.01LUP/15rCaCO; showed
~14 °C and ~12 °C higher Tonset, respectively, than pCTA/
0.01LUP. Similarly, pCTEC/0.01LUP/10rCaCO; and pCTEC/
0.01LUP/15rCaCO; showed ~13 °C and ~7 °C higher Typget,
respectively, than pCTEC/0.01LUP. This improvement likely
results from filler-matrix interactions and hydrogen bonding,
consistent with reports of CaCO; increasing the Tso, in PLLA-
based block copolymers.®>

Notably, the Tyaca Of composites remained essentially
unchanged after adding LUP, tale, or rCaCOs;, highlighting the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Thermograms of neat pCTA and pCTEC films and composite films. (a) and (a’) pCTEC-based formulations. (b) and (b’) pCTA-based formulations.
pCTEC: plasticized cellulose acetate with triethyl citrate, pCTA: plasticized cellulose acetate with triacetin, TEC: triethyl citrate, TA: triacetin, LUP: luperox,

and rCaCOs: recycled calcium carbonate.

Table 6 Data from thermogravimetric analysis of neat pCTA and pCTEC films and composite films. pCTEC: plasticized cellulose acetate with triethyl
citrate, pCTA: plasticized cellulose acetate with triacetin, TEC: triethyl citrate, TA: triacetin, LUP: luperox, and rCaCOs: recycled calcium carbonate

Formulation Tonset (5%) Tmaxta TimaxtEC Tmaxca Residue (OA))
pCTA 143.35 (2.04) 226.25 (3.79) — 383.00 (1.90) 8.06 (0.38)
PCTEC 211.51 (1.72) — 315.37 (0.71) 383.78 (0.43) 8.85 (0.56)
PCTA/0.01LUP 171.16 (1.30) 293.92 (2.00) — 379.99 (6.54) 6.74 (1.05)
pCTEC/0.01LUP 202.00 (2.91) — 315.37 (3.89) 381.65 (4.24) 8.22 (1.35)
PCTA/0.01LUP/10Talc 213.78 (0.14) 294.22 (2.42) — 380.46 (4.48) 19.50 (0.69)
PCTEC/0.01LUP/10Talc 207.52 (3.93) — 323.70 (3.23) 382.03 (2.07) 16.45 (1.71)
PCTA/0.01LUP/15Talc 193.80 (0.36) 274.25 (3.86) — 377.21 (3.13) 23.20 (0.10)
pCTEC/0.01LUP/15Talc 216.82 (0.03) — 322.89 (0.85) 380.57 (2.58) 22.67 (0.70)
PCTA/0.01LUP/10rCaCO; 185.37 (2.52) 298.80 (1.56) — 376.57 (2.07) 18.77 (0.05)
PCTEC/0.01LUP/10rCaCO; 215.07 (1.22) — 310.06 (5.93) 379.32 (4.87) 18.82 (0.62)
PCTA/0.01LUP/15rCaCO; 182.92 (4.66) 290.21 (2.12) — 377.24 (4.94) 23.36 (0.09)
PCTEC/0.01LUP/15rCaCO; 209.37 (2.58) — 312.30 (1.99) 380.05 (5.24) 23.45 (1.42)

intrinsic stability of CA. This observation agrees with prior studies
where fillers and compatibilizers did not affect CA decomposition.*!
The remaining mass after the material has been heated to
600 °C, represents the amount of non-volatile components. The
neat pCTEC and pCTA showed almost similar residue% which
was 8.06 and 8.85%, respectively, attributed to any non-volatile
content in the CA. Similarly, Lee et al.®® reported 11.9% residual
mass for CA. Residues of composites aligned approximately with
expected filler loadings, with minor deviations attributed to
intercomponent reactions or variations in sample preparation.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Overall, pCTEC showed much higher thermal stability than
PCTA in terms of Tynser and Thaxrec, Which was consistent
across almost all pCTEC-based composites as well.

Conclusions

This work establishes hot-melt extrusion as a practical and
industry-relevant route for producing sustainable plasticized
cellulose acetate (pCA) composite films, offering a scalable
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alternative to solvent-based processing. The study highlights
how the careful integration of bio-based or petrochemical
plasticizers with mineral fillers can be strategically used to
tune the balance between stiffness, toughness, thermal resis-
tance, and interfacial behavior in pCA systems.

More importantly, the results reveal the critical role of filler
morphology and filler-matrix interactions, in the presence of a
small amount of peroxide, in influencing end-use performance.
Talc’s inherent platelet structure and its ability to align during
extrusion produced stronger interfacial adhesion, more effec-
tive stress transfer, improved barrier properties, and more
uniform morphologies compared with recycled CaCO;. These
insights underscore how filler selection and their interactions
with plasticized CA can be leveraged to engineer composites
with targeted mechanical, thermal, and surface properties.

Overall, the study provides a framework for designing next-
generation biodegradable pCA composite films with enhanced
functionality. By demonstrating that low-acetyl CA plasticized with
TEC reinforced with talc can achieve the mechanical and barrier
characteristics relevant for flexible packaging, this work contri-
butes to the broader transition away from petroleum-based mate-
rials toward more circular, environmentally responsible solutions.
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