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Abstract:

Health and environmental problems are rising by the day due to an increasing use of synthetic plastics. However, biobased
packaging from starch, with its numerous advantages, or its derivatives offers a promising solution to this problem. In this study,
we aimed to explore a sustainable approach to developing a bioplastic film from carboxymethyl starch, polyvinyl alcohol, and
kaolin to serve as a substitute for synthetic packaging.

The study objects included carboxymethyl starch, polyvinyl alcohol, glycerol, and kaolin. All the materials were heated in water
to form viscous solutions. The solution was then cast into films using a mold and the water was evaporated through oven-drying.
The cast films were characterized via scanning electron microscopy, X-ray diffraction, and thermogravimetric analysis. They
were analyzed for their tensile mechanical, barrier, sorption, and biodegradability properties. We also investigated the effects of
polyvinyl alcohol and kaolin on the morphology and functional properties of the films.

The micro-surface morphology of the carboxymethyl starch/polyvinyl alcohol blend revealed a smooth and homogenous
structure, while the film reinforced with kaolin had a more compact structure with zones of particle aggregations. The highest
thermal stability was observed in the composite films containing carboxymethyl starch, polyvinyl alcohol, and kaolin. Higher
contents of polyvinyl alcohol and kaolin significantly improved the films’ thermal, tensile mechanical, barrier, and sorption
properties. The films also demonstrated a substantial rate of biodegradability. The best properties were observed in the films
containing 40% of carboxymethyl starch, 60% of polyvinyl alcohol, and 4.5 per hundred resin (phr) of kaolin.

The composite films made from carboxymethyl starch, polyvinyl alcohol, and kaolin had good biodegradability, renewability,
and improved functional material properties. Therefore, they can be considered a sustainable alternative to the traditional
synthetic plastics in packaging applications.
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INTRODUCTION

In the face of escalating global concerns about envi-
ronmental degradation and waste management, sustain-
able development has emerged as a paramount priority
in the pursuit of a circular economy and waste minimi-
zation strategies [1]. This imperative has inspired re-
searchers to seek innovative and greener solutions to
conventional plastics in the packaging industry [2]. The
plastics industry is a significant sector globally, boasting
a massive market of $348 billion and playing a crucial
role in shaping the global economy [3]. The demand for
plastics is expected to continue rising, with a projected
annual growth of 4.2% from 2021 to 2026 [4].

However, the environmental impact of conventional
plastics has become a major concern, driving the need

for sustainable alternatives. Moreover, the natural sources
of these conventional plastics are not renewable and
hence are becoming depleted as a result of the increas-
ing demand for plastics [2]. Bioplastic is a novel, eco-
friendly, and sustainable substitute for the traditional pe-
troleum-based plastic [5]. It is obtained from renewable
bio-natural resources such as starch, cellulose, gelatin,
chitin, etc. [6]. The use of bioplastic offers advantages of
biodegradability, biocompatibility, and renewability in
addition to nearly comparable material strength proper-
ties of conventional plastics.

Starch-based bioplastics are promising alternatives to
conventional plastics but further modifications are needed
to enhance their mechanical and barrier properties for
competitive use [7]. Previous studies have shown various
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techniques for modifying starch-based films. These in-
clude modifying native starch [8], blending with other bio-
materials sources [9], or reinforcing with nanofillers [10].

Carboxymethyl starch (CMS) is a versatile green
polymer with a wide range of applications in pharmacy,
medicine, cosmetics, food, environmental protection, and
other industries [11]. It is a chemically modified starch
derived from native starch through a reaction with
monochloroacetic acid. This process leads to the replace-
ment of some hydroxyl groups with carboxymethyl
groups and is known as the Williamson synthesis [12].
This modification enhances the properties of starch,
making it a promising material for packaging applica-
tions. Introducing a bulky hydrophilic group into the
starch chains results in improved thermal stability and
film-forming properties, as well as in decreased suscep-
tibility to microbial degradation [13, 14]. Additionally,
CMS demonstrates a low tendency for retrogradation, a
low gelatinization temperature, and a good freeze-thaw
behavior, which further expands its potential applica-
tions [11, 15].

The blending of polyvinyl alcohol (PVA or PVOH)
with starch has been reported as a good approach to im-
prove the properties of starch-based films [16]. Polyvinyl
alcohol is the most widely produced biodegradable syn-
thetic polymer in the world because of its exceptional
physical characteristics, resistance to chemicals, and full
biodegradability [17]. It is a polymer with a linear struc-
ture that is non-toxic and non-carcinogenic. Its remark-
able film-forming ability and good compatibility with
other materials have led to a wide range of industrial
applications [18], especially in food packaging. Due to
their semicrystalline structure, PVOH films exhibit ex-
cellent oxygen and aromatic barrier qualities, a reduced
capacity for water adsorption, high tensile strength, and
flexibility [19]. Adding PVOH to biodegradable packag-
ing enhances its mechanical characteristics and water re-
sistance [16, 6]. Highly-polar hydroxyl groups (-OH) in
starch and PVOH can create intra- and intermolecular hy-
drogen interactions, which can change the functional pro-
perties of blended films and enhance their integrity [20].

CMS

PVA

CMS/PVA/Kaolin film

Kaolin

Kaolinite, also known as Kaolin clay, is a naturally
occurring clay mineral with various applications in dif-
ferent industries, such as adhesives, paints, pharmaceu-
ticals, fiberglass, paper, rubber, ceramics, electronics,
plastics, coatings, and agriculture [21]. Its chemical com-
position consists of hydrated aluminum silicate with a
structure of 1:1 dioctahedral asymmetric layers linked
through apical oxygen [21]. Adding kaolin clay to starch
films improves their mechanical and thermal stability.
Kaolin clay also acts as an effective barrier to moisture
transmission, which makes it suitable for use in packag-
ing materials [22, 23]. This cost-effective and versatile
material offers a wide surface area and reactive surface
for OH-groups, making it an interesting alternative for
incorporating into various products [4].

Despite extensive research on developing native
starch-based composites for packaging applications, lim-
ited studies have explored the potential of carboxymethyl
starch and Wilpiszewska et al. [25] have demonstrated
the potential of CMS derivatives in pharmaceutical and
food packaging applications. However, further research
is urgently needed to improve the properties and viabili-
ty of CMS for packaging uses.

In this study, we aimed to develop a CMS/PVA/
kaolin composite film with enhanced properties for pack-
aging applications through the synergistic effect of PVA
and kaolin (Fig. 1). We also investigated the impact of PVA
and kaolin on the morphological, thermal, mechanical, bar-
rier, sorption, and biodegradability properties of CMS/
PVA/kaolin composite films. A comprehensive review of
the current literature revealed no previous research in
this area, highlighting the need to explore the properties
and potential applications of this composite material.

STUDY OBJECTS AND METHODS

Chemicals and materials. Carboxymethyl starch
(degree of substitution = 0.71), polyvinyl alcohol, and
glycerol of analytical grades were supplied by a chemi-
cal store in Benin City. Kaolin clay was obtained from a
factory in Auchi, Edo State. All the other chemicals and
reagents in this study were of analytical grade.

— Improved tensile strength
— Enhanced barrier properties
— Lowered water vapour sorption

— Substantial biodegradability

\\\ ——TGA
DTG

4
0 200 400 600 800 1000

Weight loss, %

Temperature, °C

Figure 1 Graphical representation for the preparation and characterization of composite films
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Preparation of a carboxymethyl starch/polyvinyl
alcohol blend. Carboxymethyl starch (CMS)/polyvinyl
alcohol (PVA) blend was prepared by the solution cast-
ing method as described by Patil ef al. with slight modi-
fications [16]. First, different masses of PVA were heated
at 90°C in distilled water until complete dissolution.
Then, we added a slurry of CMS to the PVA solution and
heated at 80—90°C with continuous stirring to ensure
complete gelatinization and homogenization. Glycerol
was then added to the mixture and stirred for another
20 min. The viscous polymer solution was cast on a
glass plate at room temperature for 24 h. The films were
further dried in an oven at 60°C for 16 h before being
peeled off the plates and kept in a desiccator for analysis.
The composition of the films varied depending on the
mass of PVA and CMS in the blend.

Preparation of carboxymethyl starch/polyvinyl al-
cohol/kaolin composites. Carboxymethyl starch (CMS)/
polyvinyl alcohol (PVA) films reinforced with kaolin
clay were prepared using a modified method described
in the study by Garavand et al. [26]. First, kaolin clay
was dispersed in distilled water and then placed in a me-
chanical shaker to ensure even distribution of the clay
particles. Separately, a slurry of CMS was prepared in
water. Meanwhile, PVA was heated at 90°C in distilled
water until complete dissolution. Once PVA was fully
dissolved, it was mixed with the kaolin clay/CMS mix-
ture and then with glycerol. The entire mixture was then
stirred using a magnetic stirrer at 80-90°C for 30 min
to ensure complete gelatinization and homogenization.
This step was crucial to achieve a uniform filmogenic
solution. The filmogenic solution was then cast onto
a glass plate and dried in an oven at 60°C for 16 h.
The dried films were subsequently peeled off and stored
in a desiccator for further analysis. To control the thick-
ness of the films, a known volume of the film solution
was measured and poured into the glass plate mold.

The composition of the films is presented in Table 1,
which outlines the specific proportions of carboxymethyl
starch, polyvinyl alcohol, kaolin clay, and glycerol used
in the study.

Characterization of carboxymethyl starch-based
composite films. The surface morphological properties
of the carboxymethyl starch-based composite films were
analyzed using a Phenom ProX scanning electron mi-
croscope (Phenom-World, Eindhoven, Netherlands) at
an accelerating voltage of 10 kV. Prior to scanning, the
samples were mounted on a brass stub and sputtered
with gold to ensure electrical conductivity. The scan-
ning electron microscopy (SEM) micrographs were tak-
en at magnifications ranging from 1500 to 2000 times,
with the microscope focused on the upper surface of the
films. SEM allows for a detailed visualization of the sur-
face morphology, topography, and structure of materials
at a microscopic level, enabling researchers to observe
the characteristics and arrangement of the components
within the composite films.

X-ray diffraction. The crystallinity of the car-
boxymethyl starch-based composite films was deter-
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Table 1 Composition of the films used for preparation.

Films (Coded) CMS, g PVA,g CMS, % PVA,% Kaolin,
phr
Pure CMS 10.0 0.0 100 0 _
CMS/PVAL1 8.0 2.0 80 20 —
CMS/PVA2 7.0 3.0 70 30 -
CMS/PVA3 6.0 4.0 60 40 -
CMS/PVA4 5.0 5.0 50 50 —
CMS/PVAS5 4.0 6.0 40 60 —
CMS/PVA/K1 4.0 6.0 40 60 1.5
CMS/PVA/K2 4.0 6.0 40 60 2.5
CMS/PVA/K3 4.0 6.0 40 60 3.5
CMS/PVA/K4 4.0 6.0 40 60 4.5
CMS/PVA/KS 4.0 6.0 40 60 55

CMS is the carboxymethyl starch; PVA is the polyvinyl alcohol;
Amount of glycerol used (1 mL = 10% of CMS & PVA) for all films,
phr = per hundred resin of filmogenic solution

mined using a Miniflex 600 X-ray diffractometer (Rigaku,
Japan). This instrument utilizes copper (Ko) anode radia-
tion, which has a wavelength of 1.5444 A, to examine
the crystal structure of the films. The emitted anode ra-
diation produced at 40 kV and 50 mA was passed through
a monochromator to produce a focused incident beam.
This beam was directed onto the film sample through a
one-degree (1°) divergence slit, ensuring a precise and
controlled measurement. The diffraction intensity was
measured over a range of 26 = 2 to 70° at room tem-
perature. This allowed for a comprehensive assessment
of the crystal structure and order within the composite
films. The level of crystallinity for each film was evalu-
ated by visual inspection of the strongest peak in the
X-ray diffraction pattern.

Thermal stability. The thermal stability of the films
was determined via thermogravimetric analysis. This
analysis was conducted using a TGA 4000 thermal ana-
lyzer (PerkinElmer, Netherland) in a nitrogen gas en-
vironment at 10°C/min in the temperature range of 30—
950°C. The thermogravimetric and derivative thermo-
gravimetric curves were obtained to assess the thermal
stability of the composite films. These curves provide
valuable information about the weight loss of the films
over a range of temperatures, indicating their thermal
degradation behavior.

Evaluation of properties of carboxymethyl starch-
based composites. Tensile mechanical properties. The
tensile mechanical properties of the composite films
were determined using a universal testing machine
(TecQuipment, India) following standard procedures
as described in [7]. Prior to the test, the films were cut
into rectangular 3 x 15 cm strips and conditioned in a
desiccator (0% relative humidity) for 48 h. The films’
thickness was measured by means of a digital caliper
and was used to obtain the cross-sectional area of the
films (the film’s thickness multiplied by its width). Sub-
sequently, the ultimate tensile strength, percentage of
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elongation at break, and tensile modulus of the films
were determined by subjecting them to a controlled ten-
sion of 1 kN load at a cross-head speed of 50 mm/min.
Their responses to the applied force just before breaking
were measured.

Barrier properties. The barrier properties of the
carboxymethyl starch-based composite films were de-
termined using ASTM E96-95 standard procedures as
described in earlier publications with slight modifica-
tions [27]. The water vapor permeability (WVP) of the
films was evaluated by a gravimetric approach. A per-
meation cup with specific dimensions (4 cm in diameter
and 3.5 cm in height) was utilized for the measurement.
The films were cut into circular discs and mounted on
the top surface of the cup using a collar-type lid support-
ed with a rubber washer. The cup contained activated
silica gel to maintain 0% relative humidity inside. The
cup was then placed in a desiccator containing a saturat-
ed solution of NaCl (75% relative humidity). The test cup
with the film was periodically weighed at a 24 h (1 day)
interval for 5 days under room temperature, and the
amount of water vapor that permeated through the film
was calculated from the weight gain. The water vapor
transmission rate (WVTR) through the film was de-
termined from the plot of water vapor permeated as a
function of time (Eq. (1)). The WVP was then calculated
by considering various factors such as the film’s thick-
ness, area, and the partial pressure difference across the
film (Eq. (2)). This method provides a comprehensive
understanding of the barrier properties of the composite
films in terms of their ability to prevent the permeation
of water vapor.

S

WVTR == 1

y Q)]

wypo_WVIR o
S'(R,-R)

where S is the slope of a plot; A4 is the cross-sectional
area of the films, L is the film’s mean thickness, mm; S'
is the saturation vapor pressure at test temperature, Pa;
R, is the relative humidity in the test chamber expressed
as a fraction, and R, is the relative humidity in the vapor
sink expressed as a fraction.

Determination of water sorption characteristics.
The method used for this study is in accordance with
that described in previous publications [28]. The films
were first cut into pieces of 3 x 3 cm and dried in an
oven at 60°C for 4 h to obtain a constant weight. One
side of each film was covered with aluminum foil to al-
low absorption only on one side and prevent moisture
permeation from the other side. The moisture sorption
was measured at 25°C (75% relative humidity) in a des-
iccator containing a saturated solution of NaCl. The
weight of the films was measured every 6 h for 7 days
to reach the equilibrium weight. A control was set up
to account for any moisture adsorbed on the aluminum
foil surface. The mass of the water vapor absorbed was
expressed as a weight fraction and plotted against the
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square root of time. The sorption, diffusion, and per-
meability coefficients were calculated using the Fickian
equations (Eq. 3). The sorption coefficient was deter-
mined using the simplified Henry’s law, where the con-
centration of absorbed water vapor in the film is linearly
dependent on the water vapor partial pressure, and was
calculated as a proportionality constant (Eq.4). The
sorption, diffusion, and permeability coefficients were
calculated to understand the sorption properties of the
composite films.

n=0

-Dx (2n+1)2 x nixt
2

)

mt
2
m 2n+1) xn’

8
(netfor
For short exposure times, the simplified Fickian
equation (Eq. 4) holds:

@

m,

where m, is the mass fraction of absorbed water vapour
(i.e m, is the mass absorbed at time ¢ and m_ is the mass
of moisture absorbed at equilibrium), % is the thickness
of the film, = = 3.142, D is the diffusion coefficient, ¢ is
the time. The application of these equations to polymer
composite materials involves simplifications, and thus,
D should be considered as an effective diffusion coeffi-
cient, D_. [29] can be determined experimentally from
the initial slope (s) of the sorption curve (Eq. (5)).

s 2
D, =r|—
e-”" M

The sorption or solubility coefficient was determined
using a mathematical expression based on Henry’s law
which assumes a linear relationship between the concen-
tration of absorbed water vapour, C (. e. in the film

and the partial pressure of water vapour (C, = m _p) as
described in Eq. (6) [18, 31].

®)

m'ﬁ

AP

— water
P

water

Seff P ©6)
where Seﬁ. is the sorption coefficient; p is the density of
the film and AP is the saturation vapour pressure at 75%
relative humidity.

The water vapour permeability coefficient (P, ﬁ) of the
films as determined by sorption kinetics can be calcu-
lated using the relationship:

P,=D,xS, @)

Determination of biodegradation. The biodegrad-
ability of the composite films was evaluated using
the soil burial degradation method, as described by
Chaisuwan et al. [30] with slight modifications. This
method involved burying the film samples in compost
soil to assess their degradation over time. The composite
films were cut into rectangular pieces of 3 X 5cm.
These pieces were then buried in garden buckets filled
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with compost soil at a depth of 10 cm. The buckets were
kept at room temperature, and the soil was maintained
in a moist state through regular watering. This ensured
a consistent environment for the degradation process.
The degradation of the films was assessed by measuring
their weight at regular intervals of 7 days over a total pe-
riod of 8§ weeks (56 days). After removal from the soil,
the films were gently washed to remove adhered soil,
and the weight of the dry residual film was determined.
The degree of soil burial degradation (DSBD), %, was
calculated from the percentage weight loss of each film
sample over time (Eq. 8). This equation provided a nu-
merical value representing the extent of degradation, al-
lowing for a comprehensive evaluation of the films’ bio-
degradability.

DSBD = x100

()
where W, is the initial weight of the films before burial
and W is the residual weight of the films after soil burial
degradation over 7 successive days.

Tools and equipment manufacturers. The instru-
ments used in this study, such as the digital caliper, oven,
analytical balance, desiccator, and other equipment,
were obtained from well-known manufacturers, includ-
ing Hanna Instruments (Woonsocket, Rhode Island,
USA), Thermo Fisher Scientific (Waltham, Massachu-
setts, USA), and Mettler Toledo (Columbus, Ohio, USA),
among others.

Statistical analysis. Statistical analysis was carried
out using the BMDP 2R software (version 7.0) for step-
wise multiple regressions. The data were presented as
a mean of three replicate measurements. The findings
were considered statistically significant at p < 0.05.

RESULTS AND DISCUSSION

Scanning electron microscopy. Scanning electron
microscopy (SEM) reveals important insights into the
surface structural characteristics of composite materials
in terms of the topography, distribution, and interaction
of the components within the material [31]. The SEM
image of carboxymethyl starch (CMS) powder (Fig. 2a)
exhibited a porous granular structure, whereas the CMS
film (Fig. 2b) displayed a smooth and continuous surface.
This indicates effective gelatinization and plastification
of CMS upon dispersion and heating in water during
preparation [7].

The SEM image of the CMS/polyvinyl alcohol (PVA)
blend (Fig. 2¢) revealed a smooth and continuous surface
structure, with particle domains having diameters in the
micron range, possibly due to phase separation. Howev-
er, the predominantly continuous phase indicated good
miscibility and homogeneity between CMS and PVA.
The indistinct interface between the two polymers sug-
gested strong intermolecular interactions between CMS
and PVA molecules, which were possibly facilitated by
hydrogen bonding [16]. This observation indicates a
high degree of compatibility and interaction between the
two polymers [9].

The SEM images of the CMS/PVA/kaolin composite
(Fig. 2d) exhibited a smooth surface homogenous mor-
phology with no cracks or defects. However, there were
some visible particle aggregates and zones of agglom-
eration due to the presence of kaolin in the blend. This
distribution of kaolin aggregates in the homogenous ma-
trix of CMS/PVA had a positive impact on the interfacial
interaction between the kaolin particles and the polymer
phase [4, 22].

X-ray diffraction (XRD) is a powerful technique
used to assess the structural properties of materials by
analyzing the diffraction intensity. It provides valuable
information about the crystalline regions within the ma-
terial [32]. In this study, XRD was employed to inves-
tigate the crystallinity and structural changes induced
by PVA and kaolin additives in carboxymethyl starch
(CMS)-based composite films. The results revealed sig-
nificant changes in the crystalline peak patterns upon
plasticization of CMS and blending with polyvinyl al-
cohol (PVA), indicating modifications of the material’s
crystalline structure. Specifically, the XRD diffracto-
gram of the CMS powder (Fig. 3a) exhibited a charac-
teristic peak intensity at 20.4°, indicating a high de-
gree of crystallinity. In contrast, the CMS film (Fig. 3b)
showed a decrease in peak intensity, suggesting disrup-
tion of the granular structure during heating and gelati-
nization [9].

When CMS was blended with PVA, an increase in
peak intensity was observed in the XRD diffractogram
of the film (Fig. 3c). This enhancement in peak intensity
suggested strengthening of intermolecular bonding via
additional hydroxyl groups on the PVA chains [9, 33].
The hydroxyl groups on the PVA chains can form hydro-
gen bonds with CMS, leading to improved crystallinity
and structural stability.

Figure 2 SEM micrographs of CMS powder (a), CMS film (b), CMS/PVA film (c), and CMS/PVA/kaolin film (d)
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Figure 3 X-ray diffraction patterns of CMS powder (a), CMS film (b), CMS/PVA film (c), and CMS/PVA/kaolin film (d)
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Figure 4 Thermogravimetric and derivative thermogravimetric curves of CMS powder (a), CMS film (b), CMS/PVA film (c),
and CMS/PVA/kaolin film (d)

However, the incorporation of kaolin into the CMS/ The degradation process of the composite films oc-
PVA films did not show any observable change in struc-  curred in three steps. The first step occurred at 25—
tural integrity. This can be seen from the non-distin-  200°C, with a weight loss of 0—-6% for all the materials.

guishable XRD peaks of the CMS/PVA and CMS/PVA/ The derivative thermogravimetry peaks were observed
kaolin films, which was contrary to the scanning elec- at 103, 160, and 105°C for the pure CMS film, CMS/PVA
tron microscopy results. Neither did this finding agree film, and CMS/PVA/kaolin film, respectively. The CMS
with those reported by Yang et al. [33], who investigated film exhibited the lowest weight loss, while the CMS/
the effect of additives on cross-linked CMS/PVA com-  PVA blend showed the highest weight loss. This initial
posite films. The authors observed that the addition of degradation step corresponds to the loss of water mole-
CaCl, and nano-SiO, to the cross-linked and PVA films cules within the polymer matrix [34, 35]. The sec-

improved their crystallinity and structural stability. ond step of degradation occurred at 200-350°C, with a
Thermal stability. Thermogravimetric analysis and weight loss of 5-10%. This step is attributed to the evapo-
derivative thermogravimetry were used to assess the ration of volatile components like glycerol (melting

thermal stability of carboxymethyl starch (CMS)-based point 290°C) [36]. The subsequent stage of degradation
composite films (Fig. 4). The thermal stability of CMS-  occurred at > 350°C and was attributed to the decom-

based composite films is crucial to determine the maxi- position of composite components such as CMS, PVA,
mum thermal conditions they can withstand without de- and/or kaolin [37]. This ultimate degradation step resulted
grading or altering their structural characteristics [7]. in maximum weight loss for all the materials (Table 2).
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Notably, the CMS film exhibited the lowest weight loss films. Similar findings were reported by Patil et al. [16],
in this third stage apparently due to the absence of PVA who investigated the effect of PVA incorporation (0—

and kaolin components. 90%) into starch-based films. They observed a signifi-
PVA in the CMS film increased the maximum deg- cant increase in tensile strength and the percentage of
radation temperature (DT ) from 341.0 to 366.2°C, elongation at break of 1.24—-1.93 and 1.93-3.74 fold, re-
as can be observed in the derivative thermogravimet-  spectively. This consistency in results highlights the
ric peaks. However, the percentage weight loss for the positive impact of PVA on the mechanical properties of
CMS/PVA blend was significantly higher than that for CMS-based composite films.
the pure CMS film. In contrast, the CMS/PVA blend re- Effect of kaolin on tensile mechanical strength of
inforced with kaolin exhibited a higher DT (383.3°C) films. Figure 6 demonstrates the impact of kaolin on the
and a lower percentage weight loss (39.1%) compared to tensile mechanical properties of the composites of car-
the pure CMS and CMS/PVA films, indicating improved boxymethyl starch (CMS), polyvinyl alcohol (PVA), and
thermal stability. kaolin. As can be seen, the introduction of 1.5 phr kaolin

Effect of polyvinyl alcohol on tensile mechanical into the CMS/PVA film significantly increased its tensile
properties of films. Figure 5 shows the effects of poly-  strength by 18.8% from 3.24 to 3.85 MPa. Further incre-
vinyl alcohol (PVA) on the tensile strength, percentage ments in kaolin up to 4.5 phr resulted in a remarkable
of elongation at break, and tensile modulus of the car-  increase in tensile strength, reaching a maximum of
boxymethyl starch (CMS) films. As can be seen, the 5.93 MPa (Fig. 6a). This enhancement may be attributed
addition of PVA (0—60%) into the CMS films resulted to a high degree of exfoliation and dispersion of kaolin

in a notable increase in tensile mechanical properties, in the polymer matrices of CMS and PVA [22]. How-
with a 2.08-fold increase in tensile strength (Fig. 5a), a ever, a decrease in tensile strength to 5.82 MPa was ob-
1.31-fold increase in percentage of elongation at break served at 5.5 phr kaolin. This reduction may be due to
(Fig. 5b), and a 1.58-fold increase in tensile modulus the kaolin content exceeding its compatibility limit and

(Fig. 5¢). The pure CMS film exhibited the lowest tensile leading to the agglomeration and reduced interaction
strength, percentage of elongation at break (% EB), and with the polymer matrix. Ariffin et al. [39] reported simi-
tensile modulus, with values of 1.56 MPa, 25.40%, and lar findings, where the flexural strength of polypropy-
6.14 MPa, respectively. In contrast, the CMS/PVA film lene/kaolin composites exhibited an increase with rising

containing 60% of PVA demonstrated the highest values, kaolin contents, reaching an optimal value at 5 phr ka-
with a tensile strength of 3.24 MPa, % EB of 33.3%, and olin. However, further increases in kaolin beyond this
tensile modulus of 9.32 MPa. This significant enhance-  threshold resulted in a decline in the mechanical proper-
ment is attributed to the strengthening of intermolecular ties of the composites.

bonding between the CMS and PVA chains via hydro- The percentage of elongation at break (% EB)
gen bonding [38]. The increased % EB values also indi-  showed a slight decrease from 36.67 to 35.33% at 4.5 phr
cate improved flexibility and toughness of the composite of kaolin (Fig. 6b), followed by a minor increase to

Table 2 Degradation steps of carboxymethyl starch-based composite films

Films Step 1 Step 2 Step 3

DT peak, °C Weight loss, % DT peak, °C Weight loss, % DT___peak, °C  Weight loss, %
CMS 103 1.14 256.4 4.8 341.0 23.6
CMS/PVA 160 4.05 294.5 9.6 366.2 64.6
CMS/PVA/Kaolin 103 1.33 302.3 6.9 383.3 39.1

DT is the degradation temperature; CMS is the carboxymethyl starch; PVA is the polyvinyl alcohol
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Figure 5 Plots of ultimate tensile strength (a), elongation at break (b), and tensile modulus (c) of carboxymethyl starch-based films
versus percentage of polyvinyl alcohol
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36.00% at 5.5 phr kaolin. This suggests that the addition
of kaolin has a minimal impact on the flexibility of the
composite films.

The effect of kaolin on tensile modulus (Fig. 6¢) re-
vealed a significant increase with rising kaolin concen-
trations, from 10.50 to 16.17 MPa. This enhancement in
tensile modulus can be attributed to the presence of
well-distributed rigid kaolin particles, as evident in the
scanning electron microscopy results, which impose a
mechanical restraint on the matrix by restricting its mo-
bility and deformability [40].

Barrier properties. For a composite film to be con-
sidered suitable for packaging applications, it must pos-
sess sufficient barrier properties to prevent water vapor
or air permeation, thereby ensuring the integrity of the
packaged product [41]. The water vapor barrier property
is typically measured in terms of water vapor permeabili-
ty (WVP), where films with lower WVP values exhibit
higher barrier properties.

Effect of polyvinyl alcohol on the water vapor per-
meability of films. Figure 7 shows the effect of polyvinyl
alcohol (PVA) on the water vapor permeability (WVP)
of carboxymethyl starch (CMS) films. As can be seen,
the WVP of the CMS/PVA blend decreased by 28.9%
with a PVA content from 0 to 60% (Fig. 7a). This is
because the blending of PVA with CMS increases the
intermolecular bonding between CMS and PVA via ad-

ditional hydroxyl groups from PVA. This enhances their
compatibility and lowers the penetration of water va-
por molecules through the blend. The CMS/PVA blend
containing 60% of PVA showed the lowest WVP (2.04x
107" gm/m?s-Pa), while the CMS film without PVA had
the highest WVP (2.87x10!"! gm/m?s-Pa).

Effect of kaolin on the water vapor permeabili-
ty of films. The composite films showed a decrease in
the water vapor permeability (WVP) from 1.5x10™" to
0.945x107" gm/m?s-Pa with the incorporation of 1.5—
5.5 phr of kaolin (inorganic filler) (Fig. 7b). This result
was in line with the studies by Yang et al. [33], who re-
ported lower WVP values for cross-linked carboxymethyl
starch-based composites with an increase in the inorganic
filler (nano-SiO, particle). It might be that the polymer
matrix system was reinforced by the exfoliation and
intercalation of kaolin particles with carboxymethyl
starch/polyvinyl alcohol chains. Consequently, this cre-
ated a more tortuous pathway for water vapor molecules
to diffuse through, thereby enhancing the barrier proper-
ties of the composite film [42].

Water vapor sorption characteristics. The water va-
por sorption properties of carboxymethyl starch-based com-
posite films were studied in terms of their sorption, dif-
fusion, and permeability coefficients (Figs. 8 and 9). The ef-
fective diffusion coefficient was calculated from the slope
of the early linear parts of the water vapor sorption curve.
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Figure 6 Plots of ultimate tensile strength (a), elongation at break (b), and tensile modulus (c) of carboxymethyl starch-based films
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Effect of polyvinyl alcohol on the water vapor
sorption. The influence of polyvinyl alcohol (PVA) on
the water vapor sorption properties of the carboxymethyl
starch composite films is illustrated in Fig. 8. The results
revealed a progressive decrease in the effective sorption
coefficients, diffusion coefficients, and water vapor per-
meability by 22% (Fig. 8a), 49.1% (Fig. 8b) and 59.5%
(Fig. 8c), respectively, with increasing PVA concentra-
tions (0—-60%) in the films. Notably, the film containing
60% of PVA exhibited the lowest values for these pa-
rameters (Seﬁ. 123.53 g/m*Pa, Dgﬁ. 1.36 x 10" m?/s, and
P 1.68x 107" g/m-Pa, respectively). This decrease can
be attributed to the strong intermolecular interaction
between carboxymethyl starch and PVA, which reduces
the film’s tendency to absorb moisture [43]. The forma-
tion of hydrogen bonds between the hydroxyl groups of
starch and PVA leads to a more compact and dense film
structure, thereby lowering the sorption, diffusion, and
permeability coefficients [44]. The reduced water vapor
permeability of the CMS/PVA composite films is desir-
able for packaging applications, as it helps maintain the
quality and freshness of the packaged product by mini-
mizing moisture absorption [45].

Effect of kaolin on the water vapor sorption.
Figure 9 illustrates the impact of kaolin on the water
vapor sorption properties of carboxymethyl starch (CMS)
composite films. As can be seen, the incorporation of
kaolin at concentrations of 1.5-5.5% resulted in a signifi-
cant decrease in the sorption, diffusion, and permea-
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bility coefficients by 18.1% (Fig. 9a), 17.3% (Fig. 9b),
and 32.3% (Fig. 9c¢), respectively. This reduction in the
water vapor sorption properties of the blends indicated
a decrease in the material’s affinity for moisture [42].
This modification enhances the material’s suitability
for packaging applications, where minimal water va-
por permeation is desired. The kaolin concentrations
between 4.5 and 5.5 phr resulted in a slight decrease
in water vapor sorption (2.7%), diffusion (3.7%), and
permeability (6.3%) values. This subtle decline may in-
dicate the peak kaolin concentration, beyond which fur-
ther additions may not yield significant improvements.
The dispersion of kaolin in the CMS/PVA polymer ma-
trix creates a more tortuous pathway for water vapor
molecules to diffuse through, thereby enhancing the ma-
terial’s water vapor resistance and barrier properties [42].

Biodegradation of carboxymethyl starch-based
composite films. The biodegradability of polymers is
a crucial aspect to consider in polymer applications, as
these materials will ultimately be disposed of after their
intended use. The ability of polymers to biodegrade natu-
rally is essential for reducing the environmental impact
and promoting sustainability [46]. The biodegradability
of carboxymethyl starch (CMS)-based composite films
was analyzed using the soil burial method (Figs. 10
and 11). This method provides a realistic environment
for assessing biodegradability, as it simulates natural
conditions and allows for the evaluation of microbial degra-
dation [47]. The degree of biodegradability of the films
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was studied by evaluating their weight loss for 56 days
at periodic intervals of 7 days. As can be observed in
Figure 10, all the film samples showed a significant in-
crease in weight loss within the initial 7-day interval
of burial. Specifically, the CMS/PVA blends (Fig. 10a)
showed a 38-23% weight loss (decreasing with higher
PVA contents, 0—60%), while the CMS/PVA/kaolin films
exhibited lower weight loss (16-20%) dependent on the
kaolin content (Fig. 10b). This rapid biodegradation can
be attributed to the initial microbial colonization and
degradation of the polymer surface [47].

However, the rate of biodegradation began to de-
crease during the subsequent days until the completion
of the 56-day period. This decline can be due to the re-
duced availability of easily degradable materials and
the increased complexity of the polymer structure [28].
Particularly, the rate of biodegradation of the CMS/PVA
blends decreased by 22.2% with increasing PVA over
the 56 days, while the pure CMS films exhibited the
highest degradation rate of 90% (Fig. 11a). This sug-
gests that CMS degrades at a faster rate than PVA, pos-
sibly due to its higher moisture absorption affinity. The
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absorbed moisture leads to swelling, creating a condu-
cive environment for microbial growth on the film’s
surface [48]. In contrast, the incorporation of PVA into
the CMS film appears to reduce biodegradability, poten-
tially due to the formation of a more stable and compact
polymer structure. This reduced biodegradability may
result from PVA’s ability to restrict the accessibility of
microbes to the CMS chains, thereby slowing down the
degradation process [49, 50].

In the CMS/PVA films reinforced with kaolin, the
rate of biodegradation decreased by 30.4% with increas-
ing kaolin contents (0—5.5 phr) (Fig. 11b). This is due
to the formation of interfacial bonds between well-dis-
persed kaolin and the CMS/PVA matrix, which reinforces
the polymer chain and renders it less accessible to the
soil microbial attack [51]. Within the 56-day period, the
films degraded quite significantly, if not completely, as
evidenced by their substantial weight loss. This finding
is crucial for the development of sustainable plastic pack-
aging solutions, as it demonstrates the potential of these
bioplastic films to degrade over time, reducing their envi-
ronmental impact and promoting a more circular economy.
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Figure 10 Soil burial biodegradability rates of carboxymethyl starch/polyvinyl alcohol (a) and CMS/PVA /kaolin composite (b)
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CONCLUSION

In this study, we developed a composite film from
carboxymethyl starch, polyvinyl alcohol, and kaolin
for sustainable and eco-friendly bioplastic packaging.
Blending carboxymethyl starch with polyvinyl alcohol
at various concentrations and reinforcing the blend with
kaolin yielded a bioplastic material with suitable proper-
ties for packaging applications.

The characterization results from scanning electron
microscopy, X-ray diffraction, and thermogravimetric
analysis revealed the composite’s good surface micro-
structure, satisfactory crystallinity, and improved ther-
mal stability, which affirmed the effective integration of
the components.

The tensile mechanical test demonstrated significant
improvements in the film’s tensile strength and elonga-
tion at break with the addition of polyvinyl alcohol and
kaolin, indicating enhanced durability. Furthermore, the
inclusion of polyvinyl alcohol and kaolin substantially
reduced the film’s barrier properties in terms of water
vapor permeability, making the bioplastic more effective
at preventing moisture transfer.

Additionally, the water sorption ability of the com-
posite film decreased with the incorporation of polyvi-
nyl alcohol and kaolin, indicating improved resistance
to water vapor absorption. Most importantly, the biode-
gradability test showed a significant level of biodegrada-

tion during the study period, which confirmed the com-
posite’s eco-friendly nature aligning with the principles
of sustainability.

Conclusively, the carboxymethyl starch/polyvinyl alco-
hol/kaolin composite, with its improved functional prop-
erties, offers a viable alternative to conventional plastics
in combating environmental concerns and plastic waste
accumulation.
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