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Abstract: This study focuses on investigating the effect of
hybrid nanofillers on the hydration characteristics and
soil biodegradability of the thermoplastic corn starch
(TPCS) hybrid nanofiller biocomposite (TPCS-HB) films.
The data were benchmarked with that of the pure TPCS
and TPCS single nanofiller biocomposite (TPCS-SB) as
control films. The water absorption properties of TPCS,
TPCS-SB, and TPCS-HB films were analyzed and fitted
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with the standard Guggenheim-Anderson—de Boer equa-
tion to study the water activity of the films. Besides, the
water permeability test, water vapor permeability, and
soil biodegradability of the films were also studied and
correlated with the films’ surface morphology. The results
indicated that the TPCS-HB films possess excellent hydra-
tion resistance and comparable biodegradable rate with
the TPCS-SB films. The optimal water resistance properties
were achieved when the optimal ratio of nanobentonite/
nanocellulose (4:1) was incorporated into the TPCS matrix.
The outcomes of this study provide an innovative idea and
new insights that, by using natural and hybrid nanofillers,
the hydrophobicity of the TPCS films could be enhanced.
TPCS-HB films show great potential to be developed into a
fully green biodegradable TPCS biocomposite film, espe-
cially for single-use plastic applications.

Keywords: thermoplastic starch, nanocellulose, bento-
nite, bioplastic, environmentally friendly.

1 Introduction

Thermoplastic starch (TPS) is one of the most promising
bio-based polymers to replace petrochemical-based plas-
tics, especially for single-use packaging applications (1).
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TPS, a biodegradable, low-cost, and renewable plastic,
which has the same processing properties as petrochem-
ical-based plastics, has attracted a lot of attention from
researchers to further improve the mechanical properties
of TPS (2-4). Granule starch comprises two polysaccharide
macromolecules, amylose (linear chain) and amylopectin
(highly branched chain), which interact with very strong
intra- and inter-hydrogen bonding, resulting in several
double helix microcrystalline structures. Due to the mega
intra- and inter-hydrogen bonding between the polymer
chains, starch granules experience decomposition instead
of melting during processing in the heat. Thus, incorpor-
ating a plasticizer such as a polyol, water, formaldehyde,
and urea is required to form TPS films with good durability.
TPS films can be produced via several plastic film proces-
sing methods such as casting, blowing, and extrusion.
Generally, TPS films exhibit excellent filmogenic prop-
erty with high gas barrier properties and non-toxicity,
which is highly suitable for food packaging applications.
However, the TPS films have some limitations, such as
low mechanical strength and hygroscopicity, compared
to other commodity resins (5). Besides, the high retrogra-
dation rate of TPS films also limits the stability of TPS films
during their service life and makes them less competitive
compared to conventional plastic films. The high hygro-
scopicity of the pure TPS films always promotes high water
absorption in the films and leads to a high retrogradation
rate in TPS films, which causes detrimental effects to the
TPS films (6). Several strategies and modifications were
applied to enhance the hydration resistance properties
and mechanical properties of starch-based films, such as
by blending with petrochemical-based or other bio-based
plastics (7), crosslinking and chemical modifications of the
starch chain structures (8), incorporating different plasti-
cizers (9), and developing nanocomposite films (10,11).
Numerous studies were carried out profoundly to
study the toxicity of nanoclay and nanocellulose toward
human cells, proving each filler was non-toxic to human
cells and safe to be consumed (12,13). The studies also
showed that most of the toxicity of the nanofiller was
often associated with the chemical modifier of the nano-
filler (13). Due to food contact safety and biodegradable
properties of the films, the chemical modification of
starch granules or blending with another petrochemical
polymer was highly discouraged and lambasted by envir-
onmentalists (14,15). Therefore, natural fillers such as
clay and nanocellulose, which were non-toxic and highly
compatible with TPS, were investigated extensively by
researchers to enhance the mechanical properties and
hydration properties of the TPS films. Apart from enhan-
cing the mechanical properties of the TPS films, nanoclay,
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and nanocellulose also improved the TPS films’ water
resistance properties.

The excellent dispersion (exfoliation or intercalation)
of the nanoclay silicate structure in the TPS films pro-
vided a tortuous path in the TPS films, which inhibited
the diffusion of water molecules and increased the water
resistance properties (16). Besides, nanocellulose, which
has a similar chemical structure to the TPS chain, was
also reported to enhance the TPS hydration properties
due to the high crystallinity and was able to form nano-
cellulose percolation structure in the TPS matrix (17).
However, several studies reported a contradictory con-
clusion that incorporating nanoclay and nanocellulose
in the TPS films has a less adverse effect on the TPS films’
water resistance properties (2,18,19). Based on their stu-
dies, the lower effect of nanoclay and nanocellulose on
the water resistance properties was due to the poor dis-
persion of nanofillers in the TPS, as high contact surface
nano-sized filler was more preferably agglomerated. The
highly agglomerated nanofiller reduces the interaction
between the TPS and nanofiller, resulting in microvoid
formation in the TPS matrix and promoting the accumu-
lation of water molecules in TPS films.

Several reports verified that incorporating nanocellu-
lose in TPS can enhance the diffusion of water molecules
through the TPS matrix due to its high affinity toward
water molecules (19,20). From the literature, we can con-
clude that enhancing the water resistance properties of
the TPS films by incorporating a single filler was incon-
sistent and highly dependent on nanofiller dispersion.
The inconsistent hydration properties of the TPS/nano-
cellulose films and tedious controllable dispersion of
the nanofiller have increased the challenges for the pro-
duction of TPS films on a large factory scale and in
industrialization.

Concerning the above matter, chemical modification
through esterification, acylation, crosslinking, or silyla-
tion can be applied to reduce the inconsistency of hydra-
tion characteristics of the nanocellulose by introducing
hydrophobic structures into the nanocellulose structures
for increasing the water resistance properties (21-23).
However, the chemical modification of nanocellulose
again raises the food toxicity concern, which limited
the TPS/nanocellulose films’ application, especially in
food packaging (23). Therefore, the idea of hybridization
of nanocellulose with nanoclay was developed to over-
come the inconsistency in the hydration properties of the
TPS/nanocellulose films. The high aspect ratio and pla-
telet-sized nanoclays are well-described in numerous
studies to effectively reduce the water permeability and
the water sensitivity of the TPS films by providing more
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complex and tortuous pathways for the diffusion of water
molecules (24-27). Besides, the hybridization of nano-
cellulose with nanoclay was reported to be effective in
enhancing the gas barrier properties of films. Wu et al.
reported that the gas barrier properties of the nano-
cellulose/montmorillonite composite films improved
five times compared to the nanocellulose films without
nanoclay (28). Garusinghe et al. developed nanocellu-
lose composite films with high barrier properties by
varying the montmorillonite content. They showed that
the good distribution of nanoclay in the nanocellulose
composite could not only enhance the barrier properties
of the films but also the mechanical properties of the bio-
composite films (29). The use of hybrid nanofillers not only
retained the intrinsic advantages of the nanocellulose but
further enhanced the composite barrier properties through
the synergic effects of the hybrid nanofillers.

As reported in our previous studies, hybrid nano-
filler, nanobentonite, and nanocellulose were proven to
effectively enhance the mechanical properties (30) and
low retrogradation rate of TPS films (31) due to the
synergy effect of hybrid nanofillers with the TPS chain
than a single nanofiller. To the best of our knowledge,
no literature or study reported the hydration and biode-
gradable properties of TPS/nanobentonite/nanocellulose
biocomposite films, which is one of the most crucial prop-
erties of TPS films in film packaging applications. In this
study, the effect of nanobentonite and nanocellulose on
the hydration and biodegradable properties of the TPS
films was investigated further to complete the compre-
hensive study of the TPS hybrid biocomposite films.
The main goal of this study is to enhance the hydration
properties of thermoplastic corn starch (TPCS) films with
the natural hybrid nanofiller.

Incorporating hybrid nanobentonite and nanocellu-
lose represents a novel, low-cost, and simple method to
significantly enhance the hydration properties of TPCS
films without sacrificing the biodegradable properties.
The water absorption and diffusion of all the TPCS films
were studied by moisture absorption and water perme-
ability tests. Meanwhile, the films’ surface hydrophilicity
and the water stability were determined by measuring
the water contact angle (WCA) formed on the films and
the water-soluble test. Furthermore, the films’ mor-
phology, which is associated with the films’ surface
hydrophilicity properties, was observed using a scanning
electron microscope (SEM). Finally, the biodegradation
rate and the physical erosion of all TPCS biocomposite
films were investigated by the soil biodegradability ana-
lysis for 3 months.
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2 Materials and methods

2.1 Materials

Corn starch with a granular size of 2-30 pm (72% amylo-
pectin, 28% amylose) was purchased from Sigma Aldrich
(St. Louis, MO, USA). It was plasticized into a thermo-
plastic film called TPCS. The nanocellulose (average width,
3-5 nm; average length, <150 nm) and nanobentonite powder
(average patrticle size, <25 pm; Nanoclay, Nanomer PGV) were
incorporated to form the hybrid nanofillers (N + B) of the
TPCS hybrid biocomposite films. The nanocellulose was
extracted from the oil palm empty fruit bunch fiber purchased
from United Oil Palm Industries Sdn Bhd (Nibong Tebal,
Malaysia). Natural nanobentonite clay was obtained from
Sigma-Aldrich (St. Louis, MO, USA). The detailed preparation
method of the hybrid nanofiller was reported in our previous
study (30). Glycerol, which was purchased from HmbG Che-
micals (Hamburg, Germany), and distilled water were used as
plasticizers in the formation of TPCS films.

2.2 Preparation of TPCS, TPCS-SB, and
TPCS-HB films

Three types of films, the original TPCS, the TPCS single
nanofiller biocomposite (TPCS-SB) films, and the TPCS
hybrid nanofiller biocomposite (TPCS-HB) were casted.
For the pure TPCS films, 5 g of corn starch was combined
with 100 mL of distilled water and 2g of glycerol. A
heated magnetic stirrer was used to agitate the mixture
at 300 rpm for 30 min at 80°C to create a homogeneous
TPCS gel. To produce TPCS-SB and TPCS-HB films, 5% of
a single nanofiller or hybrid nanofillers with different
ratios of nanocellulose/nanobentonite were mixed with
20 mL of distilled water and processed with ultrasonic
technology to promote the high dispersion of the nano-
filler. The nanofiller solvent was then combined with
the TPCS gel and stirred continuously for 15min. For
the TPCS-HB films, two hybrid nanofiller ratios were
selected: 4B:1C and 2B:3C. These two ratios were selected
because, as shown in our previous study, 4B:1C was
found to be the optimum ratio to produce the toughest
films, while 2B:3C was observed to result in the TPCS-HB
film with the lowest toughness value.

After completion of stirring the mixture, it was poured
into an 8 in. Teflon casting mold and dried in the oven at
45°C for 24 h. The composition and the abbreviation of the
samples are presented in Table 1.
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Table 1: Formulation of TPCS, TPCS-SB, and TPCS-HB films

Acronym Starch Bentonite Nanocellulose
(Wt%) (Wt%) (Wt%)

Pure TPCS 100 0 0
TPCS

TPCS-  TPCS/5B 95 5 0
SB TPCS/5C 95 0 5
TPCS-  TPCS/4B1C 95 4 1
HB TPCS/2B3C 95 2 3

2.3 Testing and characterization of films
2.3.1 Moisture absorption test

The moisture absorption test was carried out according to
ASTM D5229 to determine the rate of absorption of film
samples. The selected films were cut into 4.0 cm x 4.0 cm
and dried in the oven at 50°C for 24h to completely
remove the water content in the films. The films were
weighted initially to record the initial weight before
starting the absorption moisture test. For regular periods,
the film samples’ weights were recorded to determine the
rate of absorption. The moisture absorption test was
repeated five times for each sample formulation, and
average values were recorded. The moisture absorption
of films is calculated as shown in Eq. 1:

W - Wo)

0

Moisture absorption(%) = x 100% (1)
where W, is the weight of humid films after absorption of
moisture and W, is the initial weight of films after drying
in an oven for 24 h.

The water sorption analysis of the films at different
humidities was carried out inside a desiccator with salt
water (LiCl, MgCl,, K,COs;, Mg (NOs),, NaNO,, NaCl, and
KCl) to maintain the relative humidities (RHs) of 23%,
33%, 43%, 53%, 64%, 73%, 80%, and 100% at 25°C.
The Guggenheim-Anderson—-de Boer (GAB) equations
were used to model the water sorption experimental
data. The modeling of the moisture content of the films
was done by using origin software. The GAB equation is
as follows:

Ckmoay,

Xy =
[(1 - Kay + CKay)]

@)

where X, is the steady state moisture content, a,, is the
water activity, m, is the monolayer water content, and C
and k are constant values depending on the temperature
by the Arrhenius-type equation, which represent sorption
heat of the first and multilayer, respectively.
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Eq. 2 is written in another form (Eq. 3), which is used
for the calculation of the parameters m,, K, and C. A more
detailed derivation of Eq. 3 can be obtained from the
study of Blahovec and Yanniotis (32):

a _K1-0) , C-2 1

+ 3
Xw moC m, v Km,C 3)

2.3.2 Water solubility test

The water solubility test of the films was performed
by using samples of 5cm x 5c¢cm x 0.2mm dimension
immersed in the deionized water. Before immersing in
the deionized water, all the films were dried in the oven
at 50°C for 12 h to remove the adsorbed water content. All
the dried films were fully immersed at least 5 cm under-
neath the deionized water at 25°C for 24 h. The film sam-
ples were dried in an oven for 12 h at 50°C to completely
remove the moisture in the films. For each film’s formula-
tion, five duplicates were tested, and the average value
was calculated for data integrity. The water solubility of
the films was calculated by using the following equation:

- W

Moisture content(%) = x 100% (4)

where w is the weight of films after drying in the oven
before immersing in deionized water and w,, is the weight
of films after drying in the oven after immersing in deio-
nized water. The test was repeated three times to obtain
the average value of the moisture content.

2.3.3 WCA

The WCA was measured based on the sessile drop tech-
nique, according to Boinovich and Emelyanenk (33). The
apparatus consisted of a mobile base with a sample
holder, a high-resolution digital camera, and a light
source. A 4.0mm x 4.0 mm film sample was glued on
the sample’s holder to obtain a flat and even film surface.
About 5pL of distilled water was dropped on the air-
facing side of the samples at 25°C, and the water droplet
was measured after 10 s for stabilization. This amount of
water was employed because it could minimize the water
gravitation flattening effect. The test was repeated five
times, and the average value was obtained and recorded.
A 20 cm distance between the digital camera lens and the
film sample was set up to obtain a sharp and good image.
The angle calculation methodology was based on the
shape of the distilled water droplet image formed by
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the intersection of the liquid and solid. The software used
to calculate the contact angle was Image-J] powered and
licensed by BSD-2.

2.3.4 Water vapor permeability (WVP)

The WVP of the films was determined by using ASTM E
96 for the cup method where the WVP of films was cal-
culated when the water vapor transmits out from the
container under constant temperature and humidity.
TPCS, TPCS-HB, and TPCS-SB films were prepared in
even thickness (0.20 mm). A constant amount of dis-
tilled water was filled into the container (19 mm depth)
and TPCS films were attached and sealed with rubber to
the container to prevent the leakage of water around the
container edges during the testing. The testing tempera-
ture and humidity were regulated within 1°C and 2%,
respectively. Constant airflow conditions were required
to maintain good circulation of air in the test location.
The container with TPCS films was weighed and the
reading was recorded as the initial weight. The weight
of specimen is weighed periodically (6 h) until the rate
of change remains substantially constant. The water
permeability test was repeated four times for each film’s
formulation. The rate of water vapor transmission was
calculated using the following formula:

wvr=C —sxa 5)
A

where WVT is the rate of water vapor transmission (g-h™-m™),
G is the weight loss (straight line of the curve; g), S is the
slope of the straight line (g-h™), A is the area of the cup
mouth (test area; m?), and ¢ is the time interval (h). The rate
of WVP is calculated as follows:

WVT WVT

WVP = =
Ap SRl - R2)

(6)

where Ap is the vapor pressure difference (mmHg), S is
the saturation vapor pressure at the test temperature, R1
is the RH in the container in fraction, and R2 is the RH of
the environment in fraction.

2.3.5 SEM

The film’s surface structure and morphology were observed
using an SEM (JEOL JSM-6460LA; JEOL Ltd, Japan). The
surface morphology of all the films was observed under
an SEM and compared. Before capturing the images, the
film’s surface was coated with platinum using a JFC-1600
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Auto Fine Coater (JEOL Ltd, Japan) for obtaining the optimal
SEM image.

2.3.6 Biodegradability test (soil burial test)

The soil burial test was carried out according to EN ISO
846: 1997. The test soil with 60% moisture content was
filled into a 1L plastic container. The film samples were
cut into 6.0 cm x 3.0 cm size and buried in the soil at a
depth of 5cm for a duration of 3 months. The soil was
sprayed with 10 mL of distilled water weekly to maintain
the same soil moisture content for 3 months. Five film
samples were tested for each film’s formulation. Each
sample was taken out and the soil attaching to the sur-
face of the films was removed at constant time intervals.
The degradation rate was calculated by the weight loss
rate of films at regular times. The films were dried in an
oven for 24 h at 50°C and then weighed before burying in
the soil. The weight loss of films is calculated using the
following equation:

Wy

weight loss(%) = W I;V x 100 7)

i
where W; is the initial weight of dry samples and Wj is the
weight of the sample recovered from the soil.

3 Results and discussion

3.1 Water absorption of TPCS, TPCS-SB, and
TPCS-HB

Generally, it is understood that the water content of all
the biopolymeric films increases with the increase in RH,
while the water absorption of films will finally reach an
equilibrium water content percentage (1,4). In this study,
water absorption and water solubility analysis were per-
formed on the pure TPCS, TPCS-SB, and TPCS-HB films.
Based on the results summarized in Table 2, the pure
TPCS film indicates the highest moisture adsorption,
while TPCS/4B1C possesses the lowest water adsorption
at all humidity values. All the TPCS-SB films have lower
moisture adsorption when compared to those of the pure
TPCS film, showing that incorporating nanofiller (nano-
bentonite or nanocellulose) could alter the surface mor-
phology and the active water molecules were adsorbed
on the film’s surface. As expected, the TPCS-HB films
showed lower moisture absorption rates compared to
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Table 2: Water solubility, WVP, and GAB parameters from isotherms of TPCS, TPCS-SB, and TPCS-HB films; the coefficient of determination

(R2) > 0.96 for all fitted models

GAB parameters

Films’ formulation M, K c R2 Water solubility (%) WVP x 1072 (g:m~LsPa7?)
TPCS 12.350 0.772 3.186 0.992 33.45 3.56
TPCS/5B 10.040 0.550 5.005 0.977 27.73 2.53
TPCS/5C 9.970 0.689 5.417 0.979 26.98 2.84
TPCS/4B1C 7.770 0.504 6.345 0.960 21.76 2.03
TPCS/2B3C 8.910 0.547 4.313 0.964 23.93 2.23

Pure TPCS
TPCS/5B
TPCS/5C
TPCS/4B1C
TPCS/2B3C

w

(3]

1
¢4 Hronm

= N N w
o o o o
1 1 1 1

Mositure content (%
=)
1

0.0 0.2 0.4 06 0.8 1.0
Water activity (a,)

Figure 1: Experimental and calculated GAB water isotherms of TPCS,
TPCS-SB, and TPCS-HB films.

those of the TPCS-SB films. The better resistance toward
moisture absorption by the hybrid biocomposite system
shows that the synergic effect of the hybrid nanofiller
helps to improve the films’ toughness and water absorp-
tion. The experimental data for the moisture adsorption
content of the films fitted with GAB equations are shown
Figure 1. The moisture sorption GAB parameter showed
0 < K<1and C > 2, indicating a type II as modeled with
GAB equations.

Each parameter in the GAB equation represents a
physical meaning where C is the enthalpic differences
of sorption for the monolayer to the primary binding
sites. The higher the C, the stronger the water binding
to the primary layer. Meanwhile, K is defined as the
enthalpic difference of sorption for bulk water with the
multilayer water layer structure on the films. The higher
the value of K, the higher the water molecules’ mobility in
bulk molecules and fewer distinction properties between
the multilayer water molecules and the bulk water mole-
cules. M, denotes the moisture content corresponding to

the “monomolecular layer” on the whole free surface of a
material. Meanwhile, according to the literature, the sig-
moidal shape of the isothermal graph can be divided into
three regions: a,, < 0.2, 0.2 < a,, < 0.6, and a,, > 0.6,
where each region represents the monolayer adsorption
of water molecules (physio-sorbed to the surface), multi-
layer adsorption of water molecules on the polar size, and
the progressive water molecules absorbed at subsequent
layers, respectively (34).

For a more decisive conclusion, surface morphology
and the pores formed on the TPCS films were observed
using SEM and are shown in Figure 2. It is evident that the
porosity of the films will affect the water absorption in
the films. Kulasinski et al. showed that the porosity on the
biopolymer surface is in a linear relationship with the
water adsorption content, where the porosity could act
as the space for the accumulation of water molecules (35).
They found that the accumulated water in the pores could
further push the polymer chains by breaking up the inter-
chain hydrogen bonding between biopolymers, creating
more significant porosity and enabling higher adsorp-
tion. The pure TPCS films exhibited a firm granular struc-
ture with big pores and voids throughout the surface of
the films, as shown in Figure 2. The number and the size
of the pores decreased after a single filler was incorpo-
rated into the matrix. The compatibility and the compres-
sibility of TPCS/5B and TPCS/5C were higher than those
of the pure TPCS matrix, as observed in the SEM image.
Meanwhile, as the 4B1C hybrid nanofillers were incorpo-
rated into the TPCS matrix, the porosity of the films was
almost removed. This feature can be observed in the
image of the TPCS/4BIC film (Figure 2d). The degree of
films’ porosity was arranged in the order TPCS > TPCS/5B
> TPCS/5C > TPCS/2B3C > TPCS/4BIC.

It was found that the sequence order of M, is in line
with the degree of the films’ porosity, as shown in Figure 2,
where the higher the porosity, the higher the M,. The
higher M, indicated that the number of water molecules
to form a monolayer on the whole surface of the films
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Figure 2: Surface morphology of (a) pure TPCS, (b) TPCS/5B, (c) TPCS/5C, (d) TPCS/4B1C, and (e) TPCS/2B3C, as observed under 2,000x

magnification.

increased with increased porosity. The increase of water
molecules to form the monolayer was due to the ink bottle
phenomenon where the pores formed on the films fol-
lowed the characteristics of an ink bottle (36). The mono-
layer water molecules were adsorbed into the wall and the
neck of the pores until the water molecules filled up the
pores, which may act like a closed pore. Therefore, more
water molecules were required to bridge the water mole-
cules across the pores to form the monolayer structure
across the films. The pure TPCS film possesses the most
substantial water-holding power due to the high pores’

surface morphology. Meanwhile, the compact morphology
of the TPCS/4B1C resulted in the least water-holding power,
as the water molecules only can form on the surface area.

Besides, the interaction of monolayer water molecules
with the TPCS surface and the way of water molecules
are organized in layers can be predicted by combining
C and K values. The organization of different water mole-
cules in the monolayer, multilayer, and internally absorbed
(bulk) water can be studied by combining C and K values.
For the pure TPCS films, it possesses the lowest C and
highest K values compared to other films, indicating that
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the monolayer water molecules are less firmly bound to the
primary sorption sites as the contact surface between water
molecules was least due to the highest pore structure in
TPCS films. Meanwhile, the highest K values indicate that
the water absorbed on the TPCS surface has the highest
mobility, which is the same characteristic as the water
molecules in the bulk liquid. On the other hand, the TPCS
biocomposites with single filler show different trends of
water absorption characteristics. Particularly, the TPCS/5C
has higher C values compared to the TPCS/5B, indicating
that the monolayer water has formed a more vital interac-
tion with the TPCS/5C due to its more compact structure
(Figure 2). Meanwhile, the lower C values of the TPCS/5B
may also contribute to bentonite’s less hydrophilic prop-
erties than the nanocellulose, reducing the adsorption of
the monolayer water molecules on the films. Further-
more, the TPCS/5C also exhibited a higher K value than
the TPCS/5B, showing that the water molecules formed
above the monolayer have higher mobility than the
TPCS/5B.

On the contrary, the TPCS/4B1C exhibited the lowest
K values and the highest C values compared to all the
films. The highest C values shown by TPCS/4B1C indicate
that the monolayer water molecules have the strongest
interaction with the film’s absorption side while the
lowest K values also show that the water molecules at
the subsequent layer are arranged in a layer structure
that has less mobility compared to the bulk liquid. The
high C values and the low water content of TPCS/4B1C
suggest that the wetting of the TPCS/4B1C surface is pos-
sible; however, only a thin layer of water molecules was
cohered to the surface of the film. The low K values
showed that the water layer formed on the monolayer
of water molecules was highly oriented, showing that the
spreading of water molecules on the films is limited. The
strong hydrogen bond interaction between the monolayer
water molecules and the TPCS surface, and, within the struc-
ture, water molecules reduced the hydrogen bonding sites for
more water molecules to adhere to the TPCS surface (5).

Generally, the hydrogen bonding site was confined to
the layer structure of water molecules. The structure of
confined water molecules resembles a solid ice-like net-
work where the water molecule forms tetrahedrally coor-
dinated in a fixed position, and the mobility of water
molecules in this region is restricted. The formation of a
high-order structure water molecule layer provides a
hydrophobic surface than other films. However, the effect
of the structure water molecules deteriorated, observed in
the TPCS/2B3C films, as the K values increased, indicating
that the structure water molecules were less oriented

DE GRUYTER

and had higher mobility. This may be due to the higher
porosity density of TPCS/2B3C compared to that of
TPCS/4BI1C.

Meanwhile, the lower K values for the TPCS/4B1C films
also showed the lower water molecules being absorbed
into the films due to the high orientation of the water
molecule’s structure (37). This concept was the same as
the ice-water theory, where ice has less density of water
molecules than that of bulk water as the water molecules
in ice have fixed and oriented water molecules, arranged
in the solid structure. The lowest K values of TPCS/4B1C
show that the water absorbed on its surface prefers to
orientate in a layered pattern, which restricts the water
molecules from diffusing into the structure. Meanwhile,
the high K values show that the adsorbed water on the
film’s surface has a less oriented structure and high mobi-
lity like bulk water, which can allow a high number of
water molecules to diffuse into the structure and increase
the water absorption in the film.

3.2 Water solubility of TPCS, TPCS-SB, and
TPCS-HB films

The water solubility test was performed to analyze the
stability of TPCS, TPCS-SB, and TPCS-HB films. The water
solubility test is an important parameter that indicates
the product’s stability in the aqueous medium and deter-
mines the film’s application. The pure TPCS film exhib-
ited the highest water solubility; however, the water
solubility was significantly reduced when nanofillers
were incorporated (Table 2). A further improvement in
the water solubility resistance was observed for hybrid
nanofiller films as they showed a 5% decrease in the
water-soluble content than the TPCS-SB films. The lowest
water solubility exhibited by TPCS/4B1C films indicated a
closed-pack and a firm nacre structure could withstand the
osmosis pressure in the TPCS matrix, restrict the motion of
the amorphous region, and maintain the firm 3D network
structure of the TPCS matrix. The high crystallinity of
nanocellulose and tortuous structure induced by bentonite
filler synergistically prevent the TPCS film contents from
moving in and out when immersed in the water. Besides,
the lower water solubility may be due to the lower avail-
ability of the TPCS hydroxyl group and a strong filler TPCS
interaction, which hinder the diffusion of water molecules
into the TPCS matrix. The water solubility of TPCS films
was in the order of TPCS > TPCS/5B > TPCS/5C > TPCS/2B3C
> TPCS/4B1C films.
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Figure 3: (a) WCA values of TPCS, TPCS-SB, and TPCS-HB films.
(b) 3D topology image of TPCS/4B1C films.

3.3 Surface hydrophobicity of TPCS,
TPCS-SB, and TPCS-HB films observed
through WCA

The surface hydrophobicity can be determined by mea-
suring the WCA formed on the film’s surface, as shown in
Figure 3. WCA reflected the physicochemical response of
the pure solvent on the film’s surface. Biopolymer films
always have low WCA values due to the solid intermole-
cular interaction of hydrogen bonding size with the film’s
surface. Generally, if the film’s surface energy is greater
than the water surface tension, the water droplet will
appear in a flatter shape; on the other hand, the water
droplet will appear spherical when the WCA is high. The
increase or decrease of WCA is highly dependent on the
changes in the surface roughness and the water mole-
cules’ mobility and orientation when interacting with the
TPCS films. He et al. (38) showed that the micro-/nano-
hierarchical architectures on the film’s surface have a
much higher effect on the wettability of TPCS films than
the films’ surface energy.

The WCA of the TPCS biocomposite films was higher
compared to that of the pure TPCS film, indicating that
the hydrophobicity of the film’s surface increased as a
nanofiller was added to the matrix. The surface contact
angle of the untreated TPCS was 52°, which is in line with
the result of Yin et al. (39). The lower WCA values of the
pure TPCS and TPCS-SB films compared to those of the
TPCS-HB films may be attributed to the high pore struc-
ture on the film’s surface (Figure 2), which destroy and
create unbalanced surface tension of the water droplet
by adsorbing the water molecules to fill up the pores
through capillary forces. The TPCS-SB films have higher
WCA values than pure TPCS film as the pore’s density is
reduced, which shows that the hierarchical architectures
in the film surface have a significant impact on the films’
hydrophobicity. Besides, the TPCS film surface incorpor-
ating nanobentonite or nanocellulose could reduce the
active site for hydroxyl group interaction and lower the
film’s surface energy with water droplets. The reduced
surface energy reduces the interaction between water
droplets and the film’s surface and leads to higher WCA
than the pure TPCS films (40).

On the other hand, the TPCS-HB film’s surface displayed
a highly compact and less porous structure (Figure 2), and
thus less degree of interaction between the water droplets
and the film surface was established. The high WCA shows
that the hybrid nanofillers could significantly improve the
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hydrophobicity of the films. This hydrophobic effect was not
observed in the TPCS-SB films or the pure TPCS film. As
shown in previous studies, hydrophobicity is usually propor-
tional to the surface roughness of the films. Therefore, the
TPCS/4BI1C films that exhibited the highest WCA could be
due to the nano-hierarchical architectures on its film’s sur-
face. The nanoscale potholes on the surface of this sample
could not be detected by the SEM image; however, they can
be verified through surface topological analysis using atomic
force microscopy (AFM) (Figure 3b).

The nanostructure surface of the TPCS/4B1C film can
result in a high hydrophobic effect, which can be asso-
ciated with the rose petal effect, as explained in the study
of Bushan and Nosonovsky (41). Based on the previous
study, the increase of polymer WCA would be attributed
to the “lotus leaf” effect, where the high roughness of the
film’s surface can create a liquid—vapor interface between
the water droplet and film surface. The micro-air gap
formed between the interaction of water droplets and
the film’s surface induces high WCA by reducing the
interaction of water and the film’s surface, just like the
lotus leaf (40). However, the high adhesion of water
molecules toward the TPCS-based films showed that the
lotus leaf effect may not be appropriate to explain the
increase of WCA values of the TPCS and TPCS biocompo-
site films. The high affinity of water molecules toward the
TPCS could penetrate the micro-air gap and contradict
the theory of lotus leaves. Therefore, scientists intro-
duced the rose petal effect to explain the high adhesion
of water molecules on the surface and the acquired WCA
values (42). The rose petal effect showed that the micro-
gap between the water droplet and the film’s surface
(theory of lotus leaf effect) was not observed due to
high adhesion between the water and the TPCS films
(43). The high WCA of the rose petal effect was due to
the nano-gap structure surrounding the micro-rough-
ness, which was responsible for the high WCA observed
in TPCS/4B1C films. The AFM surface morphology of the
TPCS/4B1C is shown in Figure 3b in a 3D topology form.
The 3D topology indicates that the average roughness of
the film’s surface was 203.34 nm, proving that a nano-
sized gap could be formed on the film’s surface even
though the TPCS films have a high affinity toward water
molecules. The high nanoscale roughness surface is sti-
pulated due to the homogenous agglomeration of nano-
sized nanocellulose covered by the TPCS matrix, which
formed a high roughness continuous network on the
film’s surface required for hydrophobicity. The high crys-
tallinity of nanocellulose has a lower interaction with
water molecules, which induces the nano-sized air gap
within the microstructure. Meanwhile, for the TPCS/2B3C
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film, the random and inhomogeneous distribution of
the hybrid nanofillers and porous structure on the film
surface observed with an SEM caused an insufficient
continuous, homogenous nano-sized roughness network
structure to support the hydrophobic theory, thus leading
to lower WCA.

3.4 WVP of TPCS, TPCS-SB, and
TPCS-HB films

The significant disadvantages of the TPCS films are that
high water sensitivity results in high water absorption
and penetration through the films. The high water sensi-
tivity properties of the TPCS films have provided the best
environment for bacteria or microorganisms to grow inside
the films. These may be beneficial for the biodegradability
of the films; however, the rapid degradation of films will
cause detrimental effects on the physical properties of
films and reduce the film’s service life. The water perme-
ability properties of the TPCS films depend on the solubi-
lity coefficient and the water diffusion rate through the
matrix. Incorporating a high crystallinity nanofiller or a
layered structure filler could lower the moisture perme-
ability by forming a more tortuosity pathway and hinder
the water molecules from passing through the films.

Based on the results summarized in Table 2, the pure
TPCS film exhibits the highest water permeability com-
pared to all the films. The high water permeability
increased drastically as the storage time increased. The
drastic increase in water permeability was due to the
high swelling properties of the TPCS matrix as a higher
amount of water interacted with the TPS chain and plas-
ticizer. The swelling of the TPCS matrix increases the size
of the water passage and diffuses a higher amount of water
through the films. The TPCS/5B film shows lower water
permeability than the pure TPCS film across the storage
time. The addition of bentonite clay decreases the water
sensitivity of the TPCS film, and this is in line with many
research studies as the clay layered structure was proved
to be the most common method to reduce the water
absorption in the polymer composite films. Even though
the nanoclay addition was proved to be an effective way to
reduce the water permeability of biopolymers, the tough-
ness, clarity, and flexibility of the films were severely com-
promised as these three factors are the crucial properties
for films packaging by creating a more prolonged and tor-
tuous pathway in the film’s matrix (44). Furthermore, good
dispersion of the nanoclay layered structure in the matrix
is critical in reducing the films’ water permeability.
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For the TPCS/5C film, the water weight loss was slow
at the beginning of the storage period. However, the
water weight loss rate increased drastically as the storage
time increased. The low water permeability of the film may
be attributed to the horrification effect of the nanocellulose
during drying, causing the agglomeration of nanocellulose
in the TPCS matrix and enhancement in the crystalline
structure of the TPCS films. As the film ages, the effect of
nanocellulose on resisting the water penetrating the film
seemed to reduce. This may be due to water absorption
into the microvoid between the interfacial nanocellulose/
nanocellulose or nanocellulose/TPCS chains, causing the
water molecules to diffuse into the films. The detachment
of nanocellulose from the TPCS matrix led to the formation
of a micro-crack close to the nanocellulose and induced
higher water passing through the matrix. Besides, the high
number of hydroxyl groups in the nanocellulose caused
higher plasticizer to be surrounded within nanocellulose
and the interfacial between nanocellulose and TPCS chain,
and this also explains the sudden increase of water perme-
ability of the TPCS/5C films. The distribution of glycerol in
the matrix and the environmental humidity could affect
the mass transport properties of the films. At the beginning
of the storage, fewer water molecules were built up on the
surface of the films, and glycerol could act as the filler to
fill up the microvoid between nanocellulose and the TPCS
matrix. Therefore, even though glycerol has a greater affi-
nity toward nanocellulose, the water permeability resis-
tance of the TPCS/5C was almost the same as TPCS/5B.

As the water permeation continued, the water mole-
cules were built up from single water molecules layer to
multiple water molecules layers and corresponded to the
transition of a water adsorption mode to a water capillary
diffusion mode into the matrix. Owing to the high hydrophilic
property of glycerol, it possessed a higher affinity toward
the water, thus more water molecules penetrated the films
(45). The interaction of glycerol with water molecules could
expand the gaps between the fibril and matrix and promote
the TPCS chain's mobility and swelling to accommodate the
passage of water molecules (46). Nevertheless, glycerol trap-
ping around the interfacial space of nanocellulose and the
TPCS chains caused different performances of TPCS/5C and
TPCS/5B after the extended testing time.

The water permeability properties of the TPCS/nano-
cellulose biocomposite films might not always agree with
each other in the literature due to different biocomposite
compositions, surrounding humidity, processing method,
testing, and accuracy of data collection. Some researchers
reported that the high number of hydroxyl groups in the
nanocellulose could induce higher water absorption into
the films and weaken the intermolecular hydrogen bonding,
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facilitating the penetration of water molecules (19,20). The
different outcomes of the water permeability properties of
the TPCS/nanocellulose biocomposite may be attributed to
the different orientations and distribution of nanocellulose
in the films. On the other hand, some studies reported that
the high crystallinity of nanocellulose could provide a water-
repellent effect to the films in which fewer water molecules
could interact with nanocellulose due to its high crystalline
structure.

Apparently, TPCS/4B1C and TPCS/2B3C films showed
a very low water permeability throughout the storage time,
which does not correlate with the typical TPCS water
permeability isotherms where the water permeability
increased with the increase of storage time or RH. The
low water permeability can be ascribed to nanocellu-
lose, and the nanobentonite layered structure arranged
parallel and alternatively to the surface of the TPCS,
creating a double tortuosity pathway for the water mole-
cules to pass through the films. As observed from Figure 4,
the agglomeration of nanobentonite and nanocellulose
was spotted in the TPCS/5B and TPCS/5C films, respec-
tively. The non-uniform distribution of the single nano-
filler in the TPCS matrix caused more “empty nanofiller
spaces” compared to the biocomposite with hybrid nano-
filler. Meanwhile, in the TPCS/HB, the distribution of the
hybrid nanofillers was more homogenous compared to the
TPCS/SB, resulting in a more restricted water pathway and
lower water permeability.

The TPCS/4B1C has relatively lower water perme-
ability than the TPCS/2B3C, which could be attributed
to the smaller and good distribution of nanocellulose dis-
persed in the TPCS matrix. The excellent distribution of
nanocellulose forms a high cohesive density with the
TPCS matrix, reducing water molecules’ diffusion through
the matrix. The bentonite nanoclay structure could coun-
terbalance the hydrophilic properties of nanocellulose by
protecting the nanocellulose from interacting with water
when water molecules were adsorbed on the surface of the
films. Figure 4d shows that the TPCS/4BIC contains a
highly exfoliated nanoclay structure with well-distributed
nanocellulose between the clay structures. The alternating
structure of the nanobentonite/nanocellulose hybrid
nanofillers in the TPCS/4B1C has effectively prevented
water diffusion through the films. However, the resis-
tance for water diffusion through the TPCS/HB films was
compromised as the ratio of nanocellulose increased (2B3C)
due to the inhomogeneous distribution of the hybrid nano-
fillers as observed in Figure 4e.

It is interesting to note that some researchers observed
that even at a low amount of nanocellulose, the film’s water
permeability was significantly reduced. The explanation was
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Figure 4: The TEM images of (a) TPCS, (b) TPCS/5B, (c) TPCS/5C, (d) TPCS/4B1C, and (e) TPCS/2B3C under magnification of 73,000x.

found in the review of Wang et al., where the high compat-
ibility of nanocellulose with a matrix through hydrogen
bonding can help to reduce the void, cracks, and other
defects in the matrix and increase the crystallinity of the
films to enhance the barrier properties of films (47). How-
ever, the inhomogeneous dispersion of the hybrid nano-
filler in TPCS/2B3C resulted in a less perfect alternating
tortuosity pathway in the matrix and allowed more water
molecules to pass through the films.

3.5 Soil biodegradability of TPCS, TPCS-SB,
and TPCS-HB films

It is essential to understand the biodegradability of films
to assess the environmental impact of the films in the
soils and help in better establishing policies to manage
film waste under the legislation. Under an aerobic envir-
onment, fully biodegradable films will eventually trans-
form entirely into carbon dioxide and water without
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leaving any toxic by-products. The biodegradation of
polymer always refers to the hydrolysis of ester bonds
and the breaking down of the enormous polymer structure
into monomers with the help of extracellular enzymes
excreted by microorganisms. Glycoside hydrolases mainly
degrade TPS and catalyze the glycosidic bonds’ hydrolysis.

Before the degradation process, all the films exhib-
ited transparent and smooth surface films; the surface of
the films changed during the soil degradation period. All
the films went through the same degradable phase with
different duration of time. This biodegradable test identi-
fied three apparent biodegradable phases to categorize
the TPCS films’ biodegradability rate (48). The first stage
is observed with a minimal weight loss of films (5-7%
loss of the total film weight), where the biodegradable
rate is the lowest as the bacterial or fungi only grow on
the surface of the films. The films’ integrity remained, and
yellowish spots on the TPCS films were observed. For the
second stage, the rapid loss of the weight of the films
(60-70% loss of the total film weight) was observed
with the fastest biodegradable rate. The high biodegrad-
able rate was due to bacterial penetration into the matrix
structure and biodegradation process across all the films.
The film became brownish and highly brittle at this stage
as microorganisms break down the basic matrix struc-
ture. The TPCS films act as biological fuel by providing
glucose to support the growth of the microorganism.
Apparent alterations to the film’s appearance, such as
pores, cracks, and crevices, were highly observed in the
films. When reaching the last stage, the weight loss could
not be calculated as the films were too brittle, broke into
fractions, and were not easily removed from the soil.
TPCS films become entirely the components in the soil,
which can be used as a nutrient for other bacteria or
plants to complete the carbon cycle.

In this study, all the films showed integrity in shape
for up to 2 weeks (stage 1). However, after 2 weeks, the
pure TPCS film was observed to be somewhat brittle and
showed cracks in the structure. In week 3, the pure TPCS
film was highly covered in the soil, and changes in the
film’s color were observed until the films were degraded
entirely into a tiny fraction. The pure TPCS film took
almost 1.5 months for the completion of the biodegrada-
tion process. The pure TPCS films showed a 70% loss in
weight within 30 days (Figure 5), and the slow weight
loss was observed in the starting first 14 days as the bac-
teria and fungi were only cultivated to grow surrounding
the films. As the number of bacteria and fungi started to
grow to an optimal amount, the biodegradation of the
films became rapid, and a significant loss of mass of
the films was observed. For the pure TPCS film, the
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Figure 5: Weight loss (%) of TPCS, TPCS-SB, and TPCS-HB films.

transformation from phase 1 to phase 3 was relatively
fast due to the high swelling of the TPCS matrix compared
to other films. The high swelling property increased the
matrix’s volume, allowing higher water molecules to
transfer into the films and promoting a sustainable envir-
onment for the film’s microorganism growth (49).

Incorporating a nanofiller into the TPCS matrix was
seen to prolong the stage 1 degradation process and reduced
the TPCS biodegradable rate. Meanwhile, the soil degrada-
tion of TPCS-SB films was reduced as the film mass dropped
significantly, and the change in the film color was only
observed in week 4 (stage 2). On the other hand, the
TPCS-HB films exhibited a significant mass drop and a
change in the film’s appearances in week 5. However, the
TPCS-SB films have a higher degradation rate than the
TPCS-HB film as the former only needs 90 days to fully
degrade in the soil, while the TPCS-HB film requires almost
130 days for the completion of the degradation process. The
prolonged biodegradation process showed that the hybrid
nanofiller has effectively hindered the growth of the micro-
organism in the TPCS matrix by protecting the TPCS chains
in the films. The lower water permeability and water solu-
bility from the previous discussion suggest that the low
penetration rate of water molecules into the films can be
the main reason to explain the lowest biodegradable rate of
this hybrid biocomposite system.

Comparing the biodegradable rate of the TPCS-SB
films, TPCS/5B exhibited almost the same biodegradable
rate as the TPCS/5C, even though nanocellulose showed
higher hydrophilic properties than the bentonite in the bio-
composite. The high biodegradable rate of the TPCS/5B films
could be due to high porosity on the film’s surface and high
agglomeration of bentonite, which create a weak interfacial
interaction between the bentonite and TPCS chains.
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The weak interfacial interaction could lead to microvoids,
facilitate the accumulation of water molecules in the TPCS
matrix, and help bacterial growth. The TPCS-HB films
degraded more slowly than the TPCS-SB films due to the
lower water solubility, water absorption, and the highly
compact TPCS matrix structure.

Previous studies showed that a significant fraction of
the TPCS films would degrade into a small starch fraction
or 80% loss in the mass in the soil within 1.5 months (50).
In the review of Parsons et al., the average degradation
rate of the TPCS biocomposite films can be varied between
7 and 18 weeks depending on the composition and the
biodegradable ambient conditions (51). Even though the
TPCS-HB films have a lower biodegradation rate than
the TPCS-SB films and the pure TPCS film, the biodegrada-
tion rate of this material is still acceptable and appropriate
for a biodegradable plastic (51,52). The lower biodegrada-
tion rate also proved the high stability of the TPCS-HB
films under humidity and bacterial conditions, which is
beneficial to expand the applicability of the films. The
TPCS-HB films can be easily disposed of on the ground
without leaving any toxic residual in the soil, reducing
the environmental problem and the costs of waste man-
agement procedures.

Li et al. found that the molecular and crystalline
structure of starch could affect the enzymatic degradation
of the TPCS films, where the fast degradation occurs at
the amorphous and small TPCS chains region located at
the film surface (53). This could be due to the high sus-
ceptibility of the amorphous region to be attacked by
fungi or bacteria. Meanwhile, the high crystalline struc-
ture in the TPCS matrix could reduce the film’s degrada-
tion rate due to the highly compact structure, which
limits the penetration of water molecules and microbial
growth. Therefore, by observing the progress of the film’s
degradation process, the films’ crystalline and amor-
phous regions could be roughly estimated as the degra-
dation of films always starts at the amorphous region.

For the first 14 days, all the films maintained their
integrity, and a slight weight alteration was observed.
The weight of the pure TPCS films shows a slight increase
due to water absorption from the soils. Meanwhile, the
weight of other films remained relatively stable for the
first 14 days. After 14 days, all the films started to turn
brownish due to the adhered soil on the film’s surface
and the microorganisms’ growth, as shown in Figure 6.
However, for the pure TPCS film, the physical character-
istics of the film started changing from flexible to brittle,
and the film was broken down into two pieces, showing
that microorganisms can easily penetrate the TPCS matrix
and hydrolyze the structure into two components. The
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pure TPCS films have the least resistance to microorgan-
isms, where the biodegradation of the films has moved
into phase 2 much earlier than other films. Meanwhile,
TPCS-SB films (TPCS/5B and TPCS/5C films) only showed
the first appearance of cracks or holes in the structure after
the first 30 days. On the contrary, the TPCS/4B1C and
TPCS/2B3C films showed only minor degradation marks
on the films after the first 50 days.

Certainly, the film surface morphology observed in
Figure 2 could be related to the films’ physical transfor-
mation and biodegradation rate during the soil degrada-
tion. The high film’s porosity could lead to higher water
accumulation in the pores, creating an optimal environ-
mental condition for micro-bacterial growth and subse-
quently accelerating the biodegradation process (54). Pure
TPCS has the highest biodegradation rate, and thus, severe
film erosion can be observed with the highest pore surface
density. As a single nanofiller (nanocellulose or nanoben-
tonite) was incorporated, the pores formed on the film’s
surface were observed to be reduced, and the biodegrada-
tion rate and physical erosion of the films became slower
compared to the pure TPCS. Meanwhile, TPCS/4B1C and
TPCS/2B3C films were observed to have the lowest physical
erosion, and the film’s integrity remained after 50 days. The
delayed film’s physical erosion is attributed to the highly
compact film’s surface, which prevents microbacterial
growth in the deeper layers of the film and retards the
penetration of microbacteria.

As all the films entered their phase 2 biodegradation,
they exhibited a high rate of weight loss according to
their respective biodegradation rate. All the films even-
tually entered phase 3 and became highly fractional in
the soil. One interesting observation can be concluded
from the film’s degradation morphology, where different
macroscopic changes are detectable by observing their
physical biodegradation image; perhaps, they could be
related to the filler dispersion in the films. The microor-
ganisms grow in the films and are “fed on” the films. The
propagation of the micrometric path or the creation of
a hole in the films could be used as the indicator for
the pathway of the microorganism highly located and
growing (55). Therefore, the surface and structural degra-
dation can be used to locate nanofillers’ dispersion, as
nanofillers could slow down the growth of the microor-
ganism in the films.

For the TPCS/5C film, the localized biodegradation
region was spotted at the bottom of the films, as shown
in Figure 6. For the TPCS/5B film, biodegradation was
observed at the upper and lower parts of the film. As
time progressed, there was a significant propagation of
crack and fractionalization across the TPCS/5B film.
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Figure 6: Physical transformation of pure TPCS, TPCS-SB, and TPCS-HB films in 3 months during soil biodegradation.

Meanwhile, the TPCS/5C exhibited much slower film degrada-
tion than the TPCS/5B, and fractionalization mainly occurred
at the bottom of the films. The different morphologies of crack
propagation and fractionalization behaviors of both films
could be related to a better dispersion of nanocellulose and
lower pore density in the TPCS/5C compared to the TPCS/5B,
which provided higher protection to the TPCS chains and
reduced the growth of the microorganisms in the films.

In contrast, the biodegradation of the TPCS/4BI1C film
started at the film’s edge and the crack propagated
slowly, moving from the edge toward the middle of the
film. The biodegradation only occurred along the edge of
the films, suggesting that the microorganisms unfavor-
ably grow on the film surface due to the high compact
nacre structure and low water permeability, which hinder
the microorganism growth within the film’s matrix.
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Generally, the TPCS/2B3C film shows almost an identical
biodegradable spot with the TPCS/4B1C film; however,
due to the inhomogeneous dispersion of the hybrid nano-
fillers, the microorganisms got more chance to grow and
prompt a crack across the film, thus breaking the film into
two pieces.

4 Conclusions

The hydration characteristics and biodegradability of the
TPCS, TPCS-SB, and TPCS-HB were analyzed via water
absorption, water solubility, WCA, water permeability,
and soil biodegradability. Based on the reported results,
the TPCS-HB films exhibit a significant improvement in
water resistance properties than the TPCS and TPCS-SB
films. The surface of the TPCS-HB film was observed to be
highly compact, with fewer pores and a higher degree of
WCA, which was attributed to the lower absorption of
water on the surface. Meanwhile, the synergistic interac-
tions of the hybrid filler nanobentonite and nanocellulose
in the TPCS matrix were proved to be more effective than
the single nanofiller in preventing the penetration of
water molecules through the films. The TPCS/4B1C exhi-
bits the best water resistance properties and the lowest rate
of soil biodegradability. This indicates that the optimal
water resistance properties of the TPCS-HB films could be
achieved by adjusting the ratio of the hybrid nanofiller to
4:1 (nanobentonite and nanocellulose, respectively). The low
water sensitivity and water permeability of the TPCS/4B1C
have greatly enhanced the film’s stability as the water
diffusion through the film was significantly reduced.
The improved film’s stability and water resistance proper-
ties of the TPCS/4B1C indicate its promising potential as a
biodegradable packaging material. With these features, it
can be applied to pack dried and semi-dried products, as
a single-use bioplastic.
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