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Sugar palm (Arenga pinnata) starch and fibre are considered as a waste product of the agro-
industry. The purpose of the current study is to determine the thermal, water barrier, and soil
degradation properties of biodegradable plasticised sugar palm starch (PSPS) that contains sugar
palm nanofibrillated celluloses (SP-NFCs) derived from sugar palm fibre. The bio-nanocomposites
were fabricated by using the solution-casting method with the nanocellulose contents in the range
of 0.1 wt.%–1.0 wt.%. The thermal stability, water resistance and degradation behaviour improved
with increase in SP-NFCs content, due to high compatibility and strong inter-molecular hydrogen
bonds formed between PSPS and SP-NFCs. PSPS/SP-NFCs bio-nanocomposites with 1.0 wt.%
SP-NFCs content displayed the highest mechanical and thermal stability. Residue that was left
during the TGA analysis increased as the SP-NFCs content was increased. Soil burial tests showed
biodegradability resistance of the bio-nanocomposites. The following conclusions can be drawn from
the present reinforcement study of SP-NFCs enhanced biodegradability, water barrier as well as
thermal properties of starch polymer which extended the prospective application of environmentally-
friendly polymer material. Potential applications for this eco-material are short product life cycles
(plastic packaging and food container).

Keywords: Sugar Palm Starch, Nanofibrillated Celluloses, Bio-Nanocomposites, Thermal
Properties, Water-Barrier Properties, Soil Degradation.

1. INTRODUCTION
Advanced technology in packaging films derived from
petroleum-based product has offered numerous advantages

∗Authors to whom correspondence should be addressed.
Emails: ahmadilyasrushdan@yahoo.com, sapuan@upm.edu.my

to humans. Nevertheless, today it is obviously seen that
the environmental ecology is extensively distressed and
impaired by way of the excessive usage of unbiodegrad-
able petroleum-based products. This has drawn the
attention of engineers and material scientists towards
renewable, biodegradable and recyclable food packaging
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materials [1–4]. Among all biodegradable polymers, such
as starch, poly-lactic acid (PLA), polyhydroxyalkanoates
(PHAs), polybutylene succinate (PBS), polycaprolactone
(PCL), polybutyrate (PBAT), polyvinyl alcohol (PVOH)
and polytrimethylene terephthalate (PTT), starch is consid-
ered as one of the most attractive and promising materials
for biodegradable plastics due its low cost, renewability,
abundant supply, availability, ease of chemical modifica-
tion and biodegradable in nature [5–10].

By incorporating plasticising agent materials, for exam-
ple, water into starch with the introduction of heat and
mechanical energy, through the process of destructurisa-
tion, starch can be fabricated into plasticised starch (PS).
In the past decade, PS has attracted increasing attention
due to its rapid degradation and it also offered substi-
tution for petroleum-based polymer, in which long-term
lastingness is not required [11–13]. PS has great com-
mercial prospective for bioplastic. However, according to
Sahari et al., [14] and Sanyang et al., [15], PS for pack-
aging application was characterised to have low values
in terms of water barrier resistance, heat distortion tem-
perature, easy to dissolve, and low melting viscosity for
processing. These problems have limited their wide range
of applications, specifically for the application in food
packaging [8, 16–18].

Therefore, to overcome the poor water barrier resis-
tance property of PS, many experiments were conducted
in engineering and material science [19]. Modification or
alteration of the starch polymer via innovative technol-
ogy is a challenge for scientists who are working on
this subject. One of the innovative ways is by reinforc-
ing starch polymers with nanofiller, such as nanocellulose
(nanocrystalline cellulose, nanofibrillated cellulose and
bacterial nanocellulose), to prepare a bio-nanocomposite.
This nano-reinforcement has been verified by various
research as an alternative and effective approach to over-
come the problems that exist with PS, which are both poor
in mechanical and water barrier properties [20–23]. The
new generation of bio-nanocomposites can be classified
as bio-nanocomposites which comprise the combination of
matrix (resin) and natural fibres, usually derived from a
plant or cellulose that has at least one dimension scale
sized in the range of between 1 nm and 100 nm.

Nanofibrillated celluloses (NFCs) have attracted con-
siderable attention due to their uniqueness and remark-
able properties as compared to other commercial fibres
(i.e., immense aspect ratio, highly compatible with starch
biopolymer, cost effectiveness, featherweight, large sur-
face area to volume ratio with abundance of hydroxyl
group on their surface, excellent electrical, mechani-
cal, thermal, as well as biodegradability properties) [24,
25]. In past decades, there were many different agro-
wastes used in nanocellulose preparation, such as banana
peels [26], rice straw [27], wheat straw [28], soy hull [29],
coconut husk [30] mengkuang leaves [31], sugarcane

bagasse [32], and pineapple leaves [33]. Sugar palm is
classified as a rapid-growth plant and renewable natu-
ral bioresource that can be found growing in South Asia
(India, Sri Lanka, Nepal and Bangladesh) to South-east
Asia (Malaysia, Burma, Philippines, East Timor, Indone-
sia, Vietnam, Thailand), and as far as West Africa region
(The Gambia) [34–38]. Besides being a multipurpose plant
grown in tropical countries, sugar palm tree is also well-
known as a prospective source for its starch-biopolymer
and natural fibre which can be obtained through its stem
and fibre, respectively [16, 39, 40]. Nevertheless, to date
there are limited work that were done on the isolation
of nanofibrillated celluloses from sugar palm fibres (SPF)
and their reinforcement with PS from sugar palm stem
itself. Usually, sugar palm starch (SPS) is extracted from
sugar palm trees stem that are not capable of producing
syrup (neera sap) or fruits. Currently in Malaysia, sugar
palm trees are planted for their fruits and sap. After these
main products are extracted out, the undesired plant com-
ponents , such as sugar palm fibres and stem, are dumped
to decompose naturally [41]. As sugar palm fibres (SPF)
are rich in cellulose content, previous research revealed
that SPF have great potential as a reinforcing component
in many high-performance polymer biocomposite applica-
tions [42–44]; hence, increasing their commercial values
as byproduct from sugar palm cultivation. Therefore, this
present work continues with the isolation of nano-sized
sugar palm nanofibrillated cellulose (SP-NFCs) reinforced
sugar palm starch biopolymer.
To the best of knowledge, studies on sugar palm

nanofibrillated cellulose (SP-NFCs) reinforced sugar palm
starch (SPS) biopolymer composites are not found in lit-
erature. Therefore, in this work sugar palm nanofibrillated
cellulose (SP-NFCs) are isolated from sugar palm fibres
(SPF) by using high pressurised homogenisation. After
that, to fabricate a high performance bio-nanocomposite,
the isolated NFCs with various blend ratios were used to
reinforce plasticised sugar palm starch (PSPS)-based poly-
mers in the presence of sorbitol-glycerol plasticiser by
using the solution casting method. The effect of nanofib-
rillated celluloses as nanofillers at different concentrations
(0 wt.%, 0.1 wt.%, 0.2 wt.%, 0.3 wt.%, 0.4 wt.%, 0.5 wt.%
and 1.0% wt.% dry starch-based) on the soil degradation,
water barrier (WVP), and thermal (TGA, DSC and DMA)
properties of SP-NFCs/PSPS biofilms were examined.

2. EXPERIMENTAL DETAILS
2.1. Materials and Chemicals
In this work, sugar palm starch (SPS) and sugar palm
fibres (SPF) were extracted from sugar palm tree located
in Jempol, Negeri Sembilan, Malaysia. The chemical sub-
stances used in this experiment were plasticisers (sorbitol
and glycerol), acetic acid (CH3COOH), sodium chlorite
(NaClO2) and sodium hydroxide (NaOH). These chemical

J. Biobased Mater. Bioenergy 14, 234–248, 2020 235
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substances were supplied by Sue Evergreen Sdn. Bhd., in
Semenyih, Malaysia.

2.2. Sugar Palm Starch Extraction and Preparation
The sugar palm starch (SPS) was obtained from the stem
of a matured sugar palm tree. Initially, the tree was cut
by using a chainsaw and the mixture of woody fibres and
starch powder from the interior part of the stem was col-
lected. Then the mixture was washed prior to filtration to
separate the starch from fibres. The fibre remained on top
of the sieve, while water carried starch granules in the
suspension that was collected in a container after pass-
ing through a sieve. Starch which is denser than water
settled at the bottom of the container and excess water
flowed over the sides. After the process, the fibrous rem-
nants or the by-products were discarded and wet starch
was taken out from the container to dry in = open air
for 30 min. Finally the starch was oven dried at 120 �C
for 24 h [45].

2.3. Sugar Palm Fibre Extraction and Preparation
SPF that was naturally found wrapping the trunk of sugar
palm trees from bottom to top was removed by using an
axe. This was done prior to grinding and screening in a
Fritsch pulverisette mill to convert it into a preferred size
of 2 mm [23].

2.4. Cellulose Extraction
Delignification and mercerisation techniques were used in
the extraction of cellulose fibres from the SPF [46]. The
preparation of holocellulose through a bleaching process,
which involved chlorination, was carried out according
to the ASTM D1104-56 [47]standard. Then, the ASTM
D1103-60 [48] standard was employed on the holocellu-
lose to produce �-cellulose.

2.5. Isolation of Sugar Palm Nanofibrillated
Cellulose (SPNFCs)

2.5.1. Mechanical Pre-Treatment
A refining treatment before high pressurised homogenisa-
tion (HPH) process was required to enhance fibre accessi-
bility and processing efficiency. Therefore, the sugar palm
cellulose (SPC) was refined in 20,000 revolutions in a PFI-
mill according to the ISO 5264-2 [49] standard. The pro-
cess of refining the fibres improved external and internal
fibrillations. Moreover, this process also improved the flow
of fibres and avoided clogging during fluidisation.

2.5.2. Mechanical High Pressurize
Homogenization (HPH)

Nanofibrillated cellulose from sugar palm fibre cellulose
was isolated by high pressurised homogenisation (HPH).
Typically, 1.8% of fibre suspension was processed in a
high pressurised homogeniser (GEA Niro Soavi, Panda
NS1001L, Parma, Italy). The samples were passed for

15 times through an intensifier pump that increased the
pump pressure, followed by an interaction chamber that
defibrillated the fibres by shear forces which had impacts
on the channel walls and colliding streams. During this
process, fibres were broken down from macro-sized to
nano-sized, to form slurries of nanofibrillated cellulose.
The high pressurised homogeniser was maintained to oper-
ate at 500 bar and under neutral pH value. The tempera-
ture was not fixed at a certain value. However, fluidisation
was temporarily stopped when the suspension temperature
increased to approximately 90 �C. This was to prevent
pump cavitation. The process was then continued when the
samples had cooled down to approximately 45 �C. Then
the NFCs suspensions were collected and freeze-dried at
−110 �C by using ethylene gas as the medium and stored
in cool place prior to sample analysis [50].

2.6. Preparation of the PSPS/SPNFCs
Nanocomposite Films

Plasticiser sugar palm starch/ sugar palm nanofibrillated
celluloses (PSPS/SPNFCs) composite films were prepared
by using the solution casting method. Initially, SPNFCs
and distilled water were mixed and sonicated together to
obtain a homogenous nanocomposite film, starch, glycerol
and sorbitol. SPNFCs solutions were prepared by mixing
and sonicating them with 190 mL of distilled water with
different concentrations of SPNFCs (0.1 wt.% to 1.0 wt.%
on the starch basis) for 30 min. Then, 10 g of SPS and
plasticiser (30% on the starch basis) were mixed with the
prepared solutions and stirred in a disperser at 1000 rpm
for 20 min at 85 �C for the starch to gelatinise. This step
was carried out to ensure that the starch granules had a
uniform degradation and a homogeneous dispersion was
simultaneously formed. The plasticiser ratio to sorbitol and
glycerol combination ratio used was 1:1. Next, the film-
forming suspension was allowed to cool down in vacuum
condition to get rid of air bubbles present in the suspension
prior to the casting of 45 g of the suspension into each
petri dish of 15 cm diameter. The dish and its content were
put in an oven overnight at a set temperature of 40 �C.
The control sample in this study was wholly formed PSPS
films that lacked any form of reinforcement (nomencla-
ture as PSPS film). PSPS films were also prepared without
SPNFCs that served as the control experiment (designed
as PSPS film), while the nanocomposite film with dif-
ferent loading concentrations of 0.1 wt.%, 0.2 wt.%,
0.3 wt.%, 0.4 wt.%, 0.5 wt.% and 1.0 wt.% SPNFCs
were denoted as PSPS/SPNFCs-0.1, PSPS/SPNFCs-0.2,
PSPS/SPNFCs-0.3, PSPS/SPNFCs-0.4, PSPS/SPNFCs-0.5
and PSPS/SPNFCs-1.0, respectively. Prior to any char-
acterisation analysis, the ensuing films were stored for
7 days in the desiccator (23± 2 �C and 53± 1% RH)
to guarantee consistency of water contained in the stored
films.

236 J. Biobased Mater. Bioenergy 14, 234–248, 2020
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2.7. Characterisation
2.7.1. Thermal-Gravimetric Analysis
The thermal degradation behaviour of bio-nanocomposites
was evaluated by thermo-gravimetric analysis with respect
to weight loss due to increase in temperature. To define
the bio-nanocomposite thermal stability, TGA analysis was
executed with a Q series thermal analysis machine from
TA Instruments (New Castle, DE, USA). The analysis was
carried out under a dynamic nitrogen atmosphere in tem-
perature range of 25 �C–800 �C at a heating rate of 10 �C
min−1, in which 10 mg was placed in aluminum pans.
TGA curve of percentage weight loss against temperature
gained from the TGA analysis was used to determine the
weight loss of the bio-nanocomposite films [51].

2.7.2. Differential Scanning Calorimeter
A DSC characterisation was also performed on the sam-
ples. In this case, the samples were heated in a temperature
range of 35 �C–200 �C at a 10 �C min−1 heating rate.
10 mm2 of each film sample was subjected to the con-
ditioning parameters of 60% RH and 25 �C temperature.
The following factors were gained by these thermo-grams:
the onset temperature (To) and the peak temperature (Tp).

2.7.3. Dynamic Mechanical Analysis (DMA)
The dynamic mechanical analysis (DMA) for various bio-
nanocomposite films were analysed by using the ASTM
D5026 [52] standard method. The estimations were done
by utilising a dynamic mechanical analyser in the oper-
ating condition of 1 Hz frequency in tension mode and
0.01 N pre-loading forces. In an attempt to properly place
the sample on the specimen holder which contained the
film tension apparatus, the sizes of bio-nanocomposite
films were accustomed to 0.2 nm–0.5 mm, 10 mm and
30 mm, which represented its thickness, wide and length,
respectively. The analyses of dynamic storage modulus and
loss modulus were carried out under the optimal operat-
ing conditions of 25 �C–150 �C temperature range and
2 �C/min steady heating rate.

2.7.4. Water Vapour Permeability (WVP)
The ASTM E96-95 [53] standard method was used to
determine water vapour permeability. The WVP test was
repeated 6 times and conducted under a controlled room
with temperature and relative humidity (RH) of 23±2 �C
and 53± 1%, respectively. Twenty gram of silica gel
was placed within the container cup, in which the mouth
of the container cup was 30 mm in length. Then bio-
nanocomposite films were accustomed into round shape
and affixed to the mouth of the cylindrical container
cups, leaving a 3 mm vacuum to the top of the con-
tainer cup. The weight of the container cup was weighed
and recorded, before the container cup was placed inside
a steady relative humidity chamber with temperature

and relative humidity (RH) of 25 �C and 75%, respec-
tively. Container cup weight gain was taken intermittently
until the weight of the container approached an equilib-
rium reading. The water vapour permeability of the bio-
nanocomposite film was determined by using the Eq. (1),

WVP = �m×d�

�A× t×P�
(1)

Where, the water vapour permeability is WVP, weight
gain by the container test cup is m (g), the thickness of film
is d (mm), the exposed surface area of the film is A (m2),
the permeation time interval is t (s), and the partial pres-
sure of water vapour over the film sample is P (Pa). The
derived unit of the overall outcome is g · s−1 ·m−2 · Pa−1.

2.7.5. Biodegradability Test
According to the technique depicted by Edhirej et al. [54],
biodegradability test was conducted by assessing the
reduction weight of the bio-nanocomposites with size of
30 mm by 20 mm buried in 100 mm depth in charac-
terised soil. The soil physico-chemical properties were
determined, potassium: 45.93 �g /g; total nitrogen: 0.07%;
phosphorus 96.6 �g/g; organic carbon: 1.14%; and pH:
6.52. The biodegradability test was repeated 3 times and
conducted under moisture controlled condition. The soil
was frequently moisturised by distilled water. Each sam-
ple was taken from the soil by following a periodic burial
time interval of 24 h, 48 h, 72 h, 168 h, 216 h and 264 h.
After that, the samples were carefully washed and dried
by using vacuum oven that was set at 60 �C. The samples
were then placed into the dessicators to gain a constant
weight. The reduction weight of the films was then deter-
mined by utilising Eq. (2), in which weight before being
buried = W0, weight after being buried = Wt .

Weight loss �%�= W0−Wt

W0

×100 (2)

2.7.6. Statistical Analysis
PSPS statistical analysis software was conducted to per-
form the analysis of variance (ANOVA) on the obtained
experimental results. To conduct the mean comparisons
at 0.05 levels of significance (p ≤ 0�05), a test known as
Tukey test was used.

3. RESULTS AND DISCUSSION
3.1. Thermal Analysis
Figure 1 shows the TG curve (DTG and TGA curves)
of the control PSPS film and PSPS/SPNCCs bio-
nanocomposite films, in which these curves represent the
thermal stability and thermal degradation of the films.
From Figure 1, it can be seen that the TG curves of the
starch based-film of PSPS film and PSPS/SP-NFCs films
formed a multi-step thermal degradation, in which these
outcomes with two thermal degradations were also well

J. Biobased Mater. Bioenergy 14, 234–248, 2020 237
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Fig. 1. TG curves (DTG and TGA) of control PSPS film and PSPS/SP-NFCs bio-nanocomposite films with various concentrations.

reported and supported by other works reported in the lit-
erature [55].
The first degradation step occurred below 100 �C, which

was approximately at 40 �C to 47 �C and this was due
to the elimination of film’s water content. Moreover, the
mass of biofilm loses at this phase could be attributed to
the dehydration of loosely bound water and evaporation of
low molecular weight compounds within the control and
bio-nanocomposite films [2].
The DTG curve of control PSPS film showed a crest

peak at 305.14 �C with 79.13% of the weight of the film
loss, as the sample was further heating. This phenomenon
might be attributed to the decomposition of saccharide
rings of the control PSPS film [5]. Besides, control film
PSPS displayed a huge mass loss in comparison to the
PSPS/SP-NFCs bio-nanocomposite films within temper-
ature lower than 100 �C. However, the PSPS/SP-NFCs
bio-nanocomposite films showed lower mass loss in com-
parison to control PSPS film, which was attributed to the
higher moisture content of control PSPS film as compared
to PSPS/ SP-NFCs bio-nanocomposite films.
The evaporation of chemisorbed water molecules and

glycerol plasticised compound occurred in the second
phase of the thermal decomposition in the range of
∼125 �C–290 �C. The results of the decomposition
temperatures of PSPS/SP-NFCs bio-nanocomposite films

Table I. Transition glass temperature (Tg), onset temperature (TOnset), temperature of the maximum weight-loss rate (TMax), weight loss (WL) and yield
of char for control PSPS film and PSPS/SP-NFCs bio-nanocomposite films with various SP-NFCs content gained from the analysis of DSC, DTG and
TG curves.

Tg Water evaporation 1st thermal degradation Char yield

Sample Tg�mid (�C) TOnset (
�C) TMax (�C) WL (%) TOnset (

�C) TMax (�C) WL (%) W (%)

Control PSPS 37�91 40�24 104�07 10�54 187�11 305�14 79�13 4�91
PSPS/SP-NFCs-0.1 42�66 29�42 94�82 10�38 177�83 305�6 78�29 8�26
PSPS/SP-NFCs-0.2 42�9 31�16 93�92 10�13 183�25 308�17 76�56 6�84
PSPS/SP-NFCs-0.3 31�4 31�4 87�8 10�81 187 309�12 77�78 7�53
PSPS/SP-NFCs-0.4 37�91 31�71 98�4 9�65 179�37 309�49 78�62 8�44
PSPS/SP-NFCs-0.5 39�01 30�55 96�81 9�52 176�66 312�24 79�09 8�63
PSPS/SP-NFCs-1.0 49�15 27�49 95�09 10�24 184�26 315�81 77�13 9�12

and control glycerol-plasticised PSPS corroborated with
the findings of previous work in plasticised sugar palm
starches by Sahari et al. [56] and Sanyang et al. [55].
Moreover, there were similarities between the properties
expressed by Zhong et al. [57], where the study found that
the thermal decomposition of glycerol plasticised com-
pound of kudzu starch-based films was in the range of
150 �C–280 �C.
Besides, a severe weight reduction and a higher thermal

decomposition rate of control PSPS film and PSPS/SP-
NFCs bio-nanocomposite films were observed when the
films were further heated beyond 290 �C. The onset of
thermal degradation of both control PSPS and PSPS/SP-
NFCs bio-nanocomposite films took place at temperature
of around 300 �C. This was due to the degradation and
depolymerisation of starch carbon chain polymers as well
as elimination of hydrogen groups within the plasticised
starch-based [58, 59].
From the thermal degradation curve, Tmax of films data

in Table I, it is apparent that the PSPS/SP-NFCs bio-
nanocomposite films had greater thermal stability val-
ues as compared to control plasticised PSPS which were
305.14 �C and 316.92 �C, respectively. There are sev-
eral possible explanations for these results: incorporation
of nanocellulose within the PSPS resulted in forma-
tion of hydrogen-bonding interactions between SP-NFCs

238 J. Biobased Mater. Bioenergy 14, 234–248, 2020
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nanofiller and starch-based matrix. These bondings con-
tributed to a restriction of matrix chain mobility, which
indirectly improved the PSPS/SP-NFCs polymer thermal
stability. These results were in agreement with previous
studies for incorporation of nanocellulose into polyvinyl
alcohol (PVA) [60] and starch [61]. The higher the concen-
tration of SP-NFCs, the stronger was the bonding between
the polymers. This outcome was consistent with the weight
loss reduction of bio-nanocomposite films at temperature
of >300 �C, in which the higher the SP-NFCs loading, the
lower the weight loss.

Char can be classified as solid substances or materi-
als that are leftovers after all volatile components in the
substance are released or driven out from a carbonaceous
material during the combustion stage, which is known
as pyrolysis, carbonisation, devolatilisation or charring.
In addition, it can be observed that the char leftover yield
of biofilms showed an increased char residue (4.91%–
9.12%) with the increment of the 1.0 wt.% SP-NFCs
content in the PSPS as compared to control PSPS. Sev-
eral possible explanations for these results: (1) nano-
sized scale fibril and huge number of free-end chains of
SP-SPNFCs, in which the end-chains of SP-NFCs decom-
posed at low temperature [62], and (2) lower water content
of PSPS/SP-NFCs bio-nanocomposite films, as compared
to control PSPS at equilibrium state. As the SP-NFCs was
highly crystallined structure (81.19%) [25], its structure
crystallinity reduced the polar character of starch. There-
fore, the increasing content incorporation of SP-NFCs
within the PSPS, would reduce the water content which
resulted in low char leftover [20].

3.2. Differential Scanning Calorimeter (DSC)
The structure and interaction between nanofiller and matrix
analysis was performed via DSC analysis for temperature
range of 25 �C–200 �C. The glass transition temperature
(Tg) is denoted as inflection point of specific heat incre-
ment under the glass-rubber transition. The values of Tgfor
all nanocomposites are as tabulated in Table I. Strong
interactions were observed among the SP-NFCs nanofiller
molecules and among the nanofiller molecules and the
PSPS biopolymer matrix molecules that were present with
the addition of the nanocellulose; meanwhile the interac-
tions between PSPS molecules had been eliminated. From
Figure 2(d) it was obvious that all film samples showed
only one distinct heat increment, which corresponded to
the glass transitions of sugar palm starch-based matrix.
No endothermic peak, assigned to the melting of water-
induced crystalline amylopectin domains, was observed in
the temperature region of 100 �C–200 �C, which indicated
the amorphous nature of PSPS matrix. The PSPS matrix
displayed the Tg transition at about 37.91 �C.

According to Dufrense et al., [63], the PSPS plasticised
by glycerol existed as a complex heterogeneous system,
consisting of glycerol-rich domains dispersed in a starch-
rich continuous phase, whereby each phase should have

exhibited its own Tg. Therefore, these transitions occurred
in the temperature range from −80 �C–50 �C and from
30 �C–60 �C which were associated with the glass tran-
sitions of the glycerol-rich phase and starch-rich phase,
respectively. Nevertheless, the Tg transition of glycerol-rich
phase located in the temperature region from −80 �C–
50 �C, could not be determined due to the limitation of
refrigerated cooling systems of DSC. Besides, with the
increasing SP-NFCs nanofiller from 0 wt.%–1.0 wt.%,
there was obvious change in value of Tg for starch-rich
phase that shifted to a higher temperature from 37.91 �C–
49.15 �C. The increase in Tg dependence on the concen-
tration of SP-NFCs might be attributed to the occurrence
of intermolecular interactions between stiff SP-NFCs and
PSPS matrix, which restricted the mobility and flexibility
of the amorphous starch chains in contact with the high
surface area of SP-NFCs [23]. The increasing trend of the
Tg, which was also well-defined as the mid-point temper-
ature of glass transition, from 37.91 �C–49.15 �C might
be attributed to the strong interaction between the PSPS
molecules instantly destroyed by the addition of SP-NFCs
nanofiller, leading to an enhancement of PSPS molecular
mobility.

3.3. Dynamic Mechanical Analysis (DMA)
One of the parameters studied from DMA testing was loss
factor. It can be described as the recoverable strain energy
in the distorted samples related to material molecular
motion. This term is defined as the ratio of loss modulus to
storage modulus (tan�=E′′/E′). The glass transition tem-
perature (Tg) is represented with tan� values of the film
samples [5]. Figure 2 represents the variation of (a) stor-
age modulus (E′), (b) loss factor (tan�), (c) loss modu-
lus (E′′), and differential scanning calorimetry (DSC) of
PSPS and PSPS/SP-NFCs bio-nanocomposites films as
a function of temperature. The DMA curves of PSPS
and PSPS/SP-NFCs films and their individual components
showed similar trends in the discrepancy of E′ and E′′

with temperature. Figure 2(b) also shows that the loss fac-
tor (tan�) curves for all film samples increased gradually
until they reached the peak values.
From Figure 2(a), it was proven that an increase in

the amount of SP-NFCs nanofibre from 0.1%–1.0% had
increased the storage modulus of the films. The current
study showed that storage modulus (E′) for control film
was approximately 51.41 MPa at 25 �C, while that in
PSPS/SP-NFCs-1.0 was about 1103.07 MPa. The stor-
age modulus of bio-nanocomposite films had increased
by 2045% as compared to the control films. Besides,
the reduction of the bio-nanocomposite films modulus,
as a result of increase in temperature, was found to be
more significant for films at low concentrations of SP-
NFCs nanofiller. This finding verified that at high tem-
peratures, a significant amount of load was borne by the
physically entangled network of nanofibres in the bio-
nanocomposites [54]. This also showed that the capacity
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(a) (b)

(c) (d)

Fig. 2. DMA analysis: (a) Storage modulus (E′), (b) loss modulus (E′′), (c) loss factor (tan �); and DSC analysis: (d) differential scanning calorimetry
thermograms of control PSPS and PSPS/SP-NFCs bio-nanocomposite films as a function of temperature.

of the matrix to reduce mechanical restrictions with recov-
erable viscoelastic distortion was increased by SP-NFCs
nanofiller. The higher E′ values were observed from the
bio-nanocomposite films as compared to the matrix (con-
trol film) and displayed certain tendencies with respect to
the concentration of SP-NFCs nanofiller. This beneficial
tendency might be attributed to the quill nanofibres that
have high compatibility with the polymer matrix, leading
to good dispersion and large area of interface. Conversely,
excess reinforcement had caused slight decrease in the film
bio-nanocomposite with higher concentration, which was
probably due to insufficient capability of the matrix to
completely cover and wet the quill nanofibres. This out-
come was also supported by Savadekar and Mhaske [64].
Besides, their corresponding Tg transitions are dis-

played in Figure 2(b) as a function of nanofiller SP-NFCs
contents. The maximum tan� peak resembled the glass
transition, in which DMA measured the change in mechan-
ical response of these polymer chains. In Figure 2(a), a
two-step decrease of the storage modulus (E′) at the tem-
perature from −70 �C to −40 �C and from 20 �C to

−60 �C, are observed, respectively, which were attributed
to the Tg transition of glycerol-rich phase and starch-
rich phase, observed for all films. The bio-nanocomposite
films which contained of 0.1 wt.% SP-NFCs and above
behaved as rubber due to their storage modulus values
were nearly constant over a broad temperature range above
Tg, and displayed a greater increase in E′ with increasing
SP-NFCs concentrations. For example, the storage mod-
ulus (E′) of PSPS/SP-NFCs-1.0 was about 21.5 and 2.6
times higher than that of PSPS films at the 25 �C and
100 �C, respectively. It was an indication of reinforced
rigidity and enhanced thermal stability of the starch-based
bio-nanocomposite films, which can be attributed to the
strong interfacial interactions between large specific SP-
NFCs surface area and starch matrix. Furthermore, it was
also showed that the matrix capacity to reduce mechan-
ical limits with recoverable viscoelastic deformation was
improved by SP-NFCs nanofiller.
The changes of the loss modulus (E′′) versus temper-

ature curve for control PSPS film and PSPS/SP-NFCs
bio-nanocomposite films are displayed in Figure 2(c),
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whereby all E′′ curves displayed wide peaks (from 50 �C–
100 �C) with separate positions of amplitude and tem-
perature. This phenomenon was associated to the “�”
peaks and suggested more complex structural relaxation
behaviour in the bio-nanocomposites. This phenomenon of
structural relaxation might be attributed to the movement
of starch polymeric matrix chain, whereby at room temper-
ature, all bio-nanocomposite peaks were moved to higher
temperatures as compared to PSPS film. These occurrences
might be attributed to the reduction in the movement of
the polymer chains initiated by the addition of SP-NFCs
nanofibres. In addition, for polymer composites, a signifi-
cant decrease in chain flexibility happened when the peaks
of E′′ were shifted to higher temperatures. Besides, it can
be observed from Figure 2(c) that as higher concentration
of SP-NFCs nanofibres was reinforced, the increment rate
of E′′ flow became lowered and the E′ became higher as a
function of temperature. Theoretically, the viscosity of the
polymer matrix gradually decreases when the temperature
increases. Wide peaks were seen along the curves within
the temperature range of 40 �C–70 �C, which indicated
the transitional region from glassy to rubber state. The rise
denoted that loss modulus (E′′) decreased with tempera-
ture slower than E′ did. Similar finding was also found in
the study of incorporation of orange albedo nanocellulose
and high amylose starch [65].

The tan�-T curves of control PSPS and PSPS/SP-NFCs
bio-nanocomposite films were gradually increased until
peak values were obtained. The tan� peaks of the bio-
nanocomposite matrix moved to higher temperatures when
the concentration of SP-NFCs nanofiller increased. As the
nanofiller contents were increased from 0 wt.%–1.0 wt.%,
the shifts of relaxation peaks move from −30.5 �C–18.6 �C
were observed. The relaxation peak of PSPS at higher tem-
perature shifted from 55 �C–90 �C and became flat, denot-
ing that SP-NFCs restricted the molecular movement of
starch due to strong interactions between nanofillers and
starch. The mobility of PSPS molecules was constrained
by the dense concentration and compact arrangement with
less free volume of SP-NFCs nanofiller, hence, creating
less elastic PSPS/SP-NFCs bio-nanocomposite films with
the addition of SP-NFCs nanofiller at different concen-
trations. These results seemed to be consistent with the
analysis results obtained from DSC experiment.

Besides, according to Balakrishnan et al. [66], by using
storage modulus values, the differential parameters can
be predicted, such as degree of entanglement, effective-
ness of dispersion and reinforcing efficiency. The effective-
ness of SP-NFCs nanofiller incorporated within PSPS bio-
nanocomposite films can be analysed by using the Eq. (3),

Ef =
E′g/E′r Nanocomposites

E′g/Er Matrix
(3)

Where, Er and E′
g are the indication of storage modulus

at rubbery (0 �C) and glassy (−90 �C) phases, respectively,

of the control and bio-nanocomposite films. Ef indicates
the effectiveness of dispersion.
The results obtained from the preliminary analysis of Ef

of bio-nanocomposite films with different concentrations
(wt.%) of SP-NFCs are presented in Table II. The differen-
tial parameters of Ef are relative measures of reduction in
storage modulus of bio-nanocomposite films as a function
of temperature. The observed correlation between effec-
tiveness of the SP-NFCs within starch-base polymer and
Ef might be explained in this way: the effectiveness of the
SP-NFCs dispersion in PSPS is higher when the value of
Ef is lower.
It can be seen from Table II that the value of

Ef decreased as the concentration of SP-NFCs wt.%
increased. However, as the concentration of the SP-NFCs
reached 1.0 wt.%, the Ef of the bio-nanocomposite
film exhibited insignificant increment. There were sev-
eral possible explanations for these results: (1) low effec-
tiveness of dispersion of SP-NFCs incorporated PSPS
during fabrication; (2) low coverage ability of PSPS to
cover and bind with SP-NFCs completely; (3) accumu-
lation/agglomeration of SP-NFCs at higher concentra-
tion wt.% loading; (4) uneven distribution of SP-NFCs
in starch-based matrix, which failed to act as reinforce-
ment agent in PSPS [2]. Moreover, to obtain a high degree
of SP-NFCs reinforcement in PSPS film, the entangled
monocrystals network that immobilised the starch polymer
chain must be high. Some of the Ef issues emerging from
these findings related specifically to degree of entangle-
ment (	). Therefore, the 
 of SP-NFCs inside the PSPS-
starch based polymer was a crucial aspect that needed to
be comprehended due to the good correlation between Ef ,
in which they correlated to the fine dispersion of SP-NFCs
within the surface of PSPS bio-matrix.
The degree of entanglement (�) of control PSPS and

SP-NFCs bionanocomposite films were estimated by using
the Eq. (4) [67].

� = E′

6RT
(4)

Where T �R� and E′ are the indication of temperature in
Kelvin, universal gas constant (8.314 kJ mol−1 K−1), and
storage modulus at rubbery region (0 �C), respectively.
The results of the correlation analysis of entanglement

degree (�) of SP-NFCs at different concentrations (wt.%)
reinforced PSPS bio-nanocomposite films are shown in
Table II. From this data, we can observe that the incre-
ment of the SP-NFCs concentrations within the PSPS bio-
matrix resulted in higher value of �. It seemed possible
that these results were due to the homogeneous dispersion
of SP-NFCs within the PSPS matrix [66].
The reinforcing ability of SP-NFCs inside PSPS was

measured by Einstein equation as stated in Eq. (5). [68].

Em�1+ rVf �= Ec (5)

which can be simplified as,

r = ��Ec/Em�−1/Vf
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Table II. DMA data (effectiveness of dispersion, degree of entanglement and reinforcing efficiency) and water vapor permeability (WVP) of PSPS
and PSPS/SP-NFCs bio-nanocomposite films in different concentrations.

Wt.% of SP-NFCs Effectiveness of dispersion (Ef ) Degree of entanglement (
) Reinforcing efficiency (r) WVP (10−10 g · s−1 ·m−1 ·Pa−1)

0 – – – 9.58±0.01g

0.1 0�336 0�078 4�291 8.07±0.01f

0.2 0�255 0�116 7�567 7.54±0.08e

0.3 0�250 0�119 7�823 5.70±0.01d

0.4 0�233 0�119 7�816 4.04±0.02c

0.5 0�222 0�129 8�651 2.38±0.05b

1 0�229 0�137 9�415 1.21±0.02a

Note *Values with different letters in the same column are significantly different (p < 0�05).

Where, r , Vf , Em and Ec are the reinforcing efficiency of
nanofiller to matrix, volume fraction of the filler (obtained
by density equation) [69], storage modulus of matrix and
bio-nanocomposites at rubbery region (0 �C), respectively.
Table II presents the results obtained from the differential
parameter analysis of reinforcing efficiency of SP-NFCs
concentrations (wt.%) within the PSPS matrix.
Besides, it can be observed from the values calculated

in Table II that the efficiency of SP-NFCs reinforcement
increased with the increment of the concentration up to
1.0 wt.% of SP-NFCs. From the data gained, there was no
sign of reinforcing efficiency (r) value that was observed
to be reduced.
From Figure 2(d), the addition of SP-NFCs has directed

the increase in melting temperature (Tm) and glass tran-
sition temperature (Tg). The effect of SPNFC contents
on Tg and Tm was obviously seen and an increase in
the SP-NFCs level from 0%–1.0% led to the increase in
Tg (from 37.91 �C–49.15 �C) and Tm (from 297.17 �C–
302.00 �C). This phenomenon might be due to the exis-
tence of restrained chains on the surface of nanofibrillated
celluloses. Increasing Tm displayed faster crystallisation
induced by SP-NFCs, which acted as nucleating agents
for PSPS matrix system. SP-NFCs allowed heterogeneous
nucleation mechanism which induced a decrease of the
free energy barrier and fastened the crystallisation. This
study supported the evidence from previous observations
by George et al., [70] and Noshirvani et al., [71] who
claimed that this was due to the similarity of chemical
structure between PSPS matrix and SP-NFCs nanofiller,
that were highly miscible, and hence led to strong hydro-
gen bond formation between them and restriction of the
mobility of polymer chains. Therefore, increment in Tg
could occur in the PSPS/SP-NFCs bio-nanocomposite
films.

3.4. Water Vapour Permeability
The WVP rate was analysed for control PSPS film
and PSPS/SP-NFCs bio-nanocomposite films, and is dis-
played in Figure 3 and Table II. The WVP of biofilms
was reduced with the introduction of SP-NFCs nano-
reinforcements. This might be attributed to a water vapour
barrier enhancement for the bio-nanocomposite films,

because of the water vapour gas molecules experienced
difficulty to penetrate the crystalline region of the cel-
lulose crystals [17]. Besides, the highest WVP value
recorded was PSPS film (9�58×10−10×g ·s−1 ·m−1 ·Pa−1).
The PSPS films were swollen, as moisture content was
increased, which increased theplasticisation physical prop-
erties. As a result, diffusivity also increased significantly.
Another possible explanation for this phenomenon was
due to their properties of highly hydrophilic in nature
and besides, their moisture content sensitivity and sur-
rounding relative humidity factors were difficult to con-
trol [72]. Moreover, PSPS films have high tendency to
gain changes in both mechanical and physical properties,
when the biofilms were exposed during storage time in
certain environmental conditions. Physical changes in the
properties of the PSPS might be due to the retrogradation
(polymer recrystallisation) caused by the migration of low
molecular weight constituents, such as water and plasticis-
ers contained in film formulation.
The nano-reinforcements of SP-NFCs within starch

significantly increased the WVP of the PSPS bio-
nanocomposite films. The incorporation of 0.1% SP-NFCs
into control PSPS films decreased their WVP value by

Fig. 3. Effect of SP-NFCs contents (wt.%) on the WVP of the PSPS
bio-nanocomposite films, as a function of SP-NFCs content in dry matrix.

242 J. Biobased Mater. Bioenergy 14, 234–248, 2020



IP: 46.161.63.131 On: Fri, 03 Jan 2020 00:00:12
Copyright: American Scientific Publishers

Delivered by Ingenta

R
E
S
E
A
R
C
H

A
R
T
IC

L
E

Ilyas et al. Thermal, Biodegradability and Water Barrier Properties of Bio-Nanocomposites Based on Plasticised SP-NFCs

15.76%. This reduced value might be attributed to the for-
mation of the highly tortuous diffusion path caused by
the presence of rigid crystalline structure and the high
distribution of SP-NFCs in the PSPS, which prolonged,
retarded or hindered the path of water molecules through
the film matrix [73]. The uniform dispersion of SP-NFCs
forced water vapour molecules to traverse a maze or tortu-
ous path to pass through the bio-nanocomposite film, and
thus retarded gas transmission. Increasing the SP-NFCs
concentration from 0.1%–1.0% had caused a slight reduc-
tion in the WVP of composite films from 8�07× 10−10×
g · s−1 ·m−1 ·Pa−1–1�21×10−10×g · s−1 ·m−1 ·Pa−1. PSPS/
SP-NFCs bio-nanocomposite films revealed 87.36%
improvement in WVP as compared to control PSPS films.
Basically, WVP through a hydrophilic film depends on the
solubility and diffusivity of water molecules in the film
matrix. Therefore, when the bio-nanocomposite structure
is formed in a well-dispersed state individual SP-NFCs
that has high aspect ratio which is believed to enhance
the water barrier property by forming a tortuous or maze
path for water molecules to traverse the film matrix. There-
fore, this enhances the effective path length for diffu-
sion and retards the progress of water vapour molecules
absorption and film diffusivity through the polymer matrix.
Besides, the reduction in OH groups, due to the forma-
tion of hydrogen-bonding interactions between SP-NFCs
nanofiller and starch matrix contributes to a restriction of
matrix chain mobility, which indirectly reduces the solu-
bility of water molecules in the matrix [71, 74]. This study
was supported by Noshirvani et al., [71], who used cotton
linter nanocellulose to reinforce potato starch.

To better understand the mechanisms of water perme-
ability and its effects on PS, Masclaux et al., [75] analysed
that the properties of starch nanocomposite films were
strongly affected by relative humidity, in which the WVP
rate displayed higher in starch films at high relative humid-
ity. High water sorption and diffusion in PSPS film might
be attributed to the high chain mobility and high swelling
capacity. Therefore the addition of nanocellulose to PSPS
films can improve the water barrier properties of the films.

3.5. Soil Burial Testing
Research on biodegradation properties of bio-
nanocomposite films is important for the application as
food packaging in environment. Biodegradation is the
decomposition of organic materials by the action of bac-
teria, microorganism and fungi or by other biological
means. Initially, the biodegradation of PS starts when
these biological microbial organisms interact with the
PS films [54]. These biological microbial organisms
change the polymer matrix through metabolic or enzy-
matic process that break down the high average molecular
weight polymers matrix into smaller and lower average
molecular weight compound can have. As a result, this
process leads to the decomposition of material in the

environment and the completed biodegradation process is
called mineralisation [76]. In the present experiment, the
bio-nanocomposite, incorporating of 0.1 wt.%–1.0 wt.%
SP-NFCs nanofibres, as well as the control PSPS starch
were submitted to biodegradation by soil burial test in
perforated polybags. Figure 4 displays the weight loss of
the control PSPS and PSPS/ SP-NFCs bio-nanocomposites
as a function of soil burial time. It was noted that
weight loss showed gradual increment for the first day
and started to slow down for the consequent days with
degradation time for both PSPS and PSPS/SP-NFCs
bio-nanocomposite films. After 9 days of soil burial, the
weight of control PSPS film had lost 85.76%, however the
PSPS/SP-NFCs bio-nanocomposite films had lost lesser
weight as compared to control PSPS, which were 75.69%,
74.42%, 73.12%, 72.02%, 69.88% and 68.03% weight
for PSPS/SP-NFCs-0.1, PSPS/SP-NFCs-0.2, PSPS/SP-
NFCs-0.3, PSPS/SP-NFCs-0.4, PSPS/SP-NFCs-0.5, and
PSPS/SP-NFCs-1.0, respectively. It can also be analysed
from Figure 4 that the average soil decomposition rate
was 7.56%/day and 9.53%/day, respectively, for the PSPS/
SP-NFCs-1.0 and control PSPS films. The weight loss of
PSPS/SP-NFCs bionanocomposite films was lower than
that of the control PSPS film at any given time points.
After 10 days of soil degradation test, the control PSPS
film was totally degraded. In the meantime, it took 14 days
for PSPS/SP-NFCs bio-nanocomposite films to completely
decompose. A possible explanation for these results may
be: (1) water absorption by film; and (2) degree of
crystallinity of SP-NFCs in bio-nanocomposite films [2].
As compared to the PSPS/ SP-NFCs bio-nanocomposite

films, the weight loss for the control PSPS film was higher
for all the successive degradation tests. It seemed pos-
sible that these results were due to the physical prop-
erties of PSPS, where PSPS absorbed more water as
compared to PSPS/ SP-NFCs bio-nanocomposite films,
making it more visible to biological microbial organism
attack [56]. According to Kiatkamjornwong et al., [77],
these biological microbial organisms attacked the PSPS
biodegradable films in the presence of a water medium.
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Fig. 4. Weight loss of PSPS and PSPS/SP-NFCs composite films as a
function of soil burial time.
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Besides, it is difficult for the biological microorgan-
isms to decompose cellulose due to the physical-chemical
properties of the cellulose which are high degree of crys-
tallinity and high degree of polymerisation [78, 79], in
which the degree of crystallinity of cellulose is the main
structure of SP-NFCs bio-nanocomposite films [80]. These
results corroborated with the findings of any previous
work in that crystalline regions are difficult to decom-
pose [2, 23, 79, 81]. PSPS/SP-NFCs biodegradable films
had higher crystallinity index compared to control PSPS
starch-based film, which made them to have a higher resis-
tance to be attacked by microbial organisms as compared
to control PSPS film. This caused the difference in weight
loss and interfacial strength between control PSPS and
the PSPS/ SP-NFCs bio-nanocomposite films. In addi-
tion, the variation of resistance to microbial organism

(f)(e)

(d)(c)

(b)(a)

Fig. 5. FESEM micrographs of the outer and cross-sectional surfaces of samples after different exposition times to soil burial: (a) outer surface
of control PSPS film before degradation; (b) outer surface of PSPS/SP-NFCs nanocomposite films before degradation; (c) cross-sectional surface
of control PSPS film before degradation; (d) cross-sectional surface of PSPS/SP-NFCs nanocomposite films before degradation; (e) outer surface of
PSPS/SP-NFCs nanocomposite films after 168 h; (f) cross-sectional surface of PSPS/SP-NFCs nanocomposite films after 168 h.

attack between control starch PSPS and PSPS/SP-NFCs
showed that in PSPS/SP-NFCs bio-nanocomposite, micro-
bial organism attack started with starch. From the result
analysed, SP-NFCs had the minor role, as can be con-
cluded from the slight difference in weight loss suffered by
the PSPS and the PSPS/SP-NFCs matrix films in Figure 4.
The amorphous region favoured the microbial organisms’
accessibility to the matrix films (mainly to the deteri-
oration of starch). When the microorganisms consumed
the surrounding PS, the bio-nanocomposite film lost their
physical structural integrity, leading to the weakening of
the interfacial strength between starch matrix and SP-
NFCs, and thus allowing the attack of SP-NFCs by micro-
bial organisms [82]. The study was successful as it could
identify the biodegradability behaviours of PSPS/SP-NFCs
starch-based bionanocomposite films, in which these films
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did not cause any severe deterioration/ ecological effects.
In other words, the PSPS/SP-NFCs bio-nanocomposite
films were completely biodegradable in the soil.

In order to visualise the morphological changes due
to burial in soil, specimens of control PSPS film and
PSPS/SP-NFCs bionanocomposite films were collected
after being degraded in soil test for 168 h and FESEM
micrographs were taken, as shown in Figure 5. At time
zero, before the films being buried, the control PSPS
film displayed a relatively smooth surface with some
holes formed during the processing films (Fig. 5(a)).
After 168 h, the decomposition was clearly observed for
both films (Fig. 5(e)). The cracks and holes formed by
soil bio-decomposition had random and uneven forms, as
typically in material films decomposed in soils. The sur-
face of the control films also became wavy and rough
attributed to the attack by microorganisms within soil
incubation. The deviations observed may be due to vac-
uum during sample sputtering for FESEM measurements.
Before the PSPS/SP-NFCs nanocomposites were buried
into the soil, they displayed a continuous surface with
no trace of starch cracks or granular and agglomera-
tions of SP-NFCs (Fig. 5(b)). After 168 h of soil burial,
FESEM photographs revealed cracks and holes on the
surface area of the PSPS/SP-NFCs nanocomposite films
(Fig. 5(f)). SP-NFCs “noodle-like” nanofibres also seemed
to be more visibly attributed to the loss of PSPS from
the film. Besides, the effect of soil decomposition can
be associated with weight loss of the bionanocompos-
ites, as explained previously in Figure 4. The incorpora-
tion of SP-NFCs delayed the degradation of the PSPS/
SP-NFCs bionanocomposite films. This phenomenon
might be attributed to the high dispersion of SP-NFCs
(Fig. 5(d)), which indicated a strong interfacial adhe-
sion between the starch-based matrix and SP-NFCs
nanofibre.

4. CONCLUSIONS
PSPS/SP-NFCs bio-nanocomposite films were fabricated
by using solution casting technique. The PSPS/SP-NFCs
bio-nanocomposite films possessed much higher thermal
properties (DMA, TGA, DSC) than control starch due
to the addition of nano-reinforcements which affected
the segmental mobility of starch chains. DMA showed
a marked improvement with the addition of SPNFC.
Besides, as the content of SP-NFCs nanofillers increased
in the PSPS polymer matrix, the resulting nanocompos-
ites showed a higher water-resistance. The film water
vapour permeability (WVP) of the PSPS/SP-NFCs bio-
nanocomposite films was reduced with SP-NFCs nanofi-
bres loading and was lower than control PSPS starch. The
performance improvement of these PSPS/SP-NFCs bio-
nanocomposites might be attributed to three-dimensional
networks of intermolecular hydrogen bonding interac-
tions between nanofiller and nanofiller and between

nanofillers and PSPS polymer; hence, making it lose
its effectiveness in moisture permeability. The PSPS/SP-
NFCs bio-nanocomposite films, consisting of biodegrad-
able SP-NFCs and starch, are fully biodegradable, which
are advantageous in terms of environmental protection and
eco-friendly product.
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