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Degradation and physical properties of sugar palm starch/
sugar palm nanofibrillated cellulose bionanocomposite
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Abstract: This paper aims to study the degradation rate of sugar palm nanofibrillated cellulose (SPNFCs)
and sugar palm starch (SPS). SPNFCs were isolated from sugar palm fiber, while SPS is extracted from
sugar palm trunk. The SPNFCs were reinforced with SPS biopolymer as biodegradable reinforcement
materials of different diameter/length based on the number of passes of high pressurize homogeniza-
tion process (5, 10 and 15 passes represented by SPS/SPNFCs-5, SPS/SPNFCs-10, and SPS/SPNFCs-15).
These SPNFCs were incorporated into SPS plasticized with glycerol and sorbitol via solution casting
method. Soil burial experiment performed on SPS and SPS/SPNFCs bionanocomposites showed that SPS
was degraded more rapidly by losing 85.76% of its mass in 9 days compared to 69.89% by SPS/SPNFCs-15
bionanocomposite. The high compatibility between SPNFCs nanofiber and SPS biopolymer matrices can
be observed through field emission scanning electron microscopy (FE-SEM).

Keywords: sugar palm, high pressurized homogenizer, nanofibrillated cellulose, nanocomposites, soil
burial degradation.

Degradacja i wlasciwosci fizyczne bionanokompozytow skrobi palmy
cukrowej wzmocnionej nanowléknami celulozowymi tej palmy

Streszczenie: Zbadano szybko$¢ degradacji nanowtdknistej celulozy wyizolowanej z palmy cukro-
wej (Arenga pinnata) (SPNFCs) oraz skrobi wydzielonej przez ekstrakcje z rdzenia pnia tej palmy (SPS).
SPNFCs uzyskiwano z widkien palmy cukrowej, poddawanych homogenizacji pod wysokim cisnie-
niem w 5, 10 lub 15 cyklach, otrzymujac nanowtdkna celulozy o rdéznej dtugosci i srednicy. SPNFCs
wprowadzano do SPS uplastycznionego mieszaning (1 : 1) glicerolu i sorbitolu. Metoda odlewania z roz-
tworu wytwarzano blony nanokompozytowe SPS/SPNFCs-5, SPS/SPNFCs-10 i SPS/SPNFCs-15. Test gle-
bowy procesu biodegradacji wykazal, ze SPS ulegalo szybszej degradacji, tracac 85,76% swojej masy
w ciggu 9 dni, w poréwnaniu z ubytkiem masy 69,89% w wypadku bionanokompozytu SPS/SPNFCs-15.
Na podstawie analizy metoda skaningowej mikroskopii elektronowej z emisja polowa (FE-SEM) stwier-
dzono duzg kompatybilno$¢ miedzy nanowtdéknami SPNFCs i biopolimerowa osnowa SPS.

Stowa kluczowe: palma cukrowa, homogenizacja wysokoci$nieniowa, nanowldknista celuloza, nano-
kompozyty, degradacja w glebie.

Nowadays, total biodegradable green composite or bio-  advantages they offer. The major factors contributing to
composite, which are made up of natural matrices and  the increase of interest include the rise in petroleum pric-
natural fibers, have attracted many researchers for the es and the inevitable environmental pollution contrib-
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uted by non-biodegradable petroleum-based polymeric
materials [1, 2]. Among various types of renewable poly-
mers, starch is one of the most widely used and favor-
able materials for biodegradable plastic due to its low cost
and high availability [3-5]. In the last decade, the thermo-
plastic starch, or plastic starch (PS), has gained attention
and offered an attractive alternative to petroleum-based
polymers when long-term biodegradation is unnecessary
and rapid degradation is needed [6, 7]. However, plastic
starch biopolymer still exhibits some drawbacks, such as
poor mechanical properties and high hydrophilic nature.
PS biopolymers have limited use as starch-based films in
the packaging applications compared to the conventional
synthetic polymers that are currently being used, known
as thermoplastics. Thus, to overcome these problems,
various chemical and physical treatments have been em-
ployed, including blending PS with other synthetic poly-
mers, chemical modification, graft copolymerization, and
incorporating fillers, such as lignin, cellulose and nano-
cellulose and fibers (i.e. sugar palm fiber) [6-9].

Sugar palm is a multipurpose tree propagated in South
Asia to Southeast Asia; from Taiwan to Philippines,
Indonesia, Papua New Guinea, India, North Australia,
Malaysia, Thailand, Burma, and Vietnam [10-12]. It is
considered as a potential source for natural fibers and
biopolymer. The main component of sugar palm fibers
(SPF) structure is cellulose (66.5%), which leads to their
outstanding mechanical properties. Another attractive
potential of sugar palm is the ability to produce biopoly-
mers (i.e. starch) [13]. The starch obtained from the trunks

of sugar palm trees can be used as a feedstock in bio-
degradable polymer manufacturing, which can be rein-
forced with natural fibers to make biodegradable compo-
sites. This composite owns the advantage of being easily
available, inexpensive, renewable source, and most im-
portantly biodegradable [13-15].

Nonetheless, the tensile strength of SPF is constrained due
to its complex structure and the inevitable imperfections of
the cell wall, which resulted from the processing steps or in-
herent from growth. Therefore, significant improvements can
be achieved with nanofibrillated cellulose (NFCs), which can
be extracted from various natural fibers, especially SPE, due
to their high aspect ratio, high Young’s modulus, and high
bending strength. NFCs can be extracted from high pressur-
ize homogenization (HPH) process. HPH is known as one of
the eco-friendly methods due to its efficiency and simplicity
and does not require any organic solvents during the process.
HPH process involves passing the cellulose slurry through a
very small nozzle at high pressure energy to break the cel-
lulose slurry to the smallest possible size of the fibers from
micro to nanoscale [16]. Recently, the application of NFCs as
a load-bearing constituent in the development of novel and
low-cost biodegradable materials has been raised [17-20]. The
development of the nanocomposite from sugar palm starch
(SPS) and sugar palm nanofibrillated cellulose (SPNFCs) may
be the expected solution to overcome this problem.

SPS/SPNFC bionanocomposites can potentially be ap-
plied as packaging material. Therefore, in order to study
the durability of bionanocomposites, their physical and
degradation properties must be thoroughly determined.

¥ ¥

Fig. 1. Sugar palm fiber wrapped around the tree trunk from top to bottom
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So far, to the best of our knowledge, no study on the bio-
degradation characteristic of SPNFCs (5, 10 and 15 passes)
reinforced SPS biopolymer composites had been reported
in the literature. Therefore, in this study, nanofibrillated
cellulose (NFCs) from sugar palm fibers was extracted by
using high pressurized homogenization treatment at var-
ious passes (5, 10 and 15 passes). Then, the as-prepared
NFCs were incorporated into the SPS matrix for the prep-
aration of nanocomposite materials. Nanocomposites
were obtained using solution casting method with NFCs
and gelatinized starch solution at constant weight ra-
tios of NFCs with different passes. Nanocomposite film
structure and biodegradation properties were investigat-
ed by using field emission scanning electron microsco-
py (FE-SEM), physical tests, and biodegradability tests.
These basic data are necessary for the design and use of
the resultant bionanocomposites.

EXPERIMENTAL PART
Materials

Sugar palm fibers (SPFs) and sugar palm starch (SPS)
(Table 1) were obtained from sugar palm trees at Jempol,
Negeri Sembilan (Malaysia). Plasticizers, such as sodium
hydroxide, sodium chlorite, acetic acid, sorbitol (Table 2)
and glycerol (Table 3) were provided by Sue Evergreen
Sdn Bhd (Semenyih, Malaysia).

Preparation of SPNFCs

Sugar palm fibers (SPFs) were extracted from dif-
ferent parts of the sugar palm trees (sugar palm frond,
trunks, and bunches). The sugar palm fibers are readily
wrapped around the tree trunk of the tree from top to
bottom (Fig. 1). SPF was removed from the tree using a
knife. In order to gain uniform SPF size (2 mm), grinding
and screening process was done by using a Fritsch pul-
verisette mill. The procedure for the cellulose preparation
was reported elsewhere [21]. The extraction of sugar palm
cellulose (SPC) from SPF was carried out via two main
processes: delignification and mercerization, both were
performed in accordance with ASTM D1104-56 (1978) and
ASTM D1103-60 (1977) for the removal of lignin and hemi-
cellulose, respectively.

SPNEFCs were prepared from SPC via mechanical treat-
ment [22]. The refining process of sugar palm cellulose (SPC)
was performed according to ISO 5264-2:2002 for 20,000 pass-
es in a PFI-mill. Then, the obtained fibers were isolated via
the process of high pressurized homogenization (HPH).
Fibers suspension (1.8%) was processed in a high pressur-
ized homogenizer (GEA Niro Soavi, Panda NS1001L, Parma,
Italy) at 50 MPa for 5, 10 and 15 passes. This process broke
down the fibers from macro-sized to nano-sized structures,
forming slurries of nanofibrillated cellulose. The SPNFCs
suspensions were then freeze-dried at -110 °C in ethylene
gas medium to get nanofibrillated powder.

Table 1. Sugar palm starch specification

Properties Specification
Density, g/cm? 1.54
Ash, % 0.20
Amylose, % 37.60
Protein, % 0.10
Fat, % 0.27
Water content, % 15.00

Table 2. Sorbitol specification

Properties Specification
Assay, % (HPLC) >99.0
Heavy metals, % (as Pb) <0.001
Mannitol, % (HPLC) <0.2
Water, % <0.2

Table 3. Glycerol specification

Properties Specification
Assay, % 99.8
Density 20/4°, g/cm? 1.257-1.262
Refractive index 1.471-1.473
pH 6.0-7.0
Sulphate ash, % Max. 0.005
Chloride (Cl), % Max 0.0001
Sulphate (SO,), % Max 0.0005
Ammonium (NH,), % Max 0.0005
Arsenic (As), % Max 0.0004
Copper (Cu), % Max 0.0005
Iron (Fe), % Max 0.0005
Lead (Pb) Max 0.0005
Sugar (glucose), % Max 0.0004

Preparation of the SPS/SPNFCs bionanocomposite
films

The plasticizer sugar palm starch/sugar palm nanofi-
brillated celluloses (SPS/SPNFCs) composite film was pro-
duced using solution casting method. A mixture of starch,
sorbitol, glycerol, SPNFCs and distilled water were mixed
and sonicated together to obtain homogenous nanocom-
posite film [21]. SPNFCs solution was prepared via mixing
and sonicating process with 190 cm® of distilled water with
a known concentration of SPNFCs (0.5 wt % on the starch
basis of 10 g) and were added to the SPS film-forming
mixture and stirred at 1000 rpm for 20 min in a disperser.
After that, 30 wt % of combined glycerol and sorbitol (at
1 : 1 glycerol to sorbitol ratio) as a single plasticizer was
added to the mixture under constant stirring (100 rpm)
while the mixture was heated at 95 °C for 20 minutes at
85 °C in a disperser to gelatinize the starch. The ratio of
plasticizer was fixed for all samples. The plasticizers are
used to improve the processability and flexibility of starch
biopolymer by reducing the strong intermolecular inter-
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actions between starch molecules. Then, the film-forming
suspension was left to cool down and was placed under
vacuum to remove air bubbles inside it prior to casting
by putting 45 g of the suspension into petri dishes sized
of 15 cm diameter. The petri dishes containing the film-
-forming solution were placed in an oven at 40 °C over-
night. SPS films were prepared without SPNFCs served
as the control (designed as SPS film), whereas the nano-
composite film with different passes of 5, 10 and 15 times
was denoted as SPS/SPNFCs-5, SPS/SPNFCs-10, and
SPS/SPNEFCs-15, respectively. The resulting films were
kept in the desiccator at room temperature for a week to
ensure the equilibrium of the water content in the films
prior to any characterization tests.

Methods of testing
Transmission electron microscopy (TEM)

High-resolution transmission electron microscopy
(Hitachi H-7100, Tokyo, Japan) was used to determine the
diameter size of SPNFCs. A drop of SPNFCs solution was
placed on the copper grid surface. Later, uranyl acetate
was used to stain the sample to improve the contrast. The
sample was left for 1 minute to dry at room temperature
for better observation and contrast image during TEM
analysis.

Field emission scanning electron microscopy (FE-SEM)

Field emission scanning electron microscope (FEI
NOVA NanoSEM 230, Brno-Cernovice, Czech Republic)
was used to observe the surface of the nanocomposite
films before and after the biodegradability test. To avoid
any charging during the FE-SEM analysis, all the films
were coated with gold using argon plasma metallizer
(sputter coater K575X, Crawley, United Kingdom) [22, 23].

X-ray diffraction (XRD)

The X-ray diffraction patterns of SPNFCs was done
by using Rigaku D/max 2500 X-ray powder diffractome-
ter (Rigaku, Tokyo, Japan) equipped with CuKa radiation
(A=0.1541 nm) in the 20 range 10-40°. The crystallinity index
of each fiber sample X, as depicted in Eq. (1) can be deduced
from the empirical method reported by Segal et al. [24].

I,—1

X, = U= l) 100% 1)
002

where: I, I - the peak intensities of crystalline and

amorphous materials, respectively.
Density
The density of the control bio-based films and nano-

composite biopolymer films was measured using an elec-
tronic densimeter [Mettler-Toledo (M) Sdn. Bhd, 11106706].

Xylene was used as the immersing liquid instead of dis-
tilled water to avoid water uptake by the hydrophilic
film samples. Films were placed into desiccators contain-
ing P,0, that act as drying agent. Initially, the films were
weighed (m, [g]). After that, the film was immersed in xy-
lene solution. The volume of xylene (v, [cm?]) before and
after putting the film was recorded (V [cm?] is the film vol-
ume). The density (o) of the film was calculated according
to Eq. (2) [25]. The test was repeated for 6 times.

o=\ @

Film thickness

Biopolymer films thickness was determined by us-
ing digital micrometer (digimatic micrometer, Mitutoyo
Japan, Series 293 MDC-MX Lite). Six random measure-
ments were taken at 27 °C and the average value was cal-
culated for each type of samples.

Biodegradability test

Biodegradability test was conducted to measure the
weight loss of control biopolymer films and nanocom-
posites films after they were buried in a soil for a cer-
tain time. The biopolymer films with a size of 3 x 1 cm
were buried into the soil with a depth of 10 cm beneath
the soil surface [1, 6, 26, 27]. After 24, 48, 72, 168, 216, and
264 h, the samples were dug out, washed with distilled
water and weighed. Then, the samples were placed into
the vacuum oven at 40 °C overnight. The weight loss (%)
of the films were calculated according to Eq. (3). Where,
w, (initial weight of sample), w, = (weight after a certain
time in soil). The test was repeated for 3 times.

. WO Wt
Weight loss (%) = W 100% 3)

Statistical analysis

In order to accomplish the analysis of variance
(ANOVA) on the obtained data and to conduct means
comparisons at a 0.05 level of significance (p < 0.05), SPSS
software and Tukey’s Test was used.

RESULTS AND DISCUSSION

Physical properties of sugar palm nanofibrillated
cellulose (SPNFCs)

The physical properties of the SPNFCs from different
treatments were determined using Image J software. The
images were obtained from the TEM analysis. Figures 2
and 3 show the TEM micrograph and physical properties
(length and diameter) of the SPNFCs, respectively. TEM
micrograph of SPNFCs in Fig. 2 revealed the nanomet-
ric dimension. Figure 3 illustrated the average length of
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Fig. 2. a) FE-SEM micrographs of the SPC and TEM micrographs of: b) the SPNFCs-5, c) SPNFCs-10, d) SPNFCs-15

SPNFCs-5, SPNFCs-10 and SPNFCs-15 and their diameter.
The diameters measured were similar to the diameters of
structures of nanocellulose that were obtained from oth-
er agrowaste sources, such as banana (5 nm) [28], and flax
fiber (5 nm) [29], wider than prickly pear fruit (2-5 nm)
[30], and smaller than Alfa tenassissima (5-20 nm), pine-
apple leaf (30 nm) [31], sugarcane bagasse (35 nm) [32],
wheat straw (30-70 nm) [33], hemp fiber (10-60 nm) and
rutabaga (80 nm) [29]. The resultant images in Fig. 2 re-
vealed that the aqueous suspensions, which contained
sugar palm NFCs existed mostly in the form of individual
crystals and some formed aggregates.

In addition, the reduction of the diameter of the
SPNFCs-5 (2615.2 nm) compared to SPC (11.87 um) was
99.8%. This might be contributed by high shearing force
that broke down the physical cohesion of the aggregated
fibrils, which consequently initiated the release of micro-
fibrils into individualized nanofibers after HPH process
[34]. The defibrillation of SPNFCs process was then con-
tinued for SPNFCs-10 and SPNFCs-15. The changes in the
diameter size of the SPNFCs were observed, which were
reduced by 46% and 74% for SPNFCs-10 and SPNFCs-15,
respectively, compared to SPNFCs-5. Figure 3 also shows
the length of SPNFCs-5, SPNFCs-10 and SPNFCs-15. The
process of the high pressurized homogenization contin-
ued for the SPNFCs-10 and SPNFCs-15 for 10 and 15 pass-
es, indicating the changes in the size of the SPNFCs which
was reduced by 13% and 15% compared to SPNFCs-5, re-

spectively. This phenomenon occurred due to the addi-
tion of the passes assisted by high impact and shear force,
which defibrillated microfiber into nanofibers. Thus, the
higher the number of passes, the smaller the diameter of
the nanofibers.

Moreover, internal and external fibrillation during the
process of HPH influenced the defibrillation process of
SPNFCs. External fibrillation happens due to the harsh
activities on the surface of the sugar palm fibers, where-
as internal fibrillation happens by the breaking of the
hydrogen bond. Both external and internal fibrillation
occurred by the extended mechanical action of the high
pressurize homogenization process [35]. According to

2700 2137 25

2600 20 £

2500 =
g -
S 2400 152
<
*éb 2300 10 .g
3 2200 5 A

2100

2000

SPNFCs-5  SPNFCs-10 SPNFCs-15
mmLength ~0-Diameter

Fig. 3. Length and diameter of SPNFCs-5, SPNFCs-10 and
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Fig. 4. a) X-ray diffraction patterns, b) crystallinity of SPNFCs-5, SPNFCs-10, and SPNFCs-15

Khalil et al. [35], there are several effects that might oc-
cur during the extended passes or passes of high pressur-
ize homogenization process: (1) decreased diameter and
thickness sizes of nanofibers, (2) reduction of dimension
ratio (length/diameter) of nanofiber, (3) increase in the
surface area of nanofiber, (4) decrease of the degree of
polymerization of fiber, and (5) improvement of thermal
stability and crystallinity of nanofibers. Nevertheless, ac-
cording to Joonobi et al. [36], the physical, shape, size and
morphological properties of the nanofibrillated cellulose
depend on the nanocellulose and source fibers isolation
process.

Figure 4 shows that the degree of crystallinity of nano-
fibers increased with an increase of the number of HPH
passes.

The highest crystallinity index was observed for
SPNFCs-15, and the lowest crystallinity index was mea-
sured for SPNFCs-10, with the values of 81.2% and 75.4%,
respectively. The results showed that the crystallinity in-
dex of SPNFCs was insignificantly decreased. This might
be due to the breaking of the cellulose chain, which lat-
er caused the crystal structure region between cellulose
chains to collapse and become damaged during the HPH
process [37]. Nevertheless, after several numbers of passes
from 10 to 15 passes, the crystallinity index increased grad-
ually. This might be due to the process of HPH that not only
breaks the amorphous regions but also restructures and
enriches the semi-crystalline cellulose regions [35].

Thickness and density of bionanocomposite

Table 4 shows the thickness values achieved for all
samples resulted from a restricted dry mass content per

unit area of the casting plate of the film-forming solutions
used in the procedure. The result showed no significant
difference. Furthermore, Table 4 presents a more pro-
nounced difference in the densities of the films between
control SPS and SPS/SPNFCs nanocomposite films. This
is associated with the low concentrations of the filler in-
corporated within the film matrix, in which the SPNFCs
were found to have a low density of 1.1000 + 0.0026 g/cm?®.
According to Samir et al. [38] and Slavutsky and Bertuzzi
[25], the reinforcement of nanofibrillated cellulose had no
influence on the density of poly(oxyethylene) and corn
starch, respectively. However, there is a small increment
in the density of the films with the addition of nanofill-
er SPNFCs, as shown in Table 4. The chemical and me-
chanical treatment caused the opening of fiber-bundles
and defibrillation of individualized raw sugar palm fiber,
in which indirectly decreased the size of the fiber from
micro to nanoscale. This will eventually increase the in-
terfacial spaces between the nanofibril. Higher density
was found in films with a higher number of HPH pass-
es compared to the lower ones. This phenomenon might
have resulted from the chemical properties of the nano-
filler, in which abundance of hydroxyl group in large sur-
face area of SPNFCs (14.01 m?/g) contributes to strong in-
teractions among SPNFCs themselves that were partly
destroyed during the HPH process. A new and strong
interfacial adhesion was formed between SPNFCs nano-
filler and SPS matrix film. The higher the HPH passes,
the smaller the diameter of the nanofiber, thus, the sur-
face area of nanofiber was increased. In addition, the for-
mation of the strong adhesion between matrix/nanofiller
had decreased the free volume inside SPS biopolymer,
thus, making it denser compared to the control starch
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Table 4. Thickness and density of bionanocomposites

Sample Thickness, um Density®, g/cm?
SPS 123.6 +3.5° 1.41£0.01°
SPS/SPNFCs-5 124.5+2.1° 142 +0.01>*
SPS/SPNFCs-10 1242 +3.3 142 +0.01°
SPS/SPNFCs-15 1241 +1.3° 1.43 +0.01¢

* Values with different letters in the same column are significantly different (p <0.05).

film. This decrement contributed to the increment in the
density of the films.

Biodegradation of bionanocomposites

It is important to study the biodegradation properties
of biocomposite films as they are closely related to the
environment degradation. Biodegradation is defined as
the disintegration of materials by the action of fungi, bac-
teria and microorganisms, or by other biological means.
The speed of biodegradations process is mainly depen-
dent on the temperature, humidity, number and type of
microbes [39]. In general, the decomposition of polymer
starts when these microbial organisms come into con-
tact with the biodegradable polymer [40]. The polymer is
then broken down into smaller compound, which has re-
duced average molecular weight through the enzymatic
or metabolic process. This process, on the other hand, is
also known as mineralization [41]. Figure 5 displays the
mass loss curve of the SPS and SPS/SPNFCs bionanocom-
posites from the biodegradation test. At the end of day 7,
control SPS had lost 61.9% of its original mass, whereas
the SPS/SPNFCs bionanocomposite had lost 56.9%, 55.8%
and 52.6% mass for SPS/SPNFCs-5, SPS/SPNFCs-10, and
SPS/SPNFCs-15, respectively. The average degradation
rate was found to be at 8.9%/day, 8.1%/day, 7.9%/day and
7.5%/day, respectively for the control SPS, SPS/SPNFCs-5,
SPS/SPNFCs-10, and SPS/SPNFCs-15, respectively. The
mass loss of SPS/SPNFCs composite observed was al-
ways lower than SPS at any given time points. This indi-
cates that the presence of SPNFCs could disrupt the deg-
radation of starch. The SPNFCs reinforcement within the
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Fig.5. Mass loss of SPS/SPNFCs nanocomposite films as a func-
tion of soil burial time

starch composite is possible due to the strong adhesion
of SPNFCs to the starch matrix phase, which decelerated
the starch nanocomposite degradation by removing any
formation of porous structure into a compact structure.
The compatibility in both composites was resulted by the
improvement of the interfacial bonding between starch
matrix and nanofibers.

Furthermore, it can be observed that the film with
higher HPH passes of nanofiller showed a slightly lower
significant value of weight loss compared to the lower
HPH passes of nanofiller. The higher the HPH passes, the
smaller the diameter of the nanofiber, thus, the surface
area of nanofiber increased. The higher the surface area,
the more interfacial adhesion created between nanofiber
and matrix. Moreover, the formation of strong adhesion
between the matrix and nanofiller has affected the free
volume inside the SPS biopolymer to reduce, thus, mak-
ing it denser compared to control starch film. The SPS
film was completely degraded after 10 days, while bio-
nanocomposites films needed 14 days for complete degra-
dation. The weight loss for the SPS film was higher than
the average weight losses for all bionanocomposite films.
There are two factors that might be attributed to this phe-
nomenon to occur, which are film water absorption and
degree of crystallinity of SPNFCs in bionanocomposite
films [39].

Water absorption properties of the bionanocomposites
were reduced due to the restricted chain mobility within
the biopolymer film. The restriction was caused by the
SPNEFCs nanofiller which created a three-dimensional
cellulosic network with the starch biopolymer [42, 43].
From Fig. 5, it can be observed that the weight loss of
the bionanocomposites is lower than that of the control
films. This is due to the properties of control biopolymer
film, which absorbs water more than bionanocomposite
films, making the films to be attacked by microorgan-
ism [44]. According to Kiatkamjornwong et al. [45], the
growth of the microorganism occurred in the presence
of sufficient moisture content. This phenomenon can be
linked to the water absorption properties of starch bio-
polymer films. The water absorption properties of control
film, SPS/SPNFCs-5, SPS/SPNFCs-10 and SPS/SPNFCs-15
are 122.3%, 111.3%, 106.6% and 102.5%, respectively. This
might be ascribed to the hydrophilic behavior of the con-
trol biopolymer film [44, 46]. Hence, we can summarize
that the films containing smaller size of SPNFCs are re-
sistant to biodegradation activities compared to control
biopolymer films.
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Fig. 6. Surface morphology of: a), b) control SPS film, c), d) SPF/SPNFCs-1 bionanocomposite; before (a, ¢) and after being buried (b, d)

Cellulose is made up of amorphous region, which is less
oriented, and crystalline region, which is highly oriented.
The ability of microorganism activities to degrade cellu-
lose strongly depends on the degree of crystallinity [47].
According to Fan et al. [48], the major structural param-
eter that affects the degradation of cellulose is the degree
of crystallinity of cellulose itself. These findings are sup-
ported by Alvarez et al. [49], where they found that the
crystalline region within the cellulose component is more
difficult to degrade compared to the amorphous region.
SPS/SPNFCs nanocomposites were indicated to have high-
er crystallinity index compared to control SPS, in which
this make nanocomposites to be more resistant to the mi-
croorganism compared to neat starch. This phenomenon
can be proved through the mass loss of neat and nanocom-
posites film in Fig. 5. The microorganism attack began with
the starch biopolymer then continuously to the SPNFCs.
This can be seen through the variance in resistance to mi-
crobial organism attack between control and nanocom-
posite films. In the case of the latter, after the microor-
ganisms attacked the surrounding starch biopolymer, the
nanocomposites start to lose their structural integrity [26].
This might lead to the deterioration of mechanical proper-
ties of nanocomposites as bonding between the starch and
SPNFCs weakened. Later, when all of the starch biopoly-
mers were attacked by microorganisms, these microorgan-

isms would then attack the SPNFCs [50, 51]. Moreover, the
result obtained during the experiment showed that the
control and nanocomposite films do not cause any eco-
logical impact as it is fully degraded in the soil.

Surface morphology

The surface morphology of control and nanocomposite
SPS/SPNFCs-1 film before and after being buried for 168 h
in compost soil is displayed in Fig. 6. The images were gen-
erated using FE-SEM microscopy. It can be seen from the
figure that most of the starch component in control and
nanocomposites films had degraded. The incorporation of
SPNFCs within the starch biopolymer films delayed the
biodegradation of bionanocomposites. Moreover, it can
be observed in Fig. 6 that the control starch biopolymer
displayed a smooth and continuous surface compared
with nanocomposites films. Furthermore, there are no
crack and trace of starch granular found on these surfac-
es. These findings were also supported by Dias et al. [52]
and Sanyang et al. [21], in which similar observations were
made for neat rice flour films and sugar palm starch films.

However, after the film was buried in soil for 168 h,
the control film surface became wavy and rough due to
the growth and microbial attacks that occurred within
the soil as shown in Fig. (6b, 6d). For the SPS/SPNFCs
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nanocomposites surface, the evenly and highly dis-
persed distribution of SPNFCs can be seen in Fig. (6 ¢).
The image shows a strong interfacial adhesion between
SPNFCs and sugar palm starch biopolymer nanocompos-
ites. According to Bilbao-Sainz et al. [53], the functional
properties of polymer nanocomposites can be enhanced
or improved by incorporating the nanofiller with well-
-dispersed distribution within the polymer matrix. In
Fig. (6 d), the SPNFCs in the SPS/SPNFCs nanocomposites
were observed to be pulled out from the starch biopoly-
mer matrix. An excessive number of SPNFCs was seen
distributed on the surface of the bionanocomposites. This
phenomenon might be attributed to the microorganism
activities on the film surface, which later revealed the
SPNFCs images that adhere within the film. Therefore it
can be summarized that natural fibers and biopolymers
have attracted considerable attention of scientist and in-
dustries due to their sustainable nature and environmen-
tally friendly [54-58].

CONCLUSIONS

Nanofibrillated cellulose with diameters of
21.37 +6.91 nm, 11.54 + 2.77 nm, and 5.5 + 0.99 nm were de-
fibrillated from three different passes, named, SPNFCs-5,
SPNFCs-10 and SPNFCs-15. Novel bionanocomposite
where both natural biopolymer matrix and natural fi-
ber derived from under-utilized parts of the sugar palm
tree was successfully developed. From the study of bio-
degradation, it was found that the neat biopolymer SPS
degraded faster in SPS/SPNFCs bionanocomposites,
which lost 85.8% of its weight in 9 days compared to
69.9% by SPS/SPNFCs-15 bionanocomposite. The perfor-
mance improvement of these SPS/SPNFCs bionanocom-
posites might be due to the high compatibility derived
from intermolecular hydrogen bonding interaction be-
tween these two biomaterials as a result of their chemi-
cal similarities. In addition, good dispersion and adhe-
sion of the SPNFCs within the SPS biopolymer matrix
can be seen through FE-SEM micrograph. The SPNFCs
established in this current work is aimed to be utilized in
SPNFCs/Starch-based nanocomposites for potential
packaging application.
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