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Abstract
Corn cobs �bers mainly the cellulose nano�bril (CNF) have been widely utilized as a reinforcement �ller in
bioplastic matrix. However, the preparation of CNF involves bleaching process which is not
environmentally friendly. For that, lignin-containing cellulose nano�bril (LCNF) from corn cobs were
prepared and its potential as reinforcement �ller in bioplastic matrix was investigated. The LCNF were
prepared by using soda process and silane treatment (3-aminopropyltriethoxysilane, APS) was performed
for surface modi�cation purpose. Speci�cally, the effects of LCNF loading and APS-treated LCNF loading
(8 wt%, 10 wt% and 12 wt%) on the thermo-mechanical properties of corn starch-based plain bioplastic
were evaluated. The results showed that a 12 wt% LCNF reinforced bioplastic has improved the tensile
strength by 108% and reduced the elongation by 10% as compared to corn starch-based plain bioplastic.
12 wt% LCNF reinforced bioplastic was able to retain 9% more residues than the plain bioplastic at 300 ,
suggesting that the addition of LCNF improved the thermal stability of starch-based plain bioplastic.
Interestingly, silane-treated LCNF reinforced bioplastic only showed minor improvements on mechanical
strength at low LCNF loading (8 wt% and 10 wt%); When higher LCNF loading was introduced, the
mechanical strength was found to be lower as compared to untreated LCNF reinforced bioplastic.
Moreover, the effects of silane treatment on the thermal properties of LCNF reinforced bioplastic were
insigni�cant in our study. This �nding suggests that LCNF shows good potential as reinforcement �ller in
bioplastic matrix and silane treatment did not promote strengthening effects in this work. 

1 Introduction
For last few decades, greater interests have been exposed on the development of natural �bres from
renewable raw materials instead of conventional synthetic �ber like glass, carbon and aramid in polymer
matrix composites as natural �bres-reinforced polymer composites are more environmentally friendly and
requires lower costs [1, 2]. In particular, plant-based �bres are one of the most abundant sources and are
obtained from various parts of plants such as seeds, stems, leaves, fruit and other grass �bres [3]. Plant-
based �ber is scienti�cally known as lignocellulosic �bres because all plant �bers are constructed by
cellulose, hemicelluloses and lignin, where most plant �bres contain 35-50% cellulose, 20-35%
hemicellulose and 10-25% lignin [4]. Cellulose is the main constituent for all the plant �bers and it
in�uence the major characteristic including mechanical strength of the plant �bres [5]. Hemicellulose is
the second major component in the �ber and is an amorphous and highly branched polymer of pentoses
and hexoses, whereas lignin is highly complex amorphous structure which functions as a cementing
material that �lls the spaces between cellulose and hemicellulose in the �bres [6, 7].

The proportion of these constituents varies from one kind of �bre to another, therefore, the lignocellulosic
�bers exhibit diverse mechanical properties [8]. However, it is important to note that the generally the
lignocellulosic �bres are less compatible with the polymer matrix, for that, they possess relatively lower
mechanical strength as compared to the synthetic �bres [9]. In addition, the hydroxyl and polar groups
present in the �bres reduce the interaction with the biopolymer matrices and results in poor interfacial
adhesion [10]. Hence, the lignocellulosic �bres are usually subjected to pre-treatment processes toLoading [MathJax]/jax/output/CommonHTML/jax.js
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improve nano�brillation. Conventionally, enzymatic and chemical pretreatments of cellulose nano�bers
are common approaches to improving nano�brillation [11, 12]. Alkali treatment remains as one of the
usual chemical pre-treatment ways to improve the �ber-matrix adhesion in natural �bre-based
composites and was found successfully improved the mechanical properties of composites. For
example, Nakagaito and Yano [13] reported that alkali-treated nanocomposites with 20 wt% of phenolic
resin exhibited fracture value 2 times higher than those of untreated nanocomposites and 5 times higher
than those of untreated pulp microcomposites.

In most cases, alkali treatment process is used to prepare lignin-free or bleached cellulose nano�bril
(CNF). Nonetheless, bleaching process involves greater chemical consumptions which lead to higher
costs and exert negative effects to the environment [14, 15]. Therefore, focus has been given to the
preparation of lignin-containing cellulose nano�bril (LCNF), a cellulose nano�bril which retains a certain
degree of lignin without bleaching process. In spite of that, increasing LCNF loading in the bioplastics
may not be desired, as mentioned in our previous study [16]. In this context, surface modi�cation is
needed for improving the dispersion of LCNF in the bioplastic matrix. Among different surface
modi�cation approaches, introduction of silanes coupling agent is found to be a promising way to
improve the properties of �bre reinforced bioplastics, where silane (SiH4) is introduced to reduce the
cellulose hydroxyl groups that present in the �bre-bioplastic matrix. In other word, it is used to impart the
hydrophobic properties, aiming to improve the compatibility with hydrophobic matrices in composite
manufacture and enhance the mechanical strength.

Corn (Zea mays L.), also known as maize, is one of the most produced food after sugarcane [17]. With
enormous production of corns, corn wastes including cob, stalk and husks are also being largely
produced. It is known that these wastes accounted for around 40% of total grain production, where corn
cobs represent 40% of these wastes [18]. This leads to a focus on the usage of these wastes, mainly the
corn cobs. In this study, lignin-containing cellulose nano�brils (LCNF) were extracted from corn cobs and
the effects of silane treatment on the thermo-mechanical properties of alkali-treated LCNF reinforced
bioplastic was evaluated. Speci�cally, the alkali-treated LCNF were added into the bioplastic composite at
8 wt%, 10 wt% and 12 wt% of �ber loadings. On the other hand, 10 wt% concentration of silane coupling
agent (3-Aminopropyltriethoxysilane A3648, APS) was used to treat the LCNF prior to be used to prepare
the APS-treated LCNF reinforced bioplastic. For analysis and characterization, the identi�cation of
speci�c functional groups in the bioplastic, mechanical strength, thermal stability and opacity of the
LCNF reinforced bioplastic were evaluated.

2 Experimental Materials And Methodology

2.1 Materials
Corn cobs were provided by local vendors after removing the kernels and was air-dried to remove most of
the moisture content. The silane coupling agent (3-Aminopropyltriethoxysilane A3648, APS), glycerol,
sodium hydroxide, sulphuric acid and acetone were purchased from Merck, Germany. Hydrochloric acidLoading [MathJax]/jax/output/CommonHTML/jax.js
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and sodium bicarbonate were purchased from Thermo Fisher, United States. Corn starch with a 28% of
amylose content and vinegar were obtained from local market.

2.2 Fibre preparation
Corn cobs were washed with distilled water to remove impurities. The woody rings were separated and
used as the source of lignocellulosic �ber, as shown in Fig 1. The separated fractions were further dried at
overnight (~24hr) to remove the retained moisture to avoid the growth of mould during storage. The
lignin content in the prepared pulp was identi�ed by the standard test method for acid insoluble lignin
D1106-96 [19].

2.3 Preparation of Alkali-treated LCNF
LCNF was prepared via soda process (alkali treatment). A concentration of 15% aqueous sodium
hydroxide was added to the �bres and the mixture was boiled for 30 minutes [20]. A liquid to solid ratio of
10 was used for the mixture. Once it was completed, the liquor produced was centrifuged. Then, the �bre
residues were dispersed in 1M of hydrochloric acid for 20 minutes under stirring condition for
neutralization and were centrifuged. The �bres were then suspended in 1M of sodium bicarbonate
solution for another 20 minutes. This is to allow the carboxyl groups on the treated �bre to be converted
to sodium form [20]. The �bres were centrifuged and washed with deionized water for several times to
keep the electrical conductivity of the �ltrate to be lower than 20 μS/cm. The �bres obtained was dried at
in an oven for overnight (~24 hours). The dried �bres were blended into �ne powder forms.

2.4 Silane treatment of alkali-treated LCNF
In order to assess the in�uence of silane treatment, additional experiment was carried out by soaking the
LCNF in a mixture of 90wt% acetone-water solution, where a liquid to solid ratio of 13 was used. A 10wt%
of APS which was measured based on �bre dry mass and was added into the mixture of LCNF and
acetone-water solution and the mixture was allowed to stand for 24 hours [21]. After the soaking
treatment, the �bres were air-dried for 24 hours again. The dried �bres were blended into �ne powder.

2.5 Preparation of plain corn starch-based bioplastic and
alkali-treated LCNF reinforced bioplastic
Plain corn starch-based bioplastic was prepared by blending corn starch, glycerol, white vinegar deionized
water with the ratio of 0.15:0.05:0.1:1 (w/ml/ml/ml) [22]. Glycerol was used as a plasticizer whereas
acetic acid in white vinegar functions as a solvent in dissolving the solid particles in starch to produce a
uniform composite during casting [23]. The mixture was well mixed at the temperature of 130℃ for 10-
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15 minutes until the transparent gel was formed. The traditional casting method using �lm applicator on
glass plate was then undertaken. The �lm applicator is 3mil. Casting thickness of the bioplastics ranged
from 0.16 to 0.2 mm. Bioplastics was further cut into regular rectangular shape and kept in a zip bag.

Alkali-treated LCNF reinforced bioplastics with 8 wt%, 10 wt% and 12 wt% of LCNF loading with respect to
starch were prepared. The production of LCNF reinforced bioplastics were started with the preparation of
1.2-1.8% w/w �bre suspensions in deionized water. A mixture of 30ml of deionized water and the
prescribed LCNF loading was prepared. Each suspension was subject to high-frequency fractionation
using LSP-500 ultrasonic liquid processor to delaminate �bre into a nano�bril. The suspension was then
processed for three minutes with a time lapse of 15 minutes for every minute to avoid overheating.
Amplitude was set to 65% for effective delamination. The suspension was then proceeded to bioplastic
formation by adding corn starch, glycerol and white vinegar.

2.6 Characterization

2.6.1 Fourier transform infrared spectroscopy (FT-IR) analysis
FT-IR analysis was used to identify speci�c functional groups in the bioplastic, characterizing the
integration of the nano�bril in corn starch-based bioplastics and the interactions between the
components of silane coupling agent and the LCNF reinforced bioplastics. The functional groups in the
tested composite were determined by using FT-IR spectrometer (Cary 630 – Agilent). FT-IR spectrum was
detected within the range of 4000 to 600 cm-1 with 4 cm-1 resolution and sixteen scans per sample were
done [24].

2.6.2 Mechanical strength test
Force gauge mechanical strength tester (Mini universal test machine) (HP Series HANDPI, China) was
used to measure the tensile properties such as tensile strength and percent elongation at break of the
sample. For tensile properties determination, the test was performed referring to D882 [25]. Three trials of
testing were performed according to ASTM D882 standard and the average values were considered.

2.6.3 Thermal gravimetric analysis
Thermal gravimetric analysis (TGA: TGADSCI; 1600 Brand: Mettler Toledo) was used to determine the
thermal stability of the bioplastics by providing mass change associated with thermal degradation.
ASTM E1131 or ISO 11358 was used as reference [26]. A sample of around 5mg was prepared and cut
into small pieces. The pieces were heated from ambient temperature to 500℃ under inert condition with
purging of nitrogen gas with �owrate of 25 ml/min. 10℃ per minutes of heating rate was set [24].
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2.6.4 Opacity analysis
UV-visible spectrometer was used to measure the transparency of the bioplastics. A rectangular specimen
of 1.5 cm x 3.5 cm of strips was cut and placed in the spectrometer cell. Absorbance was measured at
600nm [27]. Three replicated readings of absorbance were taken, and average value was obtained to
avoid measurement error. The readings represented three random positions on the �lm. As a result, the
opacity value was determined by the division of absorbance with thickness.

3 Result And Discussion

3.1 Preparation of alkali-treated LCNF and LCNF reinforced
bioplastic
The lignin content in the raw lignocellulosic �bre from corn cob were �rst identi�ed using the standard
test method for acid-insoluble lignin D1106-96. The lignin content was found to be 18.86%, which is
comparable to the previous literature data, where Takada, et al. [28] and Abdul Khalil, et al. [4] obtained
15.7% and 15% of lignin content, respectively. Since the amount of lignin was su�cient, soda process
was used to prepare alkali-treated LCNF. To evaluate the effect of silane treatment, a portion of alkali-
treated LCNF were treated with selected silane coupling agent, APS. Following that, a starch-based plain
bioplastic and LCNF reinforced bioplastic contained different loading of LCNF (8 wt%, 10 wt% and 12
wt%) were prepared and subjected to characterization studies.

3.2 FT-IR analysis
FTIR technique was used to identify the functional groups of corn starch-based plain bioplastic and the
APS-treated LCNF reinforced bioplastics. This is to evaluate the interactions between the components of
silane coupling agent and the LCNF reinforced bioplastics

3.2.1 Corn starch-based plain bioplastic and LCNF reinforced
bioplastics
The FT-IR spectra for corn starch-based plain bioplastic, 8wt%, 10wt% and 12wt% of LCNF reinforced
bioplastics are presented in Fig 2. Broadly, both plain bioplastics and LCNF reinforced bioplastics showed
similar FT-IR trends as they have the same matrix. For the spectrum of plain bioplastics, the broadband at
3265.15 cm-1 is due to the OH stretching, indicating an increase in the number of hydrogen bonds
between the plastics components. On the other hand, the absorption band at 2929.68 cm-1 and 1334.38
cm-1 were also observed, suggesting the presence of C-H stretching (symmetric) and C-H deformation
groups, respectively. The spectrum also shows a peak at 1647.48 cm-1 which corresponds to the C=O
stretching group in acetic acid and the band of 1006.38 cm-1 that corresponds to the C-O bond stretching.
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The observed functional groups con�rm the characteristic of starch-based plain bioplastics, as evidenced
by Patnaik, et al. [29], Amin, et al. [30] and Domene-López, et al. [31].

Transmission peaks of 3421.69, 3175 and 3280 cm-1 were observed for 8 wt%, 10 wt% and 12 wt% of
LCNF reinforced bioplastics, respectively. These are due to the presence of OH stretching. This is also due
to the presence of phenols of lignin and hydroxyl group of cellulose and hemicellulose from the �bres
[32]. Peaks observed at 3063.97, 2922.23 and 2922.00 cm-1 for 8 wt%, 10 wt%, and 12 wt% of LCNF
reinforced bioplastics, respectively are corresponds to the symmetrical C-H stretching/vibration of CH and
CH2 in cellulose and hemicellulose from the added �bres [33]. Additionally, peaks observed at 1505.84,

1364.20 and 1364.22 cm-1 for 8 wt%, 10 wt% and 12 wt% of LCNF reinforced bioplastics, respectively are
relate to the C-H stretching (deformation), which due to the CH2 stretching of hemicellulose. The peaks at

1796.57, 1654.00 and 1654.94 cm-1 for 8 wt%, 10 wt% and 12 wt% of LCNF reinforced bioplastics,
respectively are attributed the C=O group which can be explained by the presence of lignin [34, 35].
Moreover, the transmission peaks at 1155.40, 1006.38 and 998.93 cm-1 for 8 wt%, 10 wt%, and 12 wt% of
LCNF reinforced bioplastics respectively show the presence of C-O bond in the composite. This con�rms
the presence of acetyl group in the lignin and hemicellulose from the LCNF [33].

3.2.2 APS-treated LCNF reinforced bioplastics
FT-IR was also used to identify the chemical functional groups of APS-treated LCNF reinforced bioplastics
at different LCNF loading, namely LCNF8/APS10, LCNF10/APS10, LCNF12/APS10. Fig 3 shows the
spectrum for 10 wt% APS-treated LCNF reinforced bioplastics at different �bre adding ratios. The peaks
at 3250.24, 3272.60 and 2922.00 cm-1 for LCNF8/APS10, LCNF10/APS10, LCNF12/APS10, respectively are
due to the presence of O-H stretching group. Difference of band between the untreated and APS-treated
bioplastics can be observed, speci�cally in the case when higher LCNF amounts were added, the
difference is mainly due to an increase of hydrogen bonding interactions between the APS reagent and
hydroxyl groups of the LCNF components [30]. Small peaks at 2937.14, 2929.69 and 2922.33 cm-1 for
LCNF8/APS10, LCNF10/APS10, LCNF12/APS10, respectively are attributed to the presence of C-H stretching

(symmetric). The peaks at 1654.93, 1640.03 and 1647.48 cm-1 for LCNF8/APS10, LCNF10/APS10,
LCNF12/APS10, respectively are attributed to the C=O bond. On the other hand, the presence of C-H

stretching (deformation) was represented by the peaks at 1364.21, 1349.29 and 1341.84 cm-1 for
LCNF8/APS10, LCNF10/APS10, LCNF12/APS10,respectively, con�rming its link with the �bre’s surface [36].

Also, the absorption peak intensity of C-O at the wavenumbers of 998.92, 991.47 and 998.92 cm-1 for
LCNF8/APS10, LCNF10/APS10, LCNF12/APS10, respectively can be noticed.

The effects of silane treatment can also be observed by the formation of Si-O-Si bonds or SiO string
groups, Si-O symmetric group, Si-C bonds and N-H bending group, as depicted as Fig 4. In all APS-treated
sample, weak peak at 1080 cm-1 which represents the asymmetric stretching of Si-O-Si bonds or SiO
string groups (siloxane) can be observed. In addition, peak at wavelength around 760 cm-1 and 857 cm-1Loading [MathJax]/jax/output/CommonHTML/jax.js
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are related to the Si-O symmetric group and Si-C bonds [37]. The presence of N-H bending group also
resulted in the appearance of peak at around 1543.12, 1543.00 and 1565.48 for LCNF8/APS10,
LCNF10/APS10, LCNF12/APS10, respectively. The formation of these groups con�rms the reactions
between the hydroxyl groups of LCNF components and the hydrolyzed silane group of APS reagent.

3.3 Mechanical strength test

3.3.1 Ultimate tensile strength
The tensile properties determination was performed referring to ASTM D882 standard [25]. Fig 5 shows
the tensile strength of the corn starch-based plain bioplastic, LCNF reinforced bioplastics with 8wt%,
10wt% and 12wt% �bre loading and APS-treated LCNF reinforced bioplastics.

From the results, it was observed that the ultimate tensile strength of the composite increases with LCNF
�bre loading, where a 12wt% of LCNF loading results in a mean tensile strength of 2.983 MPa, which
represents a 108% of increment of tensile strength compared to the plain bioplastics. The enhancement
is possible as the bioplastic components are from same biological origin, and this results in high
structural compatibility between corn starch and lignin-containing cellulose �bre that derived from the
corn cobs [24]. Additionally, good dispersion of LCNF in corn starch-based bioplastic matrix also
promotes the interfacial interaction between the matrix and reinforcement �ller which signi�cantly
improve the stress transfer [38]. In our case, ultrasonic homogenization was used to promote the
dispersion of LCNF in the corn starch-based bioplastic matrix [39, 40]. The ultrasonic homogenization
allows good dispersion and it also helps to credit in high ultimate tensile strength.

Interestingly, we also studied the effects of APS concentration on the mechanical strength and the results
are depicted as Fig 6. It was noticed that the concentration of APS and �bre loading play an important
role in determining the mechanical strength of LCNF reinforced bioplastics. From Fig 6, it was observed
that the mechanical strength of the high LCNF loaded bioplastics was dramatically weakened when the
concentration of APS increased, where for the case of 12 wt% LCNF loading, the tensile strength reduced
as the concentration increased. It is also important to point out that a lower concentration of APS is more
preferable in all the cases, where for 8wt% LCNF loading, the bioplastic treated with lower concentration
(10 wt% APS) demonstrated an improved mechanical strength for about 12.1%. For the case of 10 wt%
LCNF loading, the bioplastic treated with a 10 wt% APS concentration showed an enhancement of 0.7% in
tensile strength. Therefore, it can be deduced that silane treatment is more effective for low �bre loading
composite. This is reasonable as a higher concentration of �bre loading has higher tendency to induce
agglomeration of �bres. Our �nding was supported by a recent study reported by Chotiprayon, et al. [38],
where they also found that at higher concentration of �bre loading in the biocomposite matrix exhibited
slightly decreased tensile strength.

Loading [MathJax]/jax/output/CommonHTML/jax.js
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Even so, it is important to point out that all the 10 wt% APS-treated LCNF reinforced bioplastics showed
better tensile strength as compared to untreated corn starch-based plan bioplastics. The enhancement of
tensile strength is mainly due to the removal of hemicellulose from the LCNF surface, which leads to
improvement of the crystallinity index of the bioplastic composite [33]. Moreover, the silane treatment
also reduced the polarity by forming siloxane (Si-O-Si bonds) on the �bre surface which facilitate the
formation of stable covalent bonds between �bre and the bioplastic matrix and makes load transfer
e�cient [37].

3.3.2 Elongation at break
Elongation at break indicates the �exibility and stretching ability of the bioplastics. It is the ratio between
the elongation and initial length. The elongation at break for plain corn starch-based bioplastic, LCNF
reinforced bioplastics and APS-treated LCNF reinforced bioplastics are presented in Fig 7. As shown in
Fig 7, LCNF reinforced bioplastic showed lower elongation at break as compared to the plain bioplastic.
The reduction is possible due to the increment of compactness of the bioplastic structure. It is known that
the presence of lignin and cellulose in LCNF allows more interactions between the molecules in the
bioplastic. In that case, the restructure of the bioplastic matrix network results in the reduction of
�exibility of bioplastic as the chain movement was greatly hindered [24]. This �nding was supported by
Pelissari, et al. [41], who reported the elongation at break of cellulose nano�bres (from banana peel)
reinforced banana starch plastics. Likely, they also found that the plain bioplastic demonstrated greater
elongation at break as compared to the LCNF reinforced composite.

3.4 Thermal gravimetric analysis

3.4.1 LCNF reinforced bioplastic
Through the above analysis, the 10 wt% APS-treated LCNF reinforced bioplastics showed excellent
mechanical properties. In this section, we emphasize on the analysis of the thermal stability of the
untreated and APS-treated LCNF reinforced bioplastics. The TGA curves for corn starch-based plain
bioplastic and LCNF reinforced bioplastics are presented as Fig 8. As shown in Fig 8, three thermal events
occur during degradation. Each event correlates with the degradation temperature as well as the weight
loss in the TGA curve. The �rst thermal event (weight loss) occurred from ambient temperature to around
290 . This results in a weight loss of around 28%. A slight and gradual weight loss occurred from 80
which corresponds to the water dehydration, elimination of some low molar weight components and
volatilization of fructose fragments in the composite [42]. The degradation was more obvious in plain
corn starch-based bioplastic as compared to LCNF reinforced bioplastics. This attributes to the presence
of lignin in the LCNF in reducing the hydrophilicity of the �bril surface and the plastic matrix[43]. The
degradation curve for LCNF reinforced bioplastics was relatively �atten during this thermal event,
indicating an improved thermal stability property.
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After this stage, a decomposition stage from 290 to 330 occurred and contributed to the sharp weight
loss of approximately 40%. This stage is known as depolymerization. It attributes to starch and glycerol
decomposition due to breaking bonds of hydroxyl groups and starch carbon chains [44]. Interestingly, it
can be seen that the degradation process was slower when higher �bre is loaded in the bioplastics. This
indicates that �bres helps to reduce the weight loss of the bioplastic, which is possible by strengthening
the carbon chains of the matrix [45]. The strengthening effect is credited to the presence of lignin as
crosslinkers between the cellulose content in LCNF and starch-based plastic. It connects the cellulose
through hydrogen bonds and dipole-dipole interactions while being linked to the plastic matrix through
van der Waals and hydrogen bonds [46]. Thus, it can be said that at higher �bre loading, more bonding
between the �bre and bioplastic component can happen and as a result, the bioplastic exhibits stable
thermal behaviours.

For LCNF reinforced bioplastics, the last stage corresponds to the additional degradation of
lignocellulosic component of LCNF from corn cob, namely the cellulose, hemicellulose and lignin. A
smooth degradation curve was observed at the temperature range from 320 to 360 , which can attributed
to the degradation of cellulose and hemicellulose under the temperature of 300 to 450 , agreed by Liu, et
al. [47], and degradation of lignin which generally occurred at the temperature range of 270 to 370 [48].
Overall, the TGA analysis con�rm that the addition of LCNF as reinforcement �ller improved the thermal
stability of bioplastic.

3.4.2 APS-treated LCNF reinforced bioplastics
The effect of silane treatment on the thermal behaviour of bioplastics was also evaluated. The TGA curve
for the 10 wt% APS-treated LCNF reinforced bioplastic was presented as Fig 9. The �rst thermal event for
APS-treated LCNF reinforced bioplastic occurred from ambient temperature to around 285 , inducing
preliminary weight loss. Second stage occurred at around 320 and third stage occurred at around 340 .
Similar trend was observed as the LCNF reinforced bioplastics, shown in Fig 8. At 150 , the APS-treated
LCNF reinforced bioplastic tend to retain more residues as compared to corn starch-based plain
bioplastic, indicating that the LCNF reinforced bioplastic showed a greater thermal stability at relatively
low heating temperature. This could be attributed to the formation of siloxane layer on the surface of the
�bres that form a linkage to the hydroxyl group in the bioplastic matrix which helps to reduce the
vaporization of moisture and fructose components in the bioplastic composite [49]. However, it is worth
highlighting that the APS-treated LCNF reinforced bioplastic could not retain as much residues at the
temperature range of 200 to 300 as compared to untreated LCNF reinforced plastic and plain bioplastic.
The possible reason may be due to the excessive hydroxyl group crosslinked network which induced
greater degradation at its favourable degradation temperature. In addition, large removal of non-cellulosic
components of the �bres through silane treatment may also signi�cantly affect its thermal behaviours
[47, 50]. For 300 and above, the APS-treated LCNF bioplastics were able to retain more residues, where
both the APS-treated LCNF reinforced bioplastics, at 10 wt% and 12 wt% LCNF loading were able to retain
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8% more residues as compared to the corn starch-based plain bioplastics, suggesting silane treatment
could improve the thermal stability of bioplastic at high temperature.

3.5 Opacity analysis
Opacity result of the bioplastic could provide information on the size of added materials dispersed within
the bioplastic and could be an indicator of the number of pores within the bioplastic [51]. If the dispersed
�bres in the bioplastic has a greater particle size, it will �ll up the pores of starch matrix, reduce the light
pathway and results in a high opacity [52]. The opacity of corn starch-based plain bioplastic, LCNF
reinforced bioplastics and APS-treated LCNF reinforced bioplastic are shown in Table 1. By referring to
Table 1, it can be seen that the addition of LCNF in the bioplastic increased the opacity to 1.39, 1.42 to
1.54 for 8 wt%, 10 wt% and 12 wt% LCNF reinforced bioplastics, respectively. Similar trend was observed
for APS-treated LCNF reinforced bioplastics, where the opacity was incresed to 1.45, 1.46 and 1.47 for
APS-treated 8 wt%, 10 wt% and 12 wt% LCNF reinforced bioplastics, respectively. The increased opacity is
attributed to the compactness of LCNF reinforced bioplastic that induced by the formation of cross-linked
intermolecular bonding between the starch chains within the �bre. This compactness would cause a
reduction in the pathway for light transmission through the bioplastic, and this lead to an increase in the
opacity. In addition, it was observed that all the LCNF reinforced bioplastics were in yellowish color and
the intenstity of colour increased when higher amounts of �bre was added. The yellowish color may also
in�uence the opacity [52].

4 Conclusion
The growing sustainability concern has driven the search for new bioplastic composites. In this work,
corn cob as an alternative source of reinforcement to other natural �bres was investigated. In particular,
LCNF were extracted from corn cob via soda process and silane-treatment was performed for surface
modi�cation purpose. The potential of untreated and silane-treated LCNF as reinforcement �ller of
bioplastic was studied and the thermo-mechanical properties of reinforced bioplastics were evaluated.
The use of LCNF as reinforcement in bioplastic was found to signi�cantly increase the mechanical and
thermal properties of the resulting bioplastic composite. Speci�cally, at 12 wt% LCNF loading, an
improvement of 108% of tensile strength was achieved. A reduction of 10% of elongation was observed
as compared to the corn starch-based plain bioplastic. In addition, LCNF reinforced bioplastics also
managed to retain 9% more residues than plain bioplastics at 300 ℃. In our study, silane treatment was
found to be more effective at lower �bre loading, where the mechanical properties of bioplastics were
improved when only low �bre loading was introduced. At higher �bre loading, the silane-treated LCNF
exhibited lower mechanical properties as compared to the untreated LCNF reinforced bioplastic. This
�nding suggests that for silane treatment, an optimal �bre loading is important when be used as
reinforcement �ller for bioplastics. Moreover, it is also important to stress that although the APS-treated
LCNF reinforced bioplastic did demonstrated improved thermal properties as compared to plain
bioplastic, but it did not outperform the untreated LCNF reinforced bioplastics. In short, bioplasticLoading [MathJax]/jax/output/CommonHTML/jax.js



Page 12/21

reinforced by LCNF have proven to add-value to waste management as the LCNF reinforced bioplastics
demonstrated its potential to be an alternative of sustainable plastic material. However, future research
that investigate the morphology, water absorption behavior and other characterization studies of LCNF
reinforced bioplastics are still required.
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Table 1 Opacity of the bioplastics

Sample Thickness(mm) Absorbance Opacity

Plain corn starch bioplastics 0.18 - -

LCNF8 reinforced bioplastics 0.218 0.3041 1.39

LCNF10 reinforced bioplastics 0.19 0.2702 1.42

LCNF12 reinforced bioplastics 0.214 0.3309 1.54

LCNF8/APS10 reinforced bioplastic 0.17 0.2469 1.45

LCNF10/APS10 reinforced bioplastic 0.165 0.2414 1.46

LCNF12/APS10 reinforced bioplastic 0.15 0.2206 1.47

Figures

Figure 1

Woody ring of corn cob
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Figure 2

FTIR spectrum for plain bioplastic, 8wt% of LCNF reinforced bioplastic, 10wt% of LCNF reinforced
bioplastic and 12wt% of LCNF reinforced bioplastic
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Figure 3

FTIR spectrum for plain bioplastic, LCNF8/APS10, LCNF10/APS10, LCNF12/APS10

Figure 4
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FTIR to observe weak peak representing Si-O-Si bonds or SiO string groups, Si-O symmetric group, Si-C
and N-H bending group

Figure 5

Tensile strength test for plain bioplastic and LCNF reinforced bioplastic
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Figure 6

Tensile strength result for LCNF reinforced bioplastic and APS treated LCNF reinforced bioplastic
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Figure 7

Percentage of elongation at break for plain bioplastic and LCNF reinforced bioplastic

Figure 8

TGA curves for plain bioplastic and LCNF reinforced bioplastic

Figure 9

TGA curves for plain bioplastic and 10wt%APS treated LCNF reinforced bioplastic
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