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ABSTRACT

Presently, massive plastic consumption and unbalanced recycle management lead
us to an environmentally global issue. Biocomposite has been considered as beneficial material
to reduce and replace typical glass fibre reinforced composite derived from petrochemicals.
However, one major concern when developing biocomposite is compatibility between
biomass-based reinforced filler and polymeric matrix. The objectives of this research were to
develop a biocomposite composed of poly(lactic) acid (PLA), a biodegradable plastic, and
biomass-based reinforced filler, sisal, and study the role of chitosan and its butyrate modified
derivative as fungal inhibitors. Several techniques, such as Fourier transform infrared
spectroscopy (FTIR), scanning electron microscope (SEM), differential scanning calorimeter
(DSC), and thermogravimetric analysis (TGA) were utilized to investigate the chemical structure,
surface morphology, thermal and mechanical behaviour of PLA/sisal biocomposite. It is shown
in SEM images that the modification of chitosan and sisal filler through butyric anhydride
esterification, improves compatibility between sisal reinforced filler and PLA matrix, resulting in
higher crystallization temperature (Tc), and lower %crystallinity (%Xc). After Aspergillus niger
culture test, enzymatic degradation of biocomposite can be noticed from the reduction of ester
group of PLA and the addition of hydroxyl group. However, the antifungal activities of all PLA/
sisal biocomposites with chitosan added are improved where no identical hydroxyl group is
observed after the tests. As a result, chitosan and its butyrate modified derivative are effective
antifungals for PLA/sisal biocomposite.
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Introduction

Plastic material has been widely used in several applications since it was discovered
in the world, from wrapped film in a kitchen, household appliances, and mobile cell phone to
aerospace parts. Lightweight, easy processability and productivity, wide range of grade and
quality are major advantages of plastic that lead to massive consumption every year. But
presently, plastic material has been focused as environmentally global issues, though the problem
of plastic utilizations is recycle management. Biodegradable plastic like poly(lactic) acid (PLA),
poly(butylene) succinate (PBS), poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) has
become alternative material for ecological concern. Their specific properties are continually
developed for appropriate applications, meanwhile, biomass-based composite has been proceeded
to function as a biodegradable material. Under green society concept, several plants have been
utilized as a reinforced filler in composite, such as cotton, hemp, sisal, jute, abaca, pineapple,
banana, flax, oil palm empty fruit bunch, etc., [1-6] in order to reduce and replace typical glass
fibre reinforced composite derived from petrochemicals. Cellulose, the major component of
plants, not only enhances the strength of composite, but also promotes the biodegradable process
[7-8]. Naturally, cellulose is a carbon source for microorganism, i.e. bacteria, and fungi.
However, an applicable lifetime of cellulose reinforced composite cannot be neglected. Thus, the
development of biodegradable composite should be comparable to their applications and enough
strength at a certain period.

Due to a hot humid climate in Thailand, biocomposite may absorb moisture
from surroundings, which leads to swelling and hydrolysis of the polymer matrix [5-6].
Then microorganisms grow up, resulting in the strength loss of composite itself and ultimately
broken down [9-10]. Consequently, many researchers have emphasized to improve moisture
resistance so as to reduce swelling of biocomposite and inhibit the growth of microorganism.

One of the most important factors in developing biocomposite is the compatibility
between cellulose reinforced filler and polymer matrix, which determine the reinforcement
efficacy. Various active compounds such as anhydride, i.e. acetic anhydride, benzoic anhydride;
polyether, i.e. poly(glycidyl) ether, poly(propylene) oxide, have been used to modify a surface of
cellulose as well as grafting cellulose with a silane coupling agent [4, 6, 8]. These modifications
enhance the hydrophobicity of fibre, improve fibre-matrix compatibility, lessen void between
filler and matrix, and ease fibre dispersion, resulting in better effective reinforcement. The less
water is absorbed by fibre, the more hydro and heat resistances of composite are obtained
accordingly [5]. Nevertheless, biodegradation of biocomposite is yet taken place, and antimicrobial
treatment is another means to inhibit the growth of microorganisms. It was reported that chitosan,
a naturally biological pesticide produced from an outer shell of crustaceans, effectively retarded

fungal spread on biocomposite [11-13].
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Since chitosan is hydrophilic and low heat resistance, there will be some troubles
during melt mixing with a polymeric matrix, leading to phase separation at last. Esterification of
the chitosan surface will reduce surface free energy, which enhances binding between chitosan
and polymer, as well as dispersion of both components [14-15].

In this research, biocomposite of PLA and sisal was prepared where chitosan was
applied as a fungal inhibitor. Sisal and chitosan were surface modification with butyric anhydride
to improve their adhesion to PLA matrix [5]. Then, Aspergillus.niger, a fungus that caused black
mold on certain fruits and vegetables, was exploited to observe the antifungal activity of the
biocomposite in accordance with ISO-846: 1998 standard testing method [16]. Thermal and
mechanical behaviour, chemical structure and surface morphology of the obtained biocomposite
were properly analyzed. This research studied the role of chitosan as antifungal inhibitor on
PLA/sisal biocomposite, in addition to chemical modification of sisal fibre and chitosan with

butyric anhydride.

Materials and Methods
1. Materials

PLA, a biodegradable polymer, injected grade 3052D was purchased from Nature
Works, USA. Sisal fibre was obtained from Hub Krapong, the Royal Project, Thailand. Butyric
anhydride, AR grade 97% from Sigma Aldrich, USA, and chitosan, commercial grade from Sea
fresh company, Thailand were used as received. Aspergillus niger (TISTR 3153) was purchased

from Thailand Institute of Scientific and Technological Research.

2. Esterification of sisal fibre and chitosan

The esterification procedure was modified from previous work [5]. Sisal fibre was
immersed in 6.0 wt% sodium hydroxide aqueous solution for 48 hours to remove non-cellulosic
components, and then thoroughly washed in water until neutral. Next, alkaline treated fibre was
dried and ground to 1.0 to 2.0 mm length by a cutting mill. After that, it was reacted with butyric
anhydride at 120°C for 2 hours in an oven, and washed with acetone to remove excess butyric

anhydride. Chitosan was also modified by the same procedure.

3. Fabrication of PLA/sisal biocomposite

In order to get well dispersed and even mixed result, PLA/sisal biocomposite was
dry-mixed in an internal mixer, called Brabender. Firstly, all components were oven dried at
80°C for 6 hours, then melted in Brabender at 180°C, 50 rpm for 5 minutes. The ratios of

mixing are shown in Table 1. Each blend was crushed into small pieces by using a milling
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machine, followed by hydraulic pressing to 10 x 10 x 0.5 cm® sheet. The compression
temperature was at 200°C under 5 tons pressure for 2 minutes [6]. The obtained biocomposite

sheets were then cut to small pieces of 3 x 3 cm” for fungal growth test.3><ol2

Table 1 Mixing ratio of PLA/sisal biocomposite.

G mixing ratio of PLA/sisal biocomposite (wt%)

PLA sisal butyrate sisal chitosan butyrate chitosan
S-PLA 90 10 0 0 0
S-C-PLA1 85 10 0 0
S-C-PLA2 85 0 10 5 0
S-C-PLA3 85 0 10 0 5

4. Characterization
4.1 Fourier transform infra-red spectroscopy (FTIR)

The chemical modifications of sisal fibre and chitosan were investigated by using
FTIR with an attenuated total reflectance (ATR) device, as well as the changes of chemical
structure of biocomposite surface before and after a fungal growth test. The FTIR was run in the

range of wavenumber 4,000 to 600 cm'l, average 32 scans, and 4 cm™ resolution.
g g

4.2 Bio-degradation evaluation by fungal growth test

The bio-degradation of PLA/sisal biocomposite was conducted according to the
standard testing method ISO 846: 1997, section B. The spore suspension containing 4.5 x 10°
spore/ml of Aspergillus niger was prepared, then amount of 100 pl aliquot was inoculated onto
each of 3 x 3 cm® of biocomposite specimen, and placed on a nutrient agar plates. All plates were

constantly incubated at 31°C, 85% relative humidity for 28 days, with 3 replicates.

4.3 Differential scanning calorimeter (DSC)

Thermal properties of biocomposite were studied such as glass transition temperature
(Tg), crystallization temperature (Tc), melting temperature (Tm) with differential scanning
calorimeter (Netszch, 200F3, Germany). The temperature range was 27 to 200°C with 10°C/
minute under nitrogen atmosphere, and the specimen weight was 7 to 10 mg. The degree of

crystallinity was calculated from the following equation:
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AH,

H100%

% crystallinity = x 100 (1)
where  AH_ was enthalpy of melting crystal (the area under heated peak)

AH was enthalpy of reference PLA (AH of PLA =93.1 J/g)

100% 100%

4.4 Thermogravimetric analysis (TGA)
Thermal degradation behaviour of biocomposite was evaluated by using
thermogravimetric analysis (TGA, Jupiter model 449 F3, Netszch, Germany). The heating

temperature was 25 to 500°C, at 10°C/minute under nitrogen atmosphere.

4.5 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM, JEOL, model JSM-5800, Japan) was used to
investigated surface morphology of biocomposite including cracked area and cross section of
specimens. The biocomposite was cut into 5 x 5 mm® and sputtered with gold vapor, then
observed under 15 keV.

In order to investigate the deteriorated surface of PLA/sisal biocomposite after fungal
growth test described in 4.2, all specimens were thoroughly soaked in 5 ml of 70% (v/v) of
ethanol solution for 10 seconds 3 times. Therefore the fungal hyphae were gently removed from
the surface, and the specimens were cut into 5 x 5 mm® samples and gold-sputtered for further

observation by SEM.

Results

1. FTIR analysis of sisal and chitosan

FTIR spectra of sisal fibre and butyrate modified sisal are shown in Fig. 1. There was
no typical bands of ester group (C=OR) around 1740 cm’' representing hemicelluloses
and aromatic components of lignin observed on alkaline treated sisal [17]. After esterification,
prominent peaks were observed at 1741, 2972, and 1380 cm'l, which corresponded to C=0
of ester group, C-H stretching and C-H bending of methyl group (CH,) from anhydride,

respectively. This observation indicated a successful modification of sisal fibre.
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Figure 2 FTIR spectra of chitosan and butyrate modified chitosan.

Evidently, the absorption spectrum of butyrate modified chitosan is different from
virgin chitosan (Fig. 2). Characteristic bands of N-acetyl groups of chitosan around 1645 cm™
(C=0 stretching of amide I), 1550 em? (N-H bending of amide II), and 1325 em? (C-N
stretching of amide IIT) were not detected after esterification [18]. Whereas new peaks at 1735,
1660, and 1380 cm™, which corresponded to COC,H, and NHCOC,H, of butyric anhydride

reacted at C6 and C2 of pyranose ring of chitosan, were observed, respectively.
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2. Bio-degradation evaluation by fungal growth test.

A fungal growth test, in accordance with ISO 846: 1997 standard testing method,
was adapted to evaluate bio-degradation PLA/sisal biocomposite by determining the action of
fungi to the polymer. Aspergillus niger aliquot was cultured onto biocomposite specimen under
specific condition for 28 days. It is found that fungi grew on all specimens, but mostly at the
edge rather than center (Fig. 3). This occurrence is due to fungi readily spread through the cut
line under the nutrient circumstance. Fungi also consume sisal fibre in biocomposite as a carbon
food source combining with moisture in the atmosphere [19]. However, fungi growth on
biocomposite S-PLA (A, neat PLA/sisal biocomposite) was obviously more than chitosan added
sample S-C-PLA1 (B); whereas less of fungi expansion was observed onto S-C-PLA2 (C) and
S-C-PLA3 (D), respectively.

Figure 3 Growth of Aspergillus niger on various surfaces of PLA/sisal biocomposite after 28
days of cultivation: A) S-PLA, B) S-C-PLA1, C) S-C-PLA2 and D) S-C-PLA3.
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The results show that chitosan effectively retarded the growth of fungi onto biocomposite.
In addition, by converting hydroxyl group of sisal fibre and hydroxyl and amine groups of
chitosan to butyrate cellulose and butyrate chitosan, the hydrophobicity of sisal and chitosan was
improved. Therefore, both fillers are able to disperse and bind PLA matrix, as well as reduced
moisture absorption. The growths of fungi were restricted in sample C and D, which
corresponded to the FTIR spectra of the specimen after growth test (Fig. 4).

Figure 4 shows the comparisons of FTIR spectral of all PLA/sisal biocomposites. The
substantial decline of absorbance peak at 1745 cm™ as observed in S-PLA-post test specimen (B)
indicates the depletion of COOR ester group of PLA. Whereas new peaks which are observed at
wave number 3300 and 1661 cm™ corresponded to hydroxyl group (OH) and aldehyde group
(HCOH), respectively. The reduction of ester group with addition of hydroxyl group reflects
the violent bio-degradation of S-PLA-pre test specimen (A) at the surface through enzymatic
degradation. The occurrence of aldehyde group is expected from oxidation reaction from fungi
released enzymes, which accelerate the decomposition process. This leads to mineralization by
assimilation inside fungal cells. The FTIR spectral (C), (D), and (E) representing the after growth
test specimen of all chitosan added biocomposites, S-C-PLA1-post, S-C-PLA2-post, and S-C-
PLAS3-post, respectively, which are similar to the spectral of S-PLA pre-test (A). According to
Babaee et al, chemical modification that turns hydrophilicity of the cellulose nanofibers
reinforced starch biocomposites to hydrophobicity, resulted in a decrease in the decomposition
rate and the micro-organisms activities [19]. Consequently, no reduction of absorbance at wave
number 1645 cm’! is observed in all post-test specimens (C), (D), and (E), hence ester groups of
PLA are not affected by the fungi. It is clearly revealed role of chitosan and its butyrate modified
derivative, and butyrate modified sisal successively inhibit fungal growth on the PLA/sisal

biocomposites.
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Figure 4 FTIR spectra of pre-, and post- of fungal growth test: A) S-PLA-pre, B) S-PLA-post,
C) S-C-PLA1-post, D) S-C-PLA2-post, and E) S-C-PLA3-post.

3. Differential scanning calorimeter (DSC)

Thermal behaviour of PLA/sisal biocomposite was analysed by DSC. It is observed
that Tg, Tc, Tm and %Xc of S-PLA were quite close to those of S-C-PLA1 specimens (Table 2).
These results reveal that the addition of chitosan does not directly affect the composite structure.
However, Tc of S-C-PLA2 and S-C-PLAS3 were increased to 123.9 and 129.8°C respectively,
whereas the degree of crystallinity was clearly decreased. The crystallinity of S-C-PLA3 was
54.5% lower than S-PLA, indicating that new pendant configuration of butyrate modified sisal
and chitosan obviously hinders their crystal formations.

Though substitution of hydroxyl group at C6 of pyranose ring of cellulose, and
substitution of hydroxyl and amine group at C6, and C2 of pyranose ring of chitosan with butyric
anhydride cause polarity reduction of both groups, but larger molecules occurred obstruct
crystallization of PLA matrix. As a result, crystallization temperatures (Tc) of S-C-PLA2 and

S-C-PLA3 biocomposite are increased, whereas %crystallinity are decreased.
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Table 2 Thermal behaviour of PLA/sisal biocomposites of pre-and post-fungal growth test.

Bio- Microbial
10 icrobia Tg Te Tm AHmelt’ J/g  %Crystallinity
composite  growth test
H_ pre 60.3+0.3  117.240.2  155.8404  27.8+0.5 29.9+0.6
post 62.0£14  1142+04  156.0£0.2 33.9+24 36.4+2.7
pre 59.3+0.3 116.4+0.8  156.6£0.4 27.6+0.4 29.6+0.4
S-C-PLA1
post 60.5£2.1  113.7£0.8 156.1£0.2 34.3+1.0 36.9+1.1
pre 59.5+0.7  123.9+0.6  154.7£23  26.1£0.7 28.0+0.7
S-C-PLA2
post 60.0£0.0 112.9+0.1  156.5%£0.1 37.2+05 39.9+0.6
pre 60.0+£0.0  129.840.6  154.4£0.1 12.6+0.0 13.6£0.1
S-C-PLA3
post 60.5£0.7  126.4+14  155.3£0.1 22.840.8 24.5+0.9

4. Thermogravimatric analysis (TGA)

Thermal degradation of biocomposite can be determined from %weight loss of
specimen by using thermogravimetric analysis (TCA). Figure 5 reveals that decomposition
temperature (Td) of S-C-PLA1 was lower than Td of S-PLA, because of low heat resistance
characteristic of added chitosan. However, Td of S-C-PLA2 and S-C-PLA3 were ascended
respectively. These increments demonstrate that chemical modification of sisal and chitosan with
butyric anhydride are successfully improved compatibility between fillers and PLA matrix,
leading to better thermal stability

In addition, glass transition temperature (Tg), melting temperature (Tm), and crystallinity
(%Xc) of pre- and post- microbial growth test biocomposite specimen were drastically changed.
Tg, Tm and %Xc of all post-test specimens were higher than pre-test specimens, whereas Tc was
lower. According to previous observation, hydrolysis of PLA was caused by lipase and protease
enzymes produced by Aspergillus niger. PLA matrix became food source for microbial growth

through this enzymatic hydrolysis, resulted in weight loss of post-test specimen [20].
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Figure 5 %weight loss of PLA/sisal biocomposites at degradation temperature.

5. Scanning electron microscope (SEM)

Surface deterioration of PLA/ sisal biocomposites were investigated after 28 days of
fungal growth test. All specimens were thoroughly soaked in ethanol to remove fungal hyphae
from the surface. Some mycelia of Aspergillus niger were markedly observed on PLA/sisal
biocomposite specimens’s surfaces, which signified deteriorations of polymer matrix (Fig. 6).
Though chitosan was added to PLA/sisal biocomposite S-C-PLA1, but Aspergillus niger was
able to attack on biocomposite matrix because of inadequate fungi inhibition of virgin chitosan.
Therefore, migration of hyphae largely occupied on S-PLA (6A) and S-C-PLA1 (6B), whereas
S-C-PLA2 (6C) and S-C-PLA3 (6D) were barely visible. The inhibition efficacy is greater
observed on butyrate modified chitosan and butyrate modified sisal, S-C-PLA2 and S-C-PLA3,
because the modification enhances the binding between sisal reinforce filler and PLA matrix,
reduces water absorption capability, and then retards biodegradation.

SEM images in Figure 7 also illustrate that gap between chitosan filler and PLA
matrix of S-C-PLAS (7B) is less than occurrence of S-C-PLA1 (7A). Hence, the esterification of
chitosan and sisal with butyric anhydride directly improves filler-matrix compatibility, and

mechanical property.
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Figure 6 SEM images of PLA/sisal biocomposite surface after 28 days of fungi growth test. A)
S-PLA, B) S-C-PLA1, C) S-C-PLA2 and D) S-C-PLA3

Figure 7 Chitosan particle embedded in PLA matrix. A) S-C-PLA1, and B) S-C-PLA3
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Conclusions and Discussion

This research showed that butyrate derivative of chitosan and sisal successfully
improved the compatibility between sisal reinforced filler and PLA matrix, which directly altered
their thermal behaviour. Crystallization temperature (Tc) was higher, whereas %crystallinity was
lower, because of pendant characteristic of the butyrate modified group hindering a crystal
formation of PLA matrix [20].

Modification of chitosan and sisal filler with butyric anhydride enhanced fungi
retardation of PLA/sisal biocomposite, because of better adhesion between both components
[21].

FTIR spectrum and SEM images revealed that Aspergillus niger was able to grow on
surface of PLA/sisal biocomposite. The incursion of fungi caused enzymatic degradation of
biocomposite, which could be noticed from the reduction of ester group of PLA, together with
addition of hydroxyl group [19]. However, chitosan and its butyrate modified derivative added,

effectively retarded fungi growth.
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