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ARTICLE INFO ABSTRACT
Keywords: The use of natural fibres for polymer composite applications has been widely researched due to
Biodegradable polymer composites the biodegradable and lightweight nature of natural fibres. To achieve good adhesion and
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compatibility between the matrix and the fibre filler, prior modification of the fibre surface via
the use of various methods has been found to be effective. The natural fibres have been modified
using chemical, physical, radiation, grafting and biological methods. The current study aims to
evaluate the effect of sodium hydroxide-treated waste pineapple leaf fibres (PALF) content on the
chemical, thermal, and morphological properties of polybutylene succinate (PBS) composites.
PBS-PALF composites with fibre content ranging from 0 to 20 wt% were prepared using an in-
ternal mixer and their properties were studied using Fourier transform infrared (FTIR), X-ray
diffraction (XRD), Differential scanning calorimetry (DSC), Thermogravimetric analysis (TGA)
and Scanning electron microscope (SEM). The FTIR results showed no noticeable functionality
differences among the composites, however, carbonyl groups from PBS polymer at ~1700 cm ™!
and hydroxyl groups from PALF at ~3000 cm™~! were observed in the composites. The water
absorption uptake of the composites increased with fibre content due to the hydrophilic nature of
the PALF fibres and the highest water absorption percentage achieved was ~30 %. The incor-
poration of the fibres into the PBS matrix decreased the crystallinity of the composites as shown
by the XRD peaks at 26 = 22 and 30°. SEM images of the composites with 20 wt% exhibited
morphologies where the fibres protruded out from the polymer matrix, and this was ascribed to
the agglomerated fibres which were poorly mixed with the matrix at the higher fibre content.
Overall, the incorporation of high PALF content in the composites disrupted the crystallinity and
thermal stability of the PBS matrix. The composites have potential in industrial agricultural
mulching film applications due to their sustainability characteristics.

1. Introduction

Polymer composites have a wide range of applications in industries like automotive, food packaging, and construction [1-5].
Several naturally based and man-made fillers have been used to improve the mechanical, chemical, and thermal properties of the
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composites [6-8]. Natural fibre usage in various applications is due to its biodegradability and low-weight characteristics [9-11].
Composites derived from natural fibres have been studied extensively and waste fibre composites are assumed to be environmentally
friendly since the use of such fibres reduces the pollution to the environment [9,12,13]. The advantages of using pineapple leaf fibres
(PALF) in the current study are their biodegradability and hydrophilic characteristics hence they can easily degrade in the environ-
ment. Moreover, PALFs are readily available as waste materials, thus they can result in cheaper polymer composites. One of the factors
that limited the application of natural fibre/polymer composites was the poor compatibility among the components with the polymer
matrix [5,14-17]. As such, several surface modification methods, namely physical [11,18], biological [19,20], chemical [21-23] and
grafting [24,25], have been researched and found to improve the interfacial bonding of the components of the natural fibre/polymer
composites [11,18-25].

The chemical modification of natural fibres has been extensively studied for application in polymer composites [11,12,26-28]. The
aim of the modification is to reduce the hydrophilic nature of the fibres to improve adhesion with the polymer matrix [14,29,30].
Sheltami et al., 2012 [31] treated Mengkuang leaves with alkali and bleaching process using 4 % sodium hydroxide (NaOH) and 17 %
of NaClO, at 125 °C for 4 h and isolated fibres were further treated with 60 % of H,SO4 at 45 °C for 45 min. The Soxhlet extraction
results showed that after treatment with alkali, cellulose increased whereas hemicellulose decreased, and partial removal of lignin was
reported after a repeated bleaching process. SEM images confirmed the partial removal of lignin and showed that fibres had reduced
diameters. The increased crystallinity of the treated fibres was confirmed by XRD experiments.

Soundrapandian et al., 2021 [32] used untreated and treated Palmyra leaves to produce polyester resin composites with fibres that
have different lengths, long and short. They modified the fibres with 5 % NaOH solution at room temperature for a period of 30 min
and rinsed them with 2.5 % HCI and distilled water. The surface-treated fibres were smoother due to the removal of waxes, oil, and
some of the lignin material. SEM images showed similar behaviour between composites with long and short untreated fibres as there
were pull-out of fibres from the epoxy resin matrix which resulted in poor interfacial bonding; however, the observation was less
noticed for the NaOH-treated fibres.

Chen et al., 2021 [33] prepared recycled high-density polyethylene composites having 40, 60 and 80 wt% of rice husk fibre content.
From the water absorption results, they observed that the percentage of retained water in the composites increased with higher fibre
content and longer immersion time due to the hydrophilic nature of the fibres. There was a slight increase in the thermal stability of the
composites with the highest fibre content, 80 wt%. In another study, Oliver-Ortega et al., 2020 [34] fabricated polylactic acid com-
posites filled with 10-35 wt% fibre content of kraft softwood. The impact strength of the composites was found to decrease with an
increase in fibre content and the results of SEM analysis were used to confirm this behaviour since the morphologies of the composites
showed agglomeration of fibres. This suggested that there was poor interaction among the composite components. Enciso et al. [35]
prepared low-density polyethylene composites having 15-40 wt % of flax fibres and they have found that the increase in the fibre
content resulted in decreased crystallinities of the composites. The studied literature showed that the effect of chemical modification
and fibre loading on the overall properties of the composites depends on the strength of the modifier, pre-treatment steps, content of
the natural fibres and polymer matrix.

The current study aims to prepare completely biodegradable polymer composites with waste PALF as a natural fibre and optimise
composite properties for possible application in the agricultural mulching industry. The fibres will be modified with 10 wt% sodium
hydroxide solution and various amounts of fibre will be compounded with polybutylene succinate (PBS) polymer matrix using an
internal mixer operated at a temperature of 120 °C. Composites with different PALF contents ranging from 0 to 20 wt% will be analysed
and characterised for chemical composition, thermal, crystallinity and morphological properties using various techniques, namely,
FTIR, DSC, TGA, XRD and SEM. The comprehensive information from the PBS-PALF composite results will be used to evaluate the
effect of fibre content on the overall properties of the PBS composites and determine their possible final applications in the agricultural
mulching industry.

2. Experimental procedure
2.1. Materials and chemicals

A biodegradable polymer, polybutylene succinate, with a melt flow index of 12 g/10min and a density of ~1.26 g/cm® was supplied
by the Sasol Company, South Africa. The waste PALF was supplied by the local pineapple farmers and the dried fibres were ground to
18 mesh particle size before use in the composite formulations. The estimated amounts of cellulose, lignin and hemicellulose were ~50
%, ~30 % and ~20 %, respectively.
2.2. Modification of pineapple leaf fibres with sodium hydroxide

PALF (50 g) was soaked in 10 % NaOH solution and the mixture was heated at 60 °C on a hot plate with stirring at 10 rpm for 2 h.
The modified PALF was separated via filtration followed by 2 washes of acetic acid (10 %) to neutralize the residual NaOH and finally
rinsed three times with distilled water. The modified PALF samples were dried overnight in the oven set at a temperature of 30 °C.

2.3. Preparation of the polybutylene succinate (PBS)-PALF composites

The formulations of the PBS-PALF composites were prepared according to Table 1 with the fibre content ranging from 0 to 20 wt%.
The composites of PBS polymer and PALF were mixed in an internal mixer at 120 °C and 40 rpm as illustrated in Fig. 1. The mixing
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procedure was carried out for 4 min and the PBS-PALF composites were kept at room temperature for further analyses.
2.4. Characterization of the PBS-PALF composites

2.4.1. Thermal analysis

TA instrument (DSC model Q200) was used to investigate the thermal behaviour of the PBS-PALF composites as illustrated in Fig. 1.
5.0 mg of each sample was weighed into aluminium pans and the heating rate was set at 10 °C/min in the temperature range from 40 to
200 °C. Three heating cycles were applied for each measurement and the analysis was undertaken under a nitrogen atmosphere at 50
mL/min. The thermal decomposition of the composites was studied with the use of a thermogravimetric analyzer. About 6.0 mg of each
composite was weighed into a platinum pan and heated from 40 to 600 °C at a rate of 10 °C/min and nitrogen flow rate of 50 mL/min.

2.4.2. Fourier transform infrared (FTIR) analysis

The chemical composition and functional groups of the PBS-PALF composites were examined by FTIR. Attenuated total reflectance
instrument, FTIR-Bruker Tensor, with a spectral range of 4000 cm™'-400 cm™?, and 64 scans were performed using a resolution of 8
for the measurements.

2.4.3. Water absorption analysis
For the water absorption study, samples of about 0.50 g were weighed and dried in the oven at pre-set at the temperature of
approximately 30 °C for 24 h. The samples were subsequently swollen in distilled water over a period of 3 weeks (21 days). The
samples were taken out of the water, patted dry with a paper towel, weighed periodically, and placed back in the water for the duration
of the analysis. The percentage of water absorption (WA %) was calculated according to Eq. (1); where M; and M are the initial and
final masses, respectively.
WA (%) :# X 100 )

i

2.4.4. X-ray diffraction (XRD) analysis

XRD results of the PBS-PALF composite samples were collected using Bruker 8 advanced XRD system and the X-ray generator was
operated at a voltage of 40 kV with a detector using 1D mode. The scan mode was continuous PSD fast with a Ni filter (0.02 mm) and
the slit size was 0.6 mm. The 2theta (20) angles were selected in the range of 15-50° with an increment of 0.01945°.

2.4.5. Field emission scanning electron microscopy (FE-SEM)

The SEM analyses of the PBS-PALF composite samples were examined by a scanning electron microscope (SEM) instrument, model
Tescan Vega 3. Before the analyses, the composite samples were coated with carbon material, and they were placed on aluminium
stubs with carbon conductive tape. The scanning measurements were done with a voltage of 20 kV and a magnification of 500 pm for
all the analyses.

3. Results and discussion
3.1. FTIR analysis

The chemical composition of the PBS-PALF composite samples was determined by FTIR and the results are depicted in Fig. 2. The
spectra for all the samples look similar as there were no observable differences among the composites. This is attributed to PBS and
PALF having similar structures, where each has hydroxyl, carbonyl, and hydrocarbon groups in their structure. The peak at 1713 cm ™!
is due to the carbonyl group on the backbone of the PBS polymer, which gets intense with the addition and increase in the content of
pineapple leaf fibre. The intensity of this peak increased with the increasing amount of PALF in the composites. The peaks around
2900-2800 cm ! are a result of protons of methylene groups on the PBS polymer and hydrocarbon groups in PALF material while the
peak around 3427 cm™! is associated with the hydroxyl groups from the cellulose and hemicellulose components in the fibre.

3.2. Water absorption analysis

The water absorption properties of the composites were evaluated over a period of 21 days for the possible application as

Table 1

Formulations of the PBS-PALF composites.
Sample Name Mass of PBS (g) Mass of PALF (g)
PBS-PALF-0 53.1 0.0
PBS-PALF-5 49.3 2.6
PBS-PALF-10 46.7 5.2
PBS-PALF-15 44.1 7.8

PBS-PALF-20 41.5 10.4
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Fig. 1. Process flow diagram for modification of PALF, fabrication and characterization of the PBS-PALF composites.
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Fig. 2. FTIR analysis of the PBS-PALF composites with a fibre content of 0-20 wt%.

agricultural mulching film and the results are shown in Fig. 3. It is clear that PBS is totally hydrophobic since it did not absorb any
moisture/water for the duration of the test. Adding pineapple leaf fibre to the PBS resulted in composites absorbing water. Generally,
results showed that all the composite samples exhibited water absorption values below 30 %. The percentage of the water absorbed
was observed to increase with an increase in the PALF content and as a function of time per individual composite material, with
samples, PBS-PALF-15 and PBS-PALF-20, exhibiting the highest values of equilibrium water absorption. This behaviour was expected
due to the hydrophilic nature of the cellulose and hemicellulose components in PALF since they contain hydroxyl functional groups.
The expectation is that lower water absorption percentage values, below 15 %, will result in the mulching film that will conserve both
water and soil moisture content because at this water absorption level, the composites present minimum water permeability. On the

other hand, higher water absorption percentage values are recommended to facilitate fast degradation of the natural fibre-based
composites [36].

3.3. Thermal analysis

The thermal properties of the neat PBS and composites were analysed by Differential scanning calorimetry (DSC) and Thermog-
ravimetric analyser (TGA) and the results are presented in Fig. 4 (DSC), 5 (TGA) as well as Table 2 with thermal degradation
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Fig. 3. Water absorption results of the PBS-PALF composites with a fibre content of 0-20 wt%, and the measurements were taken over three weeks.

temperatures. Starting with DSC, one peak was observed at ~110 °C for all the samples and it was associated with the melting of the
PBS polymer matrix. The only disparity between the composites and neat PBS was that the height of the melting peak increased with
increasing PALF content in the composites. It is known that the melting enthalpy of the sample is related to the height and area of its
peak [29], thus, the incorporation of the fibre at high contents disrupted the crystallinity of the PBS polymer. There was also a
broadening of peaks with higher fibre contents which signified an increase in the range and size distribution of the crystallites, and this
could be due to heterogeneous nucleation brought by the fibre into PBS polymer chains. The heat flow increased with the addition of
fibre into the PBS composites, implying that the composite samples with a higher amount of PALF content have increased stiffness and
require high energy consumption during their fabrication process. The sample’s torque was found to increase with an increase in fibre
content in the composites during the melt mixing step. From our previous work [29], the increase in fibre content resulted in com-
posites with increased stiffness, which in turn affected the rheological properties of the sample. This means that the composites
containing lower fibre content will require less processing time and lower energy requirements.

Fig. 5 shows the thermal degradation results of the PBS-PALF composites, and three sets of peaks were observed. The peaks at
~120 °C are assigned to low-boiling point components such as water, oil and waxes, and the set of peaks at ~240-300 °C is assigned to
the thermal degradation of cellulose, hemicellulose, and lignin in the fibre material. Additionally, an increase in the height of the peaks
at ~240-300 °C was observed as the percentage of PALF increased in the composites. The last set of peaks at ~300-500 °C is assigned
to the degradation of PBS polymer and there is a decrease in the peak height as the amount of PBS also decreases in the composites,
there is no shift in the thermal degradation temperature of the composites.

The second and the last degradation steps seem to be merging since the polymer starts degrading while the degradation of cellulose
is in progress. The footprints of PBS and PALF components in the TGA results insinuate that there was a lack of interaction between the
fibre and the polymers, though their co-degradation at temperatures around 300 °C may indicate partial miscibility. The assumption
that could be made is that the incorporation of PALF fibres in the polymer composites lowered the onset degradation temperature of
the PBS polymer matrix. But overall, the maximum degradation temperature of the composites remained at a constant temperature.

The thermal decomposition results of the PBS-PALF composites are presented in Table 2. The qualitative information about the
general thermal stabilities of the material is provided by T5 and T50 values which were extracted from the TGA curves [29,37]. TS
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Fig. 4. DSC results of the PBS/PALF composites with a fibre content of 0-20 wt% (Endotherm down).
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Table 2

Thermal characteristics of the PBS-PALF composites as analysed by TGA.

Fig. 5. TGA results of the PBS-PALF composites with a fibre content of 0-20 wt%.
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Sample Name T5 (°C)* T20 (°C)* T50 (°C)* Residue (%)
PBS-PALF-0 290 356 384 1.88
PBS-PALF-5 292 361 387 1.91
PBS-PALF-10 278 355 385 2.53
PBS-PALF-15 289 361 387 4.95
PBS-PALF-20 266 345 383 8.27

@ Thermal degradation temperature at different weight loss percentages. T5, T20 and T50 are temperature values at 5, 20 and 50 % weight loss,

respectively.

values decreased upon increasing the amount of fibre in the composites, suggesting that there were more volatile components in the
PALF material. T50 values provide information about the maximum degradation temperature of the composites [29]. The results
showed that the composites have similar values of ~385 °C and this is related to the PBS polymer matrix. The percentage of the residue
increased with the fibre content in the composites, further suggesting that the PBS matrix is more thermally stable than the PALF
component. The overall thermal properties showed that the fabricated composites can withstand extremely hot weather conditions as
their thermal degradation temperature values are above normal environmental conditions.

3.4. X-ray diffraction (XRD) analysis

The degree of dispersion (intercalation and/or exfoliation) of the PALF in the PBS was studied by using X-ray diffraction (XRD).
This was achieved by analysing the position, shape, and intensity as well as the change in lamellar spacing (d-spacing) of the diffraction

Fig. 6.
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XRD results of the PBS-PALF composites with a fibre content of 0-20 wt%.
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peaks. Fig. 6 depicts the XRD patterns of neat PBS and its composites with PALF at various contents. The PBS presents four overlapping
crystalline peaks in the range of 26 = ~20-32°, with the main sharp peak at 260 = 22.5°. The sharp and narrow peaks at 26 = ~20 and
~22.5 are assigned to different crystal planes of the a-form of PBS crystal structure and the peak at 20 = 35 is assigned to the p-form of
PBS crystal structure which can only occur under sample stress deformation [38]. The broad and wider peaks at 20 = ~35, ~40, and
~46 are assigned to the amorphous form of PBS structure resulting from either the extended side chains on the main polymer backbone
or the percentage of monomer content [39]. The XRD of the neat PBS polymer exhibited an intense sharp peak, indicating that PBS has
a high degree of crystallinity. This peak was present in all composite samples and there was no significant shift observed, the only
observable difference was a height decrease. This could be due to the presence of PALF fibres inhibiting the alignment of polymer
chains and hence decreasing the degree of crystallinity in the composites. The observed decrease in crystallinity was confirmed by SEM
analysis as illustrated in Fig. 7. Agglomerated fibres were noticeable from the SEM images at higher fibre content.

3.5. Morphology of neat PBS and its composites with PALF

Fig. 7 presents the SEM results of neat PBS and its composites with NaOH-treated PALF. Neat PBS, Fig. 7(a), shows a smooth surface
with periodic spherical objects, which might be a result of bubbles that formed, or granules that remained in the melt during mixing.
The PBS-PALF composites with lower fibre content (5 and 10 wt%), Fig. 7(b and c), exhibited well-dispersed filler within the matrix,
which reflects good adhesion among composite components. Good interaction is evidenced by the absence of gaps between the fibres
and the polymer matrix, and no fibre protruding out of the matrix. At high fibre content, there was not enough surface on the polymer
to accommodate the fibre and there were cavities observed within 15 and 20 wt% PBS-PALF composites, see Fig. 7(d and e). As shown
in Fig. 7(e), the 20 wt% PALF sample showed agglomeration of the filler and some fibres sticking out of the PBS polymer matrix. In
return, the strong fibre-to-fibre interaction caused agglomeration at higher PALF fibre content. These morphological behaviours at
high fibre content translate to high water absorption percentage values as the incompatibility between the composite components
creates unoccupied interphases or empty pores to allow the penetration of water into the composites.

4. Conclusion

The study investigated the chemical, thermal and morphological properties of PBS polymer composites filled with PALF fibre in the
range from 0 to 20 wt%. The composites were fabricated using an internal mixer at 120 °C, a processing time of 4 min and analysed by
using different analytical techniques. During the mixing process, the flow behaviour of the composites was monitored, and the melt
flow was found to increase with an increase in fibre content. These results were confirmed by DSC measurements which indicated that
the heat flow of the composite samples increased with fibre content. The FTIR results showed that the intensity of the carbonyl peak at
~1700 cm ™! from the PBS polymer backbone was slightly affected by the increase of fibre content in the PBS-PALF composites. The
water absorption percentage increased up to ~30 % for the composite with the highest fibre content due to the presence of hydroxyl
groups from the cellulose and hemicellulose components of the PALF fibre. This behaviour is essential for the final application of the
composite material. It has previously been shown that natural fibre-based composites can degrade by either hydrolytic degradation or
biodegradation in the soil and under compost environmental conditions [40].

The thermal properties of the composites were examined to determine the thermal degradation behaviour of the samples. TGA
results indicated that the thermal stability of the composite samples remained unchanged and was not affected by the addition of the
fibres since the PALF material thermally degraded earlier at 300 °C as compared to the PBS polymer matrix which had maximum
thermal degradation peak at ~385 °C. This shows that the fabricated composite samples had the potential to withstand hot weather
conditions. Results obtained from XRD showed that the intensities of the a-form of PBS crystalline structure peaks at 20 = ~20 and
~22.5° decreased with an increase in the fibre content and this indicated that the incorporation of the fibre into the composites
disrupted the crystallinity of the PBS polymer chain.

SEM images showed that there was an agglomeration of the fibres in the composite samples, PBS-PALF-15 and PBS-PALF-20, and
there was also fibre phasing out for the sample with the highest fibre content, 20 wt%. These results confirmed decreased crystallinity
as observed in the XRD patterns of the composites. However, samples with lower fibre content showed good adhesion behaviour
between the PBS matrix and PALF. Overall, the fabrication and characterization of the polymer composites with water absorption
percentages of less than 30 % were successful and these composites could be used as mulching films for agricultural applications. The
developed composites significantly decrease the economic costs associated with the production of mulching films from pure polymer
materials by incorporating free and readily available agricultural waste in the form of PALF from local farmers. This in turn will
contribute to the elimination of waste disposal.
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