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ABSTRACT

Global warming, environmental changes, and other problems have been increasing in the
last decade. Researchers and scholars want to safeguard life on the earth by making eco-
friendly products, like natural composite materials. Natural fibre is environmentally
valuable because of its biodegradable nature. However, there is a serious problem caused
by the incompatibility between fibre and matrix. In this work, sugar palm fibre was
combined with thermoplastic polyurethane composites after treatment with different
concentrations of sodium hydroxide from 2 to 6% to enhance the compatibility between
them. An extrusion machine was used to combine 30% by weight of the sugar palm fibre
and 70% by weight of thermoplastic polyurethane composites. The temperature, rotation
velocity, and fibre size were fixed at (180-190-200°C), 40 rpm and 250 pm respectively.
The composite was characterized according to ASTM D638. The sodium hydroxide
treatment of the fibre could provide a good tensile modulus of 440 MPa at 2% of NaOH,
and strain of 41.6% at 6% NaOH of the composite. However, the tensile strength was
decreased, where the highest amount of 5.49 MPa recorded at 6% NaOH. Meanwhile, the
tensile modulus and strain of the composites are found to be much better than those of
untreated ones. In contrast, the tensile strength was still not improved.

Keywords: Mechanical properties; sugar palm fibre; thermoplastic polyurethane;
composites; alkali treatment.

INTRODUCTION

Nowadays, it is important to reduce environmental impacts such as global warming.
Global warming is generated by the consumption of petroleum, a non-renewable resource.
Therefore, increasingly, numerous ecologically aware studies have pointed to the use of
alternative environmentally friendly materials. Natural fibre has unique characteristics
and many outstanding advantages over synthetic fibre, which make it an attractive
alternative to traditional materials [1, 2]. Natural fibres such as hemp, flax, abaca, sisal,
jute, henequen, kenaf, ramie, sugar palm, oil palm, pineapple leaf, banana pseudo-stem,
sugarcane bagasse, coir, rice husk, wood, bamboo, chicken feathers, wool, silk and cotton
have been reported as being used as fibre in polymer composites [3-9]. Natural fibre-
reinforced plastics are gaining more attention from researchers and industry due to their
cost-effectiveness, lighter weight, lower abrasion of equipment and renewability, among
the several benefits of natural fibre composites [10-12]. For these reasons, in construction
and the furniture, automotive and packaging industries, materials like sugar palm fibre
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are now used [7, 13-16]. Sugar palm fibre (SPF) is a potential source of natural fibre from
Arenga pinnata, a member of the Palmae family. It is known for its high durability and
resistance to seawater. These two characteristics are the main advantages of sugar palm
fibre [17]. In addition, the consideration of using SPF as reinforcement in composites is
based not only on its excellent properties, but also on its contribution to the conservation
of forestry, biodiversity, utilisation of plant waste, and on the abundant availability of the
fibres at a very low cost [18]. Moreover, it is known as a fast-growing palm that is able
to reach maturity within 10 years [19]. This plant commonly grows in tropical regions
such as the Philippines, Malaysia and Indonesia. It is naturally a forest species. The full
length of the trunk of an Arenga pinnata tree is completely covered by black fibre. This
black fibre can be used for brooms, paint brushes, septic tank filters, clear water filters,
door mats, carpets, ropes, chair/sofa cushions, and for fish nests to hatch eggs. In certain
regions, the traditional application of ijuk includes handcraft for kupiah (Acehnese typical
headgear used in prayer) and roofing for traditional houses in Mandailing, North Sumatra
[20]. Yet sugar palm fibre remains largely unknown by many people and very little
information is available about it, so more research needs to be conducted to reveal its
significance and to promote its usefulness for the benefits of the public [18]. However,
SPF, like all natural fibre, faces some difficulties that prevent its widespread use. The
poor adhesion between hydrophobic polymers and hydrophilic fibre implies poor
properties for the composites. The hydrophilic nature arises from the fact that cellulose
is the main component of all natural fibres, and the elementary unit of a cellulose
macromolecule is anhydro-d-glucose, which contains three hydroxyl (OH) groups. These
hydroxyl groups have been reported to form hydrogen bonds inside the macromolecule
itself, and between other cellulose macromolecules. The hydrogen bonds give the natural
fibre its hydrophilic nature [4,2,13].

This problem may be rectified by chemically treating the fibre surfaces before
fabricating the composites [21-23]. Alkali (NaOH) treatment is an important chemical
treatment method used to enhance interfacial adhesion between natural fibre and polymer,
as well as the mechanical, physical and thermal properties of the fibre. Alkali treatment
is also a good alternative as these chemicals in many cases swell the cell wall of the matrix
structure and give better penetration. A group of researchers analysed the effect of fibre
treatment on the mechanical properties of unidirectional sisal-reinforced epoxy
composites. They also reported that (i) the fibre strength and (ii) the adhesion between
the fibre bundles and the matrix are improved by alkali treatment of sisal fibre [24]. Alkali
treatment removes the hemicellulose, splits the fibre into fibrils, and leads to a closer
packing of the cellulose chain due to the release of internal strain, which in turn enhances
the mechanical properties of the fibre [25]. NaOH is the most common chemical treatment
used to clean the fibre surface and enhance fibre properties. The following Scheme 1
explains the mechanism of the reaction between the natural fibre and the NaOH solution
[26]. It is clear that the OH groups are separated from the fibre by the action of the Na*?
ions to produce a new component which is (fibre—NaO) instead of (fibre—OH) [13, 26-
28].

Natural fibore — OH + NaOH ——— Natural fibre — NaO + H>0
Scheme 1. The reaction between the SPF and the NaOH solution.

Untreated fibre is covered with hemicellulose, lignin, pectin, waxy substances,
and natural oils. Treatment with NaOH reveals the fibrils and gives the fibre a rough
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surface topography [29]. Previous work used different sisal fibre loadings of 0.5, 1, 2, and
4% by weight of reinforced polyester. This fibre was treated with different concentrations
of NaOH ranging between 4 and 10% at room temperature, and the results reported that
4% of NaOH gained the maximum tensile strength properties [30]. During alkali
treatment, the fibre’s physical structure changes as a result of the alkali bleaching action,
which removes waxy materials and impurities. This action often leads to improvement in
the interfacial bonding between the fibre and matrix by giving the fibre a rougher surface.
Despite the benefits brought by environmentally friendly composites, it is anticipated that
in the future, reduction in petroleum reserves will provoke a decrease in the use of
petroleum-based resins, and the use of plant-based biodegradable resins such as polylactic
acid (PLA) will probably increase. Therefore, there has recently been an increase in
studies on fully gree natural fibre composites [31-35]. Thermoplastic polyurethane (TPU)
has been chosen due to its good mechanical properties and rubber-like elasticity.
Moreover, it is polar, which reduces the fibre—polymer incompatibility [36]. Thus, the
present work studied the effect of different NaOH concentrations from 2, 4 and 6% on
the fibre-matrix adhesion of TPU and SPF and tensile properties. The tensile properties
of the SPF/TPU composites were measured according to ASTM Standard D638 [37]. To
the best of the researchers’ knowledge, SPF/TPU composites have not yet been
investigated by other researchers.

MATERIALS AND METHODS

The materials used in this study are Estane® 58311, an 85A polyether-type thermoplastic
polyurethane (TPU) (Figure 1(a)), and short sugar palm fibre (SPF) (Figure 1(b)); the
specific gravity of the TPU is 1.21 g/cm?. The melting temperature is 210°C. Sodium
hydroxide pellets (NaOH) used are Grade AR (Figure 1(c)).

Preparation of Fibre

The fibre was washed in water to remove dust and impurities, then dried for two weeks
at atmosphere pressure and room temperature. Afterwards, they were crushed in a
grinding machine Retsch ZM 200, and subsequently shortened by sieving to a size of 250
pum using an auto shaker type FRITSCH in order to make them suitable for the final
application [38].

Treatment of Fibre

The hydrophilic nature of the SPF makes the adhesion between it and the hydrophobic
TPU poor. This causes weakness in the structure of composites [39]. So, the clean, dried,
and ground fibre was washed eight times using distilled water. Different weights of NaOH
were dissolved in a flask with distilled water for three different time periods, then left to
stand for around 30 minutes to let the solution become homogeneous and cool. Then, after
soaking in sodium hydroxide solution for 90 minutes, finally the fibre was washed in
distilled water eight times [13, 27, 28]. Thereafter, the fibre was left to dry for around two
weeks at atmosphere pressure and room temperature [13]. Figure 2 shows the equipment
used for this process: the flask and cylinder having 900 ml and 100 ml volume
respectively to contain the fibre and the solution. The cylinder was used to control the
volume of NaOH in the distilled water which was needed for the reaction. Table 1 listed
the correlation of weight values of NaOH with concentrations.
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Sodium hydroxide
pellets

Grade AR
NaoH M.Wt 40,00 g/mo!

Figure 1. (a) Pure TPU, (b) SPF, and (c) sodium hydroxide.

To change the NaOH concentration to the weight it must be calculated from the following
equation:

W 1000
M= v 1)
_ MxM.yexV
W= 1000 @)

where: M = concentration (mol/L)
V =volume (ml), V=1000 ml
W= weight (g)
M.wt = molecular weight (g/mol), M.w: for NaOH = 40 g/mol

Table 1. Correlation of weight values of NaOH with concentrations.

Number NaOH (%) NaOH (qg)

1 2 80
2 4 160
3 6 240

Composite Preparation

SPF/TPU composite specimens were compounded using a Thermo SCIENTIFIC
EUROLAB 16 extruder machine. The optimum rotating speed and temperature were set
as 40 rpm, and 180-190-200°C [38]. The author in a previous work studied the effects of
different fibre loadings on the mechanical properties of the SPF/TPU composites. The
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result proved that the best mechanical properties are for 10% fibre in 90% TPU [39].
However, the 10% fibre loading is too small to be very feasible, so a 30% fibre loading
was fixed throughout the study, with 250 um fibre size [38] and a soaking time of 1.5
hour to enhance it. The fibre was treated with different concentrations of NaOH of 2, 4,
and 6%. A 30% fibre weight mixed into 70% TPU was extruded in the extruder machine
under optimum temperature conditions of 180-190-200°C and at 40 rpm [38]. Then the
extruded composite pellets were pressed by using a square mould and then using a 25 ton
hot press LOTUS SCIENTIFIC for compression moulding by setting the press pressure
at 10 MPa and 190°C for 10 min [40]. Prior to the full pressure, the sample was pre-heated
until reaching 190°C. Then the prepared sheet was cooled to 50°C. A stainless steel mould
with dimensions of 200 x 200 x 3 mm, length, width, and thickness respectively, was
used.

Figure 2. Equipment used for treatment: cylinder and flask.

Mechanical Characterization

Tensile Testing

Tensile strength is a measurement of the ability of a material to withstand forces that tend
to pull it apart. It determines to what extent the material stretches before breaking. Tensile
properties were measured using an Instron tensile model NVLAP 5569, 3369Q3720
machine (Figure 3(a)). This consists of a computer to control the device using special
software, and a printer to provide the data as hard copy. The specifications of the Instron
tester explain that the maximum displacement is 200 mm, and the highest load is 50 kN.
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The five specimens were prepared by cutting them from the sample sheets into dumbbell
shapes using a manual saw.

{ii

Figure 3. (a) Instron tensile model NVLAP 5569, 3369Q3720 machine, (b) tensile
specimens for every sample.
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Five specimens were tested with a crosshead speed of 5 mm/minutes, according
to ASTM D638 [37]. The tensile specimens are shown in Figure 3(b). The ability to obtain
accurate results depends not only on the quality of the testing system, but also on the
errors that can be introduced into it. Therefore, Table 2 represents the tensile strength,
modulus, strain, and the statistical analysis, such as the average, standard deviation and
error for the untreated and treated SPF/TPU composites, in order to know the range of
accuracy.

Table 2. Tensile strength, modulus, strain, average, standard deviation and error for the
untreated and treated SPF/TPU composites with different NaOH concentrations.

NaOH NaOH
No (%) Strength | Modulus| Strain (%) Strength| Modulus| Strain

0% 2%

1 NaOH 10.38 105.53 21.21 NaOH 4.44 400 22
0% 2%

2 NaOH 9.13 96.32 18.94 NaOH 4.23 400 18
0% 2%

3 NaOH 8.9 90.27 22.98 NaOH 4.07 500 11
0% 2%

4 NaOH 11.71 95.84 30.05 NaOH 4.56 500 18
0% 2%

5 NaOH 9.36 88.48 23.99 NaOH 4.64 400 21

Average 9.896 05.288 23.434  Average 4.388 440 18

Std. Dev. 1.16092 6.66704 4.1662 Std. Dev. 0.23552 54.7723 4.30116
Std. Err.  0.51918 298159 1.86318 Std.Err. 0.10533 24.4949 1.92354

No | NaOH(%) | Strength | Modulus | Strain | NaOH(%) | Strength | Modulus | Strain

4% 6%
1 NaOH 3.4 500 13 NaOH 5.4 300 37
4% 6%
2 NaOH 3.8 400 17 NaOH 5.32 300 50
4% 6%
3 NaOH 3.52 400 12 NaOH 5.02 300 28
4% 6%
4 NaOH 3.79 400 14 NaOH 571 300 47
4% 6%
5 NaOH 3.04 500 9 NaOH 6 300 46
Average 3.51 440 13 Average 5.49 300 41.6
Std. Dev. 0.31448 54.7723 2.91548 Std. Dev. 0.3763 0 9.01665

Std. Err.  0.14064 24.4949 1.30384 Std. Err.  0.16829 0 4.03237
Std. Dev: Standard deviation.
Std. Err.: Standard error.
The units of strength, modulus are (MPa), while the strain is (%).

RESULTS AND DISCUSSION
Tensile Strength

Figure 4 shows the tensile strength with different sodium hydroxide concentrations.
Clearly, the tensile strength increases gradually with increasing NaOH concentration. The
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strength was 4.39 MPa at 2% of NaOH then increased to 5.49 MPa at 6% NaOH
concentration by weight. This change in the chemical treatment concentration on the SPF
caused an alteration in the tensile strength values. The tensile strength of sugar palm fibre
reinforced with polyurethane rose from 4.39 to 5.49 MPa. Meanwhile, there was heavy
interlocking between the fibre and matrix, which increased the strengthening in the
composite structure and meant that this specimen had the highest tensile strength and
strain. This is in agreement with the findings of many researchers who used different sisal
fibre loadings of 0.5, 1, 2, and 4% by weight, reinforced with polyester, and then treated
it with different concentrations of NaOH between 4% and 10% at room temperature.
Moreover, this is also in agreement with the results of researchers who found the
maximum tensile strength properties at 4% wt of NaOH [41, 42]. In addition, previous
work by EI-Shekeil et al. [17] proved the same decreasing in the tensile properties after
using 2, 4, and 6% of NaOH to treat kenaf fibre reinforced thermoplastic polyurethane
composites. This work showed the reason for this decrease, indicating the NaOH deposits
on the fibre surface. Moreover, the author referred to washing the fibre six times after the
treatment process [28]. However, in this work the washing was for eight times to give a
better chance of removing the entire NaOH residue. However, the values for all the fibres
treated by NaOH solution were still lower than the untreated value. The standard deviation
for untreated fibre was the highest value compared with the treated value, which was
recorded as gradually decreasing, as illustrated in Table 2. Meanwhile, the standard error
for untreated fibre recorded the maximum value compare with all the treated values for
2, 4, and 6% of NaOH, as illustrated in Table 2. This may indicate that the percentages of
alkali treatment must be increased to get improved levels, which is in agreement with Xue
et al., who reviewed the chemical treatment of natural fibre in different systems [26, 42].
Perhaps the alkali treatment needs to be enhanced by another method such as using
KMnO;4 [43].

=
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TensileStrength (MPa)

[ T e R R Y = - ]
1

Untreated Fibre 2% 4% 6%

MaOH Concentrations (%]
Figure 4. Tensile strength with sodium hydroxide concentration.
Tensile Modulus

Figure 5 shows the tensile modulus with different sodium hydroxide concentrations. It is
clear that the modulus decreased gradually with increasing NaOH concentration. The
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modulus was 440 MPa at 2% of NaOH then rose to 320 MPa at 6% NaOH. There was a
dramatic rise in the modulus for all NaOH concentrations compared with fibre composite
untreated with NaOH. These results are in agreement with those of many authors who
used NaOH, which can remove lignin and wax to make the surface rougher [44]. The
standard deviation for treated fibre at 6% was the lowest value compared with all the
treated and untreated values, as illustrated in Table 2. Meanwhile, the standard error for
fibre treated with 6% recorded the lowest value compared with the untreated and other
treated values, as illustrated in Table 2. The main component of natural fibre is cellulose.
The elementary unit of a cellulose macromolecule is a hydro-d-glucose. A hydro-d-
glucose contains three hydroxyl (OH) groups, which have been reported to form hydrogen
bonds. Finally, these hydrogen bonds give the natural fibre a hydrophilic nature. This has
improved these mechanical properties to yield the best results, as shown before in Scheme
1[22].

500
450 A
400 4
350
300
250 ~

200 ~

Tensile Modulus (MPa)

150 +

100 T

50 +

D -
Untreated Fibre 2% 4%

MaOH Concentration (%)

Figure 5. Tensile modulus with sodium hydroxide concentrations.

Tensile Strain

Figure 6 shows the tensile strain with different sodium hydroxide concentrations. It is
clear that the strain increases with increasing NaOH concentration. The strain was 18%
at 2% NaOH, and then it increased to 41.6% at 6% NaOH. There was a dramatic rise of
strain for the 6% NaOH concentration compared with the other composites, for the same
reason as mentioned above in increasing the tensile strength. In addition, NaOH is used
to remove lignin and wax to make the surface rougher [44]. The standard deviations for
untreated fibre and fibre treated with 2, and 4% were the lowest compared with the value
for 6% treated NaOH which rose significantly, as illustrated in Table 2. Meanwhile, the
standard error for fibre treated with 6% recorded the highest value compared with the
untreated and treated values as illustrated in Table 2. The natural fibre consists of
cellulose, and the elementary unit of its macromolecule is a hydro-d-glucose. The hydro-
d-glucose includes three hydroxyl collections, which have been observed to form
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hydrogen bonds as shown in Scheme 1. Finally, these hydrogen bonds give the natural
fibre a hydrophilic nature that has been improved by the treatment to yield the best tensile
strain results [22, 26].

Tensile Strain ()

50 -
45
40 I
a5 |
a0
25

20 4

15 o

Untreated Fibre 2% 49 6%

MaOH Concentrations (%)
Figure 6. Tensile strain with sodium hydroxide concentrations.

CONCLUSIONS

A study has been conducted on the effects of sodium hydroxide solution treatment on the
mechanical properties of sugar palm fibre reinforced thermoplastic polyurethane
composites. From the above results, it can be concluded that:

The chemical treatment by sodium hydroxide solutions improves the tensile
properties of the final composite systems especially in terms of tensile modulus
and strain. The highest concentration of chemical solution (NaOH) recorded the
best tensile strain in the composite, giving 41.6% compared to the untreated fibre
at 22%. Moreover, the tensile modulus showed the maximum amount at 2% of
NaOH with 440 MPa. In contrast, the values of tensile strength for all types of
NaOH treatment are still lower than the untreated fibre at 9.89 MPa. Meanwhile,
the highest values for treated fibre recorded at 6% of NaOH were 5.49 MPa.

The sodium hydroxide treatment of sugar palm fibre improves the structure of the
prepared composite material by removing waxy materials and impurities. This
action often leads to improvement in the interfacial bonding, and in the
compatibility reaction between the natural sugar palm fibre and thermoplastic
polyurethane, thus improving their surface by making it rougher and having better
final tensile properties.
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The treatment of the SPF with sodium hydroxide needs to be upgraded because
the SPF/TPU composites do not achieve a higher tensile strength value than the
untreated SPF in composites. So, the use of a different method or an upgrade of
this treatment is very important to get the best tensile test. Perhaps the alkali
treatment needs to be enhanced by another method such as a KMnOj4 treatment.
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