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Abstract: In order to reduce the dependency on conventional materials and negative environmental
impacts, one of the main responsibilities of the construction field is to find new eco-friendly resources
to replace the traditional materials partially. Natural fibers were known as potential candidates for
the reinforcement of structures in civil engineering by virtue of their advantages. Among the different
kinds of vegetable fibers, coconut fiber has been exploited in a limited way over the past few years.
This paper aims at evaluating the different properties of local coconut fibers (Vietnam). Several
laboratory tests provide geometrical, physical, mechanical properties and durability properties that
are compared with literature results obtained from similar natural fibers. The local coconut fibers
tested demonstrated properties suitable for reinforced mortars. With adequate control of their
preparation, they could be reused in the manufacture of mortars in the construction.

Keywords: coconut fiber; geometrical properties; physical properties; mechanical properties; durability

1. Introduction

The usage of green materials in construction activities has become very interesting in recent years
due to its advantages in different sectors. Many studies have shown the possible uses of natural fiber,
such as the partial replacement of cement and aggregate, as well as fiber reinforcement [1-6]. Coconut
fiber was known as one of main fifteen plant and animal fibers in the world [7]. This fiber has a high
concentration of lignin among vegetable fibers, up to nearly 50%, which makes it stronger [8]. Coconut
fiber is extracted from the tissues surrounding the envelope of the coconut palm, which is grown on
10 million ha of land throughout the tropics. According to the Food and Agriculture Organization
of the United Nations FAO [9], five countries ranked at the top positions in the world for producing
coconut fiber are India, Sri Lanka, Thailand, Vietnam, and Philippines. These countries produce more
than 90 percent of the global coconut fiber production. Coconut fiber is commonly utilized in ropes,
mattresses, brushes, geotextiles and automobile seats. In contrast, the applications of this fiber in civil
engineering are very few and do not commensurate with its potential. In the future, more research and
investigation are needed to show coconut fiber as a possible reinforcement in the construction field.

The properties of natural fibers for their applications in civil engineering remain a topic of interest
for a wide range of studies. Natural fibers are considered as the prospective material to be used
as reinforcement materials in composite products. A detailed literature review on the properties of
coconut fiber and its comparison with other natural fibers is reported in present study. Mechanical
properties of vegetable fibers depend on factors such as their physical, chemical, morphological and
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geometrical characteristics. Munawar et al. [10] have investigated relationships between the density,
diameter and mechanical properties of seven non-wood plant fiber bundles (including abaca leaf fiber,
pineapple leaf fiber, sansevieria fiber, sisal fiber, coconut fiber, kenaf fiber and bast fiber). The results
show that the density and mechanical properties of the fiber decreased with increasing fiber bundle
diameter. In addition, only coconut fiber exhibits an almost circular shape on the cross-section, while
the cross-sectional shape of other fibers varies widely. Sengupta et al. [11] analyzed the main physical
properties of coconut fiber and indicated that there is a dissymmetrical nature with a big coefficient of
variation in the distribution of length, diameter, density, breaking toughness and extension, specific
work of rupture and flexural rigidity of untreated fibers. They recommended the usage of long fibers
(25.4 mm or 1 inch) to manufacture the traditional ropes and coarse floor covering. Single or with other
fibers, medium length fibers (12.7 mm or % inch) will better suit to produce finer textile materials with
improved characteristics. Contrarily, short fibers (3.8 mm) may be engaged in making not only flexible
or semi-rigid composites but also geo-fiber for stabilization of soil. According to Tran et al. [12], the
density of coconut fiber decreases from 1.3 to 0.9 g/cm3 while the fiber porosity increases from 22% to
31% with the increase in the fiber length from 0.05 to 4.0 mm. This phenomenon can be explained
by considering the structural characteristic of coconut fiber. Enclosed porosity, which is included in
the measured volume of solid material of coconut fiber, is increased with the increase in fiber length.
This result shows that the length of fiber has direct effects on its density. The results from a number of
studies [10,12-17] confirm that coconut fiber is not very strong and stiff. However, its high strain to
failure value may lead to an increase in the toughness of composites while using it as reinforcement for
the composites.

Weak bonding between fibers and the matrix and their relatively significant moisture absorption
are considered as the main drawbacks of natural fibers in composite products [18]. Thus, to modify
the surface properties of fibers for improving their adhesion with the matrix, treatment of fibers is
highly considered. Some techniques, including physical and chemical methods to treat fibers before
using them in composites, are presented in several papers [15,19-21]. The researches related to the
effects of treated fibers on the properties of fiber-reinforced composites are also available in different
papers [13,22-25]. The influence of treatment methods on the physical and mechanical properties of
coconut fibers were also reported in [20], which stated that softening treatment of raw fibers using a
solution of Na;,S, NayCO3, and NaOH decreases the flexural rigidity value of raw fiber by three fourths
without any degradation of desired characteristics.

In terms of thermal conductivity of plant fibers, some studies [2,26-29] introduced the potential
use of plant fibers as thermal insulation materials in construction which can reduce environmental
impacts in comparison with currently used synthetic thermal insulation materials. Manohar [26]
reported that experimental thermal conductivities of coconut fibers at mean temperature (15.6 °C) in
accordance with ASTM C518 lie between 0.04869 and 0.05624 W/m.K for densities varying from 90 and
40 kg/m>. Researchers then even suggested creating composites with two or more types of fibrous
plants for thermal insulation materials. Khedari et al. [30] mixed durian peels and coconut fibers (ratio
of 90:10 coconut fibers and durian peel by dry weight) to manufacture particleboards with low thermal
conductivity (in the range of 0.054-0.1854 W/m.K) depending on the board density. This result shows
viable options to apply plant fibers in building insulation (wall and ceiling).

Regarding the durability of fiber, Sivakumar Babu et al. [31] reported that coconut fibers lasted
only for 2-3 years without any treatment. Hejazi et al. [32] indicated that coconut fiber retained 80% of
its tensile strength after six months of embedment in clay. Arifuzzaman Khan et al. [21] conducted a
series of experiments indicating that all the treatments using sodium chlorite, sodium hydroxide, and
acrylamide monomer could cause changes in the physical and chemical properties. These treatments
improve the thermal stability of coconut fiber by causing lower weight loss and shifting of degradation
peak to a higher temperature. When exposed to 180 °C, within 5 h, the drop of approximately 36.4%,
24.6%, and 23.2% in the tensile strength was observed for the fibers treated with sodium chloride,
sodium hydroxide and acrylamide monomer chlorite, respectively. Thermogravimetric analysis (TGA)
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was performed to determine the weight loss of some fiber components, along with deterioration
products [15]. From the TGA results, it can be seen that the residual mass of heat untreated coconut
fibers is lower as compared to the treated coconut fibers in the temperature range of up to 900 °C,
which included the thermo-oxidative effect and evaporation of low molecular weight components
in lignocellulose fibers. Hemicellulose is the most sensitive reactive constituent and its thermal
degradation is easier than cellulose and lignin, according to Stevulova et al. [33].

These coconut fibers could play an important role in reinforcing the building materials or
improving/modifying their certain properties. Mechanical, thermal and acoustic properties are highly
dependent on the characteristics of the fiber itself. As reported by various authors in the literature,
the determination of the characteristics of coconut fibers poses a problem due to the great variability
of these. This variability depends on several factors, such as the origin of the coconuts and the
storage and processing methods used to obtain these fibers. Each study, like that of the incorporation
of coconut fibers in mortars, requires an appropriate determination of the properties of the fibers
used, i.e., the potential deposit of fibers at its disposal. The present paper aims at providing further
knowledge on the determination of coconut fibers properties in manufacturing reinforced mortars
by incorporating different amounts of this type of fibers. The purpose of this present study is the
assessment of geometrical, physical and mechanical to thermal properties and durability properties of
local coconut fibers (Vietnam). Once determined, these properties are compared with those observed
in the literature. This comparative study makes it possible to situate the level of performance of these
fibers with respect to other natural fibers, in particular coconut fibers, and to consider using them as
reinforcement in mortars. If the fibers tested are suitable for the manufacture of reinforced mortars,
it seems necessary to control their preparation. This approach could, therefore, constitute an alternative
solution to waste management and contribute to the development of reinforced mortars improving
comfort performance in buildings.

2. Material and Methods

2.1. Preparation of Fibers

The fibers used in the present study were obtained from mature coconut husk extraction at Ben
Tre province, Vietnam, one of the most famous places for growing coconut and for coconut products.

Without any treatment, these fibers are considered as raw or natural fibers. Two simple treatment
methods for fibers are applied (i) boiling of fiber (ii) alkaline treatment of fiber, physical and eco-friendly
treatment and chemical treatment, respectively.

The process of treatment is shown in Figure 1. The properties of untreated and treated fibers were
evaluated and the resulting data were compared.

[ Washing fibers with water (three times) |

4
[ Drying fibers in oven at 40°C for 12 hours ’

A 4

Boiling fibers within 2 hours for physical treament or immersion fibers in NaOH 5% within 30 minutes
for chemical treament

h 4
Washing fibers carefully until the water is clean

L4

Drying fibers in oven at 40°C for 12 hours

Figure 1. Process of fiber treatment applied.
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2.2. Testing Methods for the Determination of Fiber Properties

2.2.1. Microscope Image

The coconut fiber’s microstructure was examined using the digital microscope model Keyence
VHX 6000 (Keyence France SAS, Bois-Colombes, France). The microscope is operated under the power
voltage of 240 VAC and frequency of 60 Hz. This device combines observation of captured images and
measurement functions while providing a screen interface that makes visualization easier. Hence, the
digital microscope made it possible to observe cross-section and external surface of coconut fibers.

2.2.2. Absolute Density

Besides the mechanical properties, the density of the fiber is a crucial parameter to determine
the fiber’s potential for lightweight material when using as reinforcement in a composite [18].
The determination of the absolute density of the fibers was conducted using a helium pycnometer,
namely AccuPyc II 1340 (Micromeritics France SA, Verneuil-en-Halatte, France). Ten samples were
tested for each kind of fiber (mass of fiber 0.5 g/test at ambient conditions). Volume was then measured
by means of the pycnometer at the same temperature. The final density was the average of the
ten values.

2.2.3. Water Absorption

Natural fibers are hydrophilic materials that absorb water used for manufacturing elements or
composites [34]. For the water absorption test of fiber, the recommendation of RILEM TC 236-BBM
(RILEM Association, Paris, France) [35] was used as a protocol of this test. The measurement of water
absorption is based on the difference in the mass of dry fibers and fibers undergoing immersion at
different times. Initially, a bundle of fibers weighing 2 g was placed in a ventilated oven at 60 °C
until the change in mass of the sample is less than 0.1% within 24 h. The fiber bundles were placed
in a permeable bag that was then immersed in distilled water to reach its absorption. After the
immersion time of 1, 15, 240 and 2280 min, a centrifuge having speed of 500 rpm was used for 30 s to
remove the excess water from these fiber bundles. Absorption capacity was calculated by using the
following equation:

impregnated mass — dry mass

water absorption = X 100% 1

dry mass

2.2.4. Thermal Conductivity

Thermal conductivity A, defined by the steady-state heat flow moving through a unit area of a
homogeneous material, 1 m thick, induced by a 1 K difference of temperature on its faces, is one of the
most interesting characteristics for thermal insulation materials [36]. According to ASTM C518, the
thermal conductivity of coconut fiber was measured by using heat flow meters (HFM 436 Lambda, from
NETZSCH-Geratebau GmbH, Selb, Germany) kept at 20.5 °C, as shown in Figure 2. A polystyrene
frame with a very thin bottom face contains the fibers (see Figure 3). The thermal conductivity tests
were carried out at a mean temperature of 30 °C with the density of specimens varying from 30 to
120 kg/m? by an increment of 10 kg/m3.
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Figure 3. Specimen holder.
2.2.5. Direct Tensile Test

The single fiber tensile test was conducted using an INSTRON 3369 universal testing machine
(INSTRON®, 825 University Ave Norwood, Norwood, MA 02062-2643, USA), as shown in Figure 4, in
accordance with ASTM C1557. In order to prepare specimens for the test, transparency paper frames
having dimension 4 cm X 4 cm were used to fix fiber in the middle by means of adhesive tape and
cut both sides of them very carefully at mid-gauge before the test as shown in Figure 5. The fiber
was tested with a free length of 2 cm using the displacement control at a rate of 0.5 mm/min and two
clamps having a 10 N maximum load. Finally, 16 specimens were performed for each type of fiber.
Extreme values were removed and replaced by other specimens tested.

Grip
Frame

Sample

Grip

Figure 4. Setup of the tensile test according to ASTM C1557: (a) INSTRON 3369 universal testing
machine; (b) details of grips and specimen.
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coconut fiber
| —
//
4cm| 2em —— paper frame > =g
— adhesive tape cutting
/ before test
gauge length 4.cm
(a) (b)

Figure 5. Single fiber specimen before direct tensile test: (a) transparency paper frame for fixing fiber;
(b) cutting of the frame before fiber testing.

The ultimate tensile strength of the fiber is calculated as follows:

_ Frax

o= @

where ¢ is the ultimate tensile strength in MPa, F,y is the maximum force at failure in N, and A is the
fiber cross-section area at fracture plane in mm?.
In order to measure the cross-section of each fiber after the tensile test, a borderline is drawn to

define the cross-section area of fiber, and then the surface area is determined as illustrated in Figure 6.

Figure 6. Area calculation.

The tensile strain of fiber is calculated as follows:

€= ATZXIOO 3)

where Al is the elongation of the gauge length in m and [ is the initial gauge length, 20 mm.

2.3. Durability

The durability of fibers was taken into account not only during the preparation of composites but
also during their period of application [18]. In present study, two types of durability were considered:
thermal and chemical stability.

2.3.1. Thermal Stability

Thermal analysis provides additional benefits to understand the degradation mechanism and
the enhancement of the thermal stability of material [33]. Thermal gravimetric analysis (TGA) and
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differential thermal analysis (DTA) diagrams of fiber with and without treatment were conducted on
the STA 449 F5 Jupiter Simultaneous Thermal Analyzer device under nitrogen atmosphere. A starting
temperature of 25 °C was used with a heating rate of 20 °C per minute and a final temperature of
900 °C.

For the preparation of the test, fibers were cut into small pieces of 0.5 mm in length. The mass of
each sample ranged from 10 to 15 mg and was placed into the platinum crucible.

2.3.2. Chemical Stability

The most suitable test method for chemical stability is to expose the fibers to chemicals [37].
After the exposure, the degradation of the fiber could be tested by determining the change in the mass
of the fiber.

Cementitious composite gives an alkaline environment due to the production of calcium hydroxide
by the hydration of Portland cement. Also, the typical deterioration of cementitious composite
happens under the attack of chloride and sulphate ions from the salt water, de-icing salts, soil and
groundwater [38]. In the present study, in order to determine the chemical stability of coconut fiber,
sodium hydroxide NaOH 10% and calcium hydroxide Ca(OH), saturated solution were prepared.
The procedure of the exposure of fiber is given in Figure 7.

Raw fibers dried in ventilated oven at 105°C for 24 hours

Immersion fibers in solution for 5, 10, 20, 30, 90 days

Withdrawal the fibers and washing them with water

Immersion washed fibers in water for 24 hours

Fibers dried in oven at 105°C for 24 hours

Figure 7. The exposure procedure.
The retention of mass was calculated by the following equation:

initial mass — mass after immersion

Mass retention % = (1 ) X 100% 4)

initial mass

3. Results and Discussion

3.1. Geometrical Properties

Figure 8 shows the surface and cross-section of coconut fibers tested using the digital microscope.
As illustrated, the diameter of fiber was decreased by approximately 10% and 30% due to alkali and
boiled treatment methods, respectively. In addition, the images depict that the process of treatment of
fibers causes morphological changes with an increase in voids and a rougher surface because of the
removal of most of the pectin, ash and other impurities. Most fibers do not have a circular cross-section,
so a heterogeneous distribution of loading occurs that makes predicting the mechanical properties of
fibers, as well as composites incorporating fibers, become difficult.
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setit 76200 X500

() (b) (c)

Figure 8. Microscope images of surface and cross-section of fiber: (a) raw fiber (RF); (b) alkali-treated
fiber (ATF); (c) boiled fiber.

A survey of the diameter of three hundred raw fibers by means of image analysis method indicates
that average diameter in two directions at right angle ranges from 0.090 to 0.39 mm. Diameters ranged
from 0.20 to 0.35 mm represent about 70% of the total, as shown in Figure 9. In comparison with
previous studies, raw coconut fiber in the present study was found to be smaller in diameter than the
raw fibers from Mexico (0.51 mm) [39], Taiwan (0.43 mm) [40] or Malaysia (0.32 mm) [14].
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Figure 9. Diameter distribution of raw coconut fibers.
3.2. Physical Properties

Experimentally, the absolute density of the coconut fibers tested in the present study is reported
in Table 1. This result is in line with the observations already made in [13,41-43]. This value is less in
comparison with commonly used fibers like steel fiber (7.80 g/cm3), carbon fiber (1.75 g/cm?) [44], or
glass fiber (2.55 g/cm?) [45]. This is the reason behind the suggestion of coconut fiber being used in the
production of the structural lightweight composite [46,47].

Table 1. Absolute density of fiber.

Fiber Average Value (g/cm?) Standard Deviation (g/cm?)
Raw fiber (RF) 1.41 0.0014
Alkali-treated fiber (ATF) 1.51 0.0014
Boiled fiber (BF) 1.50 0.0010

No significant difference is observed between the absolute density of alkali-treated fibers and
boiled fibers, but the absolute density of raw fibers is lower than that of treated ones. The absolute
density of the fibers is significantly increased when treated with alkali or by the boiling method.
Treatment dissolves pectin and impurities, due to which the volume is reduced and a gain in absolute
density is observed. According to some researches [2,48], the content of ash in fibers has been reduced
by approximately 70% after treatment.

Graphs of water absorption versus time are presented in Figure 10. Both of two applied treatments
led to a decrease in the absorption capacity of coconut fibers. As shown in Figure 10, the fibers absorb
water rapidly in the initial step until a saturation level is achieved. The water absorption of fibers
reaches rapidly about 100% for raw fibers and alkali-treated fibers and approximately 35% for boiled
fibers within a short amount of time. However, from the four-hour immersion, these curves rise
gradually to reach a constant value at the end of the process. From these observations, the water
absorption of fibers is considered as sufficiently stable at 48 h and the values obtained are 133%, 130%,
and 50% for raw, alkali-treated and boiled fibers, respectively. Fibers become fully saturated after the
two-day-immersion period.
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Figure 10. Water absorption of coconut fibers: (a) versus time; (b) logarithmic scale.

Considering the observation time, the water absorption of coconut fibers resembles a logarithmic
law as follows:

W(t) = Ky x log(t) + IRA ®)

where IRA is the initial rate of the absorption (after an immersion of 1 min) and K; corresponds to the
slope of the function W(t) exposed in logarithmic time. These values are listed in Table 2.

Table 2. Data results from water absorption test in logarithmic law.

Type of Fiber Initial Rate of Absorption IRAin %  The Slope of the Curve K;

RF 77.82 7.86
ATF 84.28 6.42
BF 31.67 2.21

One of the main reasons behind the change in absorption capacity of the fiber is hemicelluloses.
Another reason is the critical role of crystalline cellulose and lignin in the water absorption process.
Moisture causes the cell wall of lignocellulose fiber to swell until it reaches its saturation [49].

The water absorption of boiled fibers was observed to be half that of the raw and alkali-treated
fibers. It seems that alkaline treatment was less effective on the absorption capacity of fiber than
physical treatment. In addition, the alkali-treated fiber structure was observed to be denser after
treatment. The reduction in the absorption capacity of boiled fiber could be explained according to
Ferreira et al. [49]. After several wetting and drying cycles, boiling with the addition of water during
the boiling process, packing and a tightening of the fiber cell are increased. In addition, the lumen is
decreased due to the treatment process, which results in a reduction in the fiber’s water absorption
capacity. From the observation of cross-section of the coconut fiber (see Figure 8c) there is a lumen
in the middle and irregular multi-voids around, which indicates its higher water absorption than
some others.

Pretreatments could result in a surface morphology modification (such as surface geometry,
surface roughness, dirt removal) and microstructure change from pores to macro pores [50].
Rawangkul et al. [51] observed a reduction in the volume of the void by using Mercury Intrusion
Porosimetry (MIP) measurements on boiled coconut fibers. The total volume of mercury intruding up
to the maximum pressure was 4.16 and 2.52 cm3/g for 0.5 h boiled fiber and 1 h boiled fiber, respectively.
At the same time, they observed a reduction in the surface areas. The surface area of 0.5 h boiled
fiber was higher than that of 1 h boiled coir. In addition, the reduction in porosity can be qualitatively
observed by images given in Figure 8.
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Table 3 recaps the water absorption capacity of some plant fibers. The capacity of fiber to absorb
water diminishes the durability of fiber-reinforced composites. Water absorption results in volume
changes that can lead to the appearance of cracks in composites [52]. The water absorption capacity
is a crucial drawback of plant fibers for their application in construction materials. Limiting water
absorption is thus often desirable to enhance the durability of composites. Coating fibers to avoid
water absorption and alkaline environment was suggested by Pacheco-Torgal et al. [52] as a valuable
way to upgrade the durability of fiber-reinforced concrete.

Table 3. Water absorption capacity of some plant fibers from the literature.

Reference Type of Fiber Water Absorption in %

[29] Oil palm 54
[53] Flax 132
Present study Coconut 133
[54] Bamboo 145
[29] Bagasse 153
[49] Sisal 180
[55] Kenaf 307
[56] Corn cob 327

3.3. Thermal Conductivity

The thermal conductivities of fibers tested are given in Figure 11. It is clear from the figure that
there is no significant difference in thermal conductivities for the three kinds of fibers considered.
That means the treatment processes do not influence the thermal conductivity of fiber. The thermal
conductivities of fibers decreased from nearly 0.052 to approximately 0.024 W/m.K with the increase
in density from 30 to 120 kg/m3. Conductivities observed for each type of fiber are smaller than
0.1 W/m.K, and according to Asdrubali et al. [57], materials with a thermal conductivity lower than
0.1 W/m.K are considered as thermal insulators. Thus, coconut fiber is an excellent candidate for
building insulation materials.

0.05

—e—RF

' ATF
BF

\
s |

0.04

Thermal conductivity (W/m.K)

30 40 50 60 70 80 90 100 110 120
Density (kg/m?)

Figure 11. Relationship between thermal conductivity and density of coconut fibers.

Thermal conductivity depends on the component of fibers, as indicated in the study by
Guillou et al. [58]. Based on three main constituents of natural fibers (cellulose, hemicellulose and
lignin), they developed a model to predict the thermal conductivity of individual material with the value
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of 0.291 and 0.2668 W/m K for individual kenaf and hemp fiber, respectively. Also, thew heterogeneities
of the natural fibers induce difficulty in the measurement of the fibers’ thermal properties.

3.4. Mechanical Properties

Tensile strengths and tensile strains of single raw and treated fibers are given in Table 4. The results
indicate that the physical treatment decreased the tensile strength by approximately 17%, while the
chemical treatment decreased the tensile strength by 11% in comparison with raw fiber. It is evident
that the tensile strength of coconut fibers was deteriorated with boiled and alkali treatments. Raw fiber
is stronger and less brittle as compared to treated coconut fiber. A similar downward trend was also
observed when Gu [59] treated coconut fibers with the NaOH solution. The chemical treatment and
several wetting cycles in physical treatment provide more Na+ and OH- ions. These ions react with
the cellulose in the fiber. In addition, the several wetting cycles in the physical treatment method
result in the partial removal of lignin, pectin, and fatty acid, which is the detrimental factor to the
fiber strength. The cellulose in natural fiber is mainly responsible for the mechanical properties of the
fiber [60]. In order to compensate for the loss of strength of fibers, the use of resin can improve the
strength of composite-incorporating fibers [61].

Table 4. Tensile strengths and tensile strains of coconut fibers.

Type of Fiber Tensile Strength at Failure (MPa) Tensile Strain at Failure (%)

RF 123.6 £ 37.6 269+£99
ATF 111.2 £16.3 31.8 £10.6
BF 1059 +£10.3 40.7 £11.7

In contrast, an increase of 18% and 51% in the tensile strain at the failure was observed for
chemically and physically treated fibers, respectively. The treated fibers became ductile because of the
removal of the impurities [59].

Compared with other natural fibers, the coconut fiber has a significantly higher strain at failure.
Table 5 shows the tensile properties of different raw fibers in the present study and others in
previous works.

Table 5. Tensile properties of some plant fibers.

Reference Type of Fiber Tensile Strength at Failure (MPa) Tensile Strain (%)
Present study Coconut fiber 123.6 +37.6 269 +£9.9
[62] Jute fiber 393.0-773.0 1.1-1.5
[63] Sisal fiber 530.0-640.0 3.0-7.0
[53] Flax fiber 1254.0 + 456.0 +0.6

3.5. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) diagrams are presented
in Figure 12 and the results are summarized in Table 6.

It can be seen that the thermal behavior of coconut fiber is similar to that of other plant fibers,
such as sisal [64,65] or hemp [33]. Nearly the same trends were found among the pyrolysis behavior of
the three types of fibers.

There are four main stages of mass loss in the pyrolysis process. The first stage is in the temperature
range between ambient temperature and 140 °C. The fibers start their decomposition easily with the
mass loss of approximately 8% for treated fibers and 12% for fibers without treatment. This loss of
mass would correspond mainly to the dehydration of the fiber whose water content is approximately
7-10% and the removal of volatile compounds.
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Figure 12. Thermal gravimetric of fibers tested: (a) thermogravimetric analysis (TGA); (b) differential
thermal analysis (DTA).

Table 6. Thermal gravimetric data results of coconut fibers.

Transition Temperature

Type of Fiber Range (°C) Mass Loss (%) Residue Left at 900 °C (%)

20-140 12.39
140-390 44.40

RE 390-600 33.31 0.05
600-900 9.85
20-140 8.02
140-390 46.16

ATE 390-600 20.28 13.94
600-900 11.60
20-140 9.37
140-390 45.60

bE 390-600 2276 14.63

600-900 7.64
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The second stage of mass loss corresponds to hemicellulose degradation and occurs at 140 °C.
This phenomenon can be explained by the fact that hemicellulose contains a series of saccharides like
xylose, mannose, glucose, and galactose, which are very easy to remove and deteriorate to volatiles
evolving at low temperatures [66].

The next stage, which happens between 250 and 400 °C, corresponds to cellulose degradation.
Due to the firm and good order structure, the thermal stability of cellulose is higher.

Lignin is full of aromatic rings with various branches, which leads to its degradation occurring
at last and ends at 900 °C. At 900 °C, the residual masses for raw, alkali-treated, and boiled fiber, are
0.05%, 13.94%, and 14.64%, respectively. It can be concluded that the treatment application has a
significant effect on the thermal degradation behavior of coconut fibers. For natural coconut fiber,
there is a temperature range between 150 and 615 °C, where the loss is the most significant (from 10%
to 90%). In comparison, thermal diagrams of treated fibers have a higher temperature range than
that of raw fibers. Among the three types of fiber, alkali-treated fibers are the most difficult ones to
decompose even if the boiled fibers behave similarly. Its decomposition happens slowly under the
whole temperature range, i.e., from ambient temperature to 900 °C. For both types of treated fiber, the
mass loss rates are the highest, at about 350-400 °C, where the rate of boiled fiber peaks at 0.95 wt%j/°C
and that of alkali-treated and raw fiber are maximum at 0.75 wt%/°C. From the temperature of 400 °C,
the degradation process of three types of fiber continues slowly and gets a stable value at around
0.1 wt%j/°C. The small mass loss of cellulose and lignin under temperature development could be
correlated with a reduction in water absorption capacity of the treated fibers as well as an increase in
chemical stability that makes them less hydrophilic.

3.6. Chemical Durability

Figure 13 shows the mass retention of fibers immersed in different solutions. From the histograms,
the calcium hydroxide solution indicates a lower mass loss than the sodium hydroxide solution.
While the maximum weight loss is observed as approximately 37% for raw fiber in sodium hydroxide
solution after the immersion time of 90 days, this number is only around 25% for both other types.
This could be due to the presence of numerous pores, which allows the aqueous solution to permeate
into and break down the silicon linkage [38]. On the other hand, by virtue of the process of treatment,
the chemical degradation of the treated fiber is slower than that of the fiber without treatment.
The retentiveness of the mass of the fiber with treatment in sodium hydroxide solution NaOH at the
end of 90 days is approximately 75% in comparison to 63% for the raw fiber in the same immersion
situation. Similarly, the weight of the raw fiber decreases by 20% at the end of the calcium hydroxide
solution Ca(OH), immersion period. On the other hand, those of the treated fibers decrease only by
12%. This happens because pectin, ash and other impurities, which are easier to degrade than three
main components of fiber, had been removed due to the treatment process.

., 90days
L 30 days
% 20 days
v
£ 10days
5 days
B RF
T 90days ATF
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20 days
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5 days
- 1 I T T |
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Figure 13. Change of fiber mass in sodium solution or calcium hydroxide solution.
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4. Conclusions

The knowledge of the properties of coconut fiber is necessarily required to use it as reinforcement
in composite materials. Two treatment approaches were considered: physical and chemical methods.
The experimental results obtained put forward the following conclusion:

The treatment process removes a part of the fiber surface, resulting in a rougher fiber surface and
increased absolute density as well as the decreased diameter of fiber by roughly 10% and 30% for
alkaline and boiled treatment, respectively.

Water absorption capacities of alkali-treated and raw fiber were found to be almost the same, but
there was a remarkable reduction in water absorption capacity of boiled fiber.

The experiments to determine the thermal conductivity of the bundles of fiber have shown that
both treatment methods do not affect the thermal conductivity values. For all types of fiber, the thermal
conductivity was decreased from 0.052 to 0.024 W/m.K with the increase in density of the fiber bundles
from 30 to 120 kg/m3.

Both treatment processes decreased the tensile strength of the fiber. This happens due to a
reduction in lignin, pectin, fatty acid and cellulose due to the treatment process. By contrast, tensile
strains at failure of fibers were increased significantly by 18% and 51% after chemical and physical
treatment, respectively. This implies that the ductility of fibers has increased after treatment.

The same trend of thermal behavior of all the types of fibers was found in TGA and DTA tests.
However, the higher thermal stability of treated fibers was observed in comparison to raw fiber by
virtue of the partial removal of impurities. The residue of treated fibers left at 900 °C is higher than
that of raw fibers.

Similarly, higher chemical durability with the application of both treatments was explained by
exposing the fibers to the saturated solution of sodium hydroxide NaOH (10%) and calcium hydroxide
(Ca(OH),). The results indicate that the mass loss of raw fiber is 37% and 20% in sodium and calcium
hydroxide solution, respectively. Mass loss of treated fibers is roughly half as compared to raw fibers.
The higher percentage of hemicellulose, cellulose, and lignin in treated fibers is the reason for this
chemical durability.

A careful selection of fibers is a crucial task and required before using coconut fibers as well as
other natural fibers in reinforced composites. Different parameters need to be identified, such as the
origin and local and seasonal quality variations of the fibers in order to control the retting process,
defects, and homogenous batches of fiber.

Considering the circular economy, sustainable development and environmental aspects, a simple
method for coconut fibers preparation should be proposed, as illustrated in Figure 14. In the fiber
preparation process, the collection must be installed near the coconut fields or the coconut pulp industry
where raw coconut envelopes are collected. Husk retting and fibers extraction are processed using
water without chemical additives at the same place. The water used is filtered and impurities gathered
for biomass. Water is again reused for the retting process. Fibers are sun-dried and cut to the desired
lengths with a knife mill machine equipped with various sieve sizes. In this cutting operation, coarse
grains as chips are mixed with fibers that will be separated by means of an air jigging system. Finally,
fibers cut to length are bagged like coconut chips.
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Figure 14. Eco-friendly method of coconut fibers preparation.
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