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ABSTRACT

Recently, abaca fibers have become the focus of specialized research due to their intriguing characteristics, with
their outstanding mechanical properties being a particularly notable. In the conducted study, the abaca fibers
underwent a preliminary treatment process involving an alkaline solution, which was composed of 0.5% sodium
hydroxide (NaOH) and 50% acetic acid (CH;COOH). This process entailed immersing each fiber in the solution
for a period of one hour. This treatment led to a 52.36% reduction in lignin content compared to the levels before
treatment, resulting in a dramatic decrease in the full width at half maximum (FWHM) in the XRD spectra from
1.13 to 0.13. This change indicates that the fibers became more crystalline following the treatment. The abaca
fibers were also characterized using BET (Brunauer Emmett Teller) measurements, which revealed that the aver-
age pore length ranged from 33-49 nm and the surface area was between 13-28 m”g~". The morphology of the
abaca fiber after alkali an hydrolisis treatment (AFAH) appeared rougher and more uniform. DMA measurements
revealed a significant rise in the storage modulus of the single fiber post-treatment, with dependencies on both
frequency and temperature. AFAH exhibited an optimal absorption coefficient of a = 0.9 for frequencies above
2500 Hz. The combined effect of alkalization and hydrolyzation treatments, while resulting in an enhancement
in the mechanical properties of the fibers, also reduced high-intensity noise produced by sources such as machin-
ery, aircraft takeoffs and landings, etc., across a broader working frequency range.
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1 Introduction

High and intense noise can have a detrimental impact on both the environment and people’s quality of
life, and it must therefore be controlled [1-3]. Absorbers, which are porous materials, can control noise and
reduce echoes in indoor spaces. This capability arises from their ability to absorb sound energy waves and
convert them into heat energy [4,5]. Absorbers are typically made from natural minerals and synthetic fibers,
such as rockwool, glass wool, and foam materials. The Agency for Toxic Substances and Disease Registry
reported that exposure to rockwool and synthetic materials can cause acute irritation to the skin, eyes, and
respiratory tract and studies on the long-term negative effects of rockwool are still being conducted
frequently [6—8]. The eco-friendliness and effectiveness in the sustainability of natural fibers contribute to
their preference for high-quality and environmentally conscious sound absorption. There is a broad range
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of research focused on the use of natural fibers as sound absorbing materials. For instance, coir fiber has an
absorption coefficient (o) of 0.84 at 500 Hz [9]; sugarcane bagasse has an o of 0.75 at frequencies ranging
from 500 to 4000 Hz [10]; banana pseudostem fiber has an a of 0.89 at 6300 Hz [11]; areca nut leaf has a
Noise Reduction Coefficient (NRC) of 0.74 [12]; kapok and coir fiber [13]; nettle fibers have an NRC of up to
0.72 [14]. Unfortunately, these natural fibers lack mechanical properties. Abaca fiber, which has high
mechanical properties [15—18], is one example of a natural fiber. Research on abaca fiber as an
application in acoustics is a relatively new field of interest, exploring this natural fiber as a sustainable
and environmentally friendly alternative for acoustic materials.

Abaca (Musa Textilis Nee) is a unique natural fiber produced from the stem of the plant, as shown in
Fig. 1. This plant is exclusively grown in tropical areas, like the Philippines. This plant is exclusively
grown in tropical areas, like the Philippines, Ecuador in South America, and some Southeast Asian
countries like Indonesia [19]. According to the Food and Agriculture Organization of the United Nations
(FAO, 2018) [20], the Philippines leads abaca production with 60%, followed by Ecuador with 35%, while
Costa Rica and Indonesia each supply 1%, contributing about 570—600 tons annually. Research on abaca is
currently evolving. The chemical components of abaca fiber include cellulose (56%—66%), hemicellulose
(20%25%), and lignin (7%—13%) [21,22]. The mechanical propertics of abaca fibers are impressive,
featuring a tensile strength of 400-980 MPa, an elasticity modulus of 6.2-20 GPa, and an elongation of
1%—-10% [22-25]. Cellulose, a natural organic polymer, exhibits the most crystalline structure among these
components, which leads to the enhanced mechanical characteristics of abaca fibers [21,22,26].

Figure 1: Manufacture of abaca fiber (a) Abaca tree (b) Stem and (c) Abaca fiber

The enhancement of the mechanical properties of natural fibers through alkali processing [26—30] has
been conducted on abaca fibers. Alkali treatment assists not only in removing impurities from the fibers
but also in reducing the content of lignin and hemicellulose [25,31-34]. The decrease in lignin and an
increase in cellulose can enhance tensile strength, Young’s modulus, and flexural strength [28,33]. By
eliminating oil, wax, and other contaminants, the surface of the fibers undergoes a transformation to a
rougher and more uniform [29,32], which increases surface roughness and facilitates the formation of
physical interlocking between the fibers and the matrix. This process enhances the mechanical strength of
the composite [35-38]. It substantially enhances the compatibility of the fibers with the polymer matrix in
the composite, making them more effective for use in a wide range of applications, from technical textiles
to automotive and construction components. Proper treatment of abaca fibers results in good fiber
strength and flexibility, allowing and the material to be used for bulletproof vests alongside Kevlar
[39-42]. Based on previous research, Abaca fibers are natural fibers with high mechanical properties that



JRM, 2024, vol.12, no.5 911

serve as reinforcements in composite materials. This highlights the interest in conducting further research on
the application of treatments and the composition of composite materials to maximize the performance of
abaca fibers.

The purpose of this paper is to further explore further the additional uses of abaca fibers. The abaca fibers
to be characterized will undergo preliminary treatment, involving alkali addition and acid hydrolysis,
specifically using 0.5% wt NaOH and 50% CH;COOH, in reference to prior research [15]. This study
will report on the characterization of both treated an untreated abaca fibers, encompassing their
morphology, structure, physical and chemical properties, surface area analysis, and mechanical
characteristics. Furthermore, this research will assess the acoustic properties of abaca fibers, an aspect that
is particularly innovative, as research on the acoustic properties of abaca fibers is rare and has not been
extensively explored. The acoustic properties will be evaluated in accordance with ASTM E1050-12 and
ISO 10534-2 standards using an impedance tube to determine their sound absorption capabilities.
Hopefully, abaca fibers can be viably applied as sound absorbers according to its high mechanical properties.

2 Materials and Characterization Methods

2.1 Materials

The abaca fibers utilized in this research originated from Medan, Indonesia. The process of producing
market-ready abaca fibers is depicted in Fig. lc. The initial step in processing abaca fibers involved drying
them in an oven at temperatures ranging from 100°C—150°C for 0.5—1 h to reduce moisture content. The next
step was the application of a 0.5% NaOH alkali treatment, immersing the fibers for one hour [31], followed
by thorough washing with running water. The final step involved a 50% CH3COOH hydrolysis treatment for
1 h [32,43], as depicted in Fig. 2, after which the fibers were again washed clean with running water. Both
treatments aimed to reduce the lignin content with the objective of improving the mechanical properties of
the abaca fibers. The stages of the alkalization and hydrolyzation process are shown in Fig. 2.

Untreated

treated
Immersing 1 hour

In 0,5% NaOH

treated
Immersing 1 hour

in 0,5% NaOH + 50%
CH3;COOH

Figure 2: Alkalization and hydrolyzation process

Each fiber was then dried in an oven at temperatures ranging from 100°C-150°C for 1-2 h until no
further shrinkage occurred. To simplify sample identification, we categorized the fibers into three types:
untreated abaca fiber (AFUT), alkali-treated (AFTA) and alkali and hydrolysis-treated (AFAH) fibers.
Each type of fiber was then stored in an airtight container with silica gel to prevent environmental effects.
Subsequently, these fibers were further characterized as described in Section 2.2.

2.2 Characterization
The XRD (Philips XPERT-PRO) was utilized to characterize fibers (AFUT, AFTA, and AFAH) using
Cu-Ka specifications (40 kV and 30 mA) in the 260 between 10° to 30°. The gravimetric method was
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utilized to measure the content of lignin, cellulose, and hemicellulose components in each fiber. A densimeter
(BK-DME300D) was used to obtain the fiber density value. The specific surface area and pore size
distribution of the fiber were examined using BET (Brunaur, Emmett, and Teller) analysis, while the
SEM (Scanning FElectron Microscope) of the Phenom Pro X was used to identify the geometry and
dimensions of the fibers. Furthermore, the DMA (Dynamic Mechanical Analyzer) was implemented for
the assessment of mechanical characteristics, including the storage modulus, as a function of temperature
and frequency within the fibers. The sound-absorbing qualities of the fibers, exemplified by the sound
absorption coefficient, were determined through the use of an impedance tube (ASTM E-1050, B&K
4206 type 03008) within a frequency span of 500 to 6000 Hz.

The test samples were adjusted according to the type of fiber characterization required. For XRD, BET,
and Gravimetric characterizations, the fibers were cut into small pieces resembling powder. Meanwhile, for
DMA testing, single fibers of 20-30 mm in length were used. In the absorption coefficient tests for each type
of fiber (AFUT, AFTA, and AFAH), the samples had identical dimensions with a thickness of 20 mm, a mass
of 7.61 g, and a diameter of 30 mm.

3 Results and Discussion

3.1 Structure and Morphology

The main chemical components of abaca fibers are cellulose, hemicellulose, and lignin [25,31,32,34,44].
The effects of alkalization and hydrolyzation treatments impact the fiber’s chemical components, which can
be identified through gravimetric analytical chemistry testing methods. The results of these measurements,
including the content of cellulose, hemicellulose, and lignin, are presented in Table 1.

Table 1: The properties of the fibers

No. Fiber Diameter Cellulose Hemicellulose Lignin Surface Average Reference

(um) (%) (%) (%) area pore size
(m>g ) (nm)

1 Coir 32-43.8 0.15-20 40-45 [45,46]

2 Banana 63.9 1.3 18.6 - - [47,48]

3 Abaca 5666 20-30 7-13 - — [21,22,49,50-52]
4  AFUT 230 72.25 8.56 8.69  28.63 4,940 -

5 AFTA 210 73.23 9.06 9.63 16.98 1,960 -

6 AFAH 180 71.91 14.05 4.14  13.72 3,320 —

Alkali treatment has an effect on increasing the chemical content of cellulose, hemicellulose, and lignin.
This increase is attributed to the removal of impurities (pectin, fats, proteins) in the fiber as a result of the
alkali treatment [31,34,44]. This is also evident from the reduction in the diameter of AFTA and the
decrease in surface area. However, a more significant change occurs when acid hydrolysis treatment is
applied; the lignin content decreases from 9.63% to 4.14%. Acid hydrolysis can break down ether bonds
and other chemical bonds in the structure of lignin, leading to its degradation and dissolution [53-55].
Higher cellulose components (>70%) and the reduction in lignin content contribute to the enhancement of
the mechanical characteristics of the fibers [32]. Therefore, based on several previous studies, abaca is
considered a good composite reinforcement [24,25].

Table 1 displays the effects of alkalization and hydrolysis treatments on the surface area, pore volume,
and pore size. Based on these measurements, the surface area values of AFUT, AFTA, and AFAH decreased
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to 28.629, 16.983, and 13.721 m?g ', respectively. Such a decrease in the surface area of the fibers indicates
the loss of chemical components, such as impurities including pectin, protein, and lignin [56,57]. In this
section, gravimetric measurements confirmed the reduction in lignin content.

XRD characterization was utilized to determine the level of crystallization of fibers before and after
alkalization and acetic acid hydrolyzation treatment. Fig. 3 shows that the three fibers (AFAH, AFTA,
and AFUT) exhibit there 26 peaks at 15°, 22.5°, and 35.5°, with respective Miller indexes of [1 1 0], [0 O
2], and [0 0 4]. The XRD pattern results obtained from this study are consistent with the XRD pattern of
cellulose [52]. This aligns with previous gravimetric testing results, indicating that the main content of
abaca fibers (over 70%) is cellulose.
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Figure 3: The degree of crystallization the three fibers (AFAH, AFTA, and AFUT)

The FWHM (Full Width at Half Maximum) value can be obtained by analyzing XRD characterization
and is inversely proportional to crystal size. The narrower the FWHM, the higher the level of crystallization;
this is in accordance with the Debye-Scherrer equation [58], resulting in values of 1.1364, 1.0361, and
0.1337, respectively, for AFUT, AFTA, and AFAH fibers. This indicates that the mechanical properties of
the fibers are enhanced through alkalization and hydrolysis treatments. A significant decrease in FWHM
in AFAH, showing a reduction of 88% from 1.0361 to 0.1337, demonstrates that alkalization and
hydrolyzation treatments increase the crystallization level, which is associated with the improvement of
mechanical properties [22,59-61].

The surface morphology of AFUT, AFTA, and AFAH, as revealed in Fig. 4, indicates fiber erosion.
Characterization using SEM demonstrates that alkali treatment successfully reduces contaminants. This is
evident in Fig. 4a, where AFUT has a larger diameter (230 pm) and displays a shiny white color,
indicating the presence of contaminants and lignin [25]. In Fig. 4b, it is observed that the contaminants
have disappeared, which corresponds with the reduction in fiber diameter to 210 pm and is accompanied
by an increase in the content of cellulose, hemicellulose, and lignin as explained in the previous
subsection. Acid hydrolysis treatment on AFAH fibers results in a rougher and more uniform fiber surface
[29,32,55,62,63]. This increased roughness is advantageous as it helps to form an interlock between the
fibers and the matrix, thereby enhancing the mechanical strength of the composite material [25,34-36].
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Figure 4: SEM micrographs of Abaca fibers (a) AFUT, (b) AFTA, (c) AFAH

3.2 Mechanical Properties of Fibers

Abaca fibers have been scientifically proven to possess high mechanical properties [22—24]. These fibers
can be applied as reinforcements in polymer matrices [17,32,52,64]. Table 2 shows that the effects of alkali
treatment and acid hydrolysis advancement the mechanical properties of AFAH fibers, with a significant rise
in tensile strength by 250%, and a rise in Young’s Modulus by 212% [15]. This improvement is due to the
reduction in lignin content in AFAH, which in turn increases the hemicellulose content. According to XRD
characterization, this treatment results in a rise in the crystallinity of the fibers.

Table 2: Mechanical properties

No. Fiber Tensile strength Young’s modulus Elongation Diameter Density Reference
(MPa) (GPa) (%) wm)  (gem)
1 Coir 95-230 2.8-6 15-51.4 10-460 1.15-1.46  [45,65,60]
Banana 355-754 7.7-33.8 1-12 0.75-0.95  [47,48,67]
3 Abaca 400-980 6.2-20 1-10 114-265 1.5 [22-24]
[49,50,52]
AFUT 437.19 18.51 2.76 230 0.79-0.80  [15]
5 AFTA 236.24 12.58 2.30 210 0.82-0.84  [15]
AFAH 1106.79 39.37 3.24 180 0.77-0.65  [15]

The storage modulus (E’) of AFAH fibers significantly increases at temperatures above 35°C. As the
temperature escalates, E’ correspondingly ascends as shown in Fig. 5a. This trend in the storage modulus
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curve resembles the heat capacity of solids and the mechanical energy in crystal lattice vibrations, which
correlate with quantized mechanical energy in the form of phonons [68]. This indicates that E' increases
with temperature due to the presence of phonons, with higher temperatures leading to more quantized
phonons. The E’ trends for AFUT, AFTA, and AFAH fibers suggest that the number of phonons reaches
a saturation point at specific temperatures: 64°C, 70°C, and 90°C, respectively. Specifically for AFAH, E’
continues to rise with temperature and remains constant at 90°C, reaching a value of 4.45 x 10* MPa.
This increase is attributed to the shedding of lignin, as indicated by a reduction in lignin content and
increased in crystallinity confirmed by XRD characterization. The crystalline nature of the fibers makes
them more rigid, with a higher E’ value reflecting greater rigidity and load-bearing capacity [69].
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Figure 5: Storage modulus (E) and damping factor (tan J) from abaca fibers [AFUT, AFTA & AFAH] as
function of (a) Storage modulus in relation to temperature (b) Storage modulus in relation to frequency
(c) Damping Factor in relation to temperature (d) Damping factor in relation to Frequency

The storage modulus of AFAH fibers appears to increase, as depicted in Fig. 5b, and this increase is
referred to as the phenomenon of strain hardening [70]. This phenomenon is made possible by structural
changes at the atomic level, specifically involving dislocations, which are imperfections in the crystal
structure. The accumulation of these dislocations impedes their movement, thereby enhancing the strength
and hardness of AFAH fibers. Consequently, the fibers become more resistant to deformation. It is also
evident that AFAH fibers exhibit a higher degree of crystallinity compared to the other fibers. Resonant
peaks are observed in AFAH fibers after undergoing alkalization and hydrolysis treatment; these peaks
are produced due to the presence of voids and pores within the fibers. Furthermore, a smaller number of
such peaks indicates higher elasticity and greater load-bearing capacity [50,69]. Fig. 5b demonstrates that
the storage modulus in AFAH displays more resonant peaks, signifying that the fibers still retain some
pores after treatment, as most of the lignin on the fiber surface is lost. This finding aligns with BET
testing results, which reveal that the pore size in AFAH fibers increases due to the erosion of lignin levels.

The damping factor values for AFTA and AFAH fibers are observed to decrease, whereas for AFUT
fibers, they increase Fig. 5c. The damping factor is indicative of the ratio between the loss modulus and
the storage modulus, indicating how efficiently a material converts mechanical energy into heat energy.
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AFUT fibers exhibit greater energy absorption due to their high lignin content. A higher lignin content
indicates a complex polymer that causes stiffness and resistance to biological attacks on the fibers. In
DMA testing, lignin displays unique damping characteristics due to its complex and heterogeneous
structure. Lignin tends to have a higher damping factor value at low temperatures compared to cellulose
and hemicellulose, owing to its more aromatic and rigid nature. This parameter provides crucial role for
determining the acoustic performance of fibers, characterized by their ability to absorb sound energy.
Fibers absorb more energy when the damping factor value is greater than one [71]. Fig. 5d shows that the
tan & of AFAH and AFUT fibers is greater than one at several frequency peaks, leading to the conclusion
that all fibers have good potential as sound energy-absorbing materials [72]. The damping factor
stabilizes upon the temperature reaching 70°C, due to increased molecular mobility and more systematic
movement. Conversely, at lower temperatures, the volume of intermolecular space within the fibers is
greater, leading to reduced speed of molecular movement.

3.3 Acoustic Properties of Fibers

The challenge of using natural fibers as sound absorbers lies in their organic nature, which tends to be
less durable compared to synthetic fibers and also possesses lower mechanical properties. Alkali processing
and acid hydrolysis have been found to improve the mechanical properties of these fibers. According to the
characterization conducted, such treatments lead to physical and chemical changes in the fibers, including
alterations in pore size, surface area, density, fiber diameter, surface roughness, and fiber stiffness, as
shown in Table 1.

This research exhibits an initial characterization of the sound absorption capabilities of abaca fibers
before and after treatment. The samples used in this study, namely AFUT, AFTA, and AFAH, were
chosen due to the effect of the treatment and have the same mass, thickness, and fiber diameter. The
amount and size of the pores affect the sound energy within the fibers, and sound absorption decreases if
the pores are fewer and smaller. Porous materials exhibit an optimal absorption coefficient at high
frequencies [73-75]. Fig. 6 shows that the fibers (AFUT and AFTA) exhibit the same trend curve, which
is optimal at the frequency range of 2000-3500 Hz with near-perfect absorption. This indicates that the
alkali treatment could not impact the performance of pure abaca fibers (AFUT). However, for AFAH, the
frequency range for sound absorption shifts to the right and has a wider range compared to the other
fibers (AFUT and AFTA), namely 3400-6400 Hz. This correlates with a significant decrease in lignin
content. The significant reduction in lignin makes the fibers stiffer. Furthermore, it can be stated that the
stiffness of the fibers affects the absorption coefficient at high frequencies.
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When compared to coir fiber, as indicated by the magenta curve, it is evident that coir exhibits a trend
curve similar to that of abaca fibers (AFUT, AFTA, and AFAH), but its capability is still lower than that of
abaca fibers [76]. Meanwhile, banana fiber, represented by the green curve, optimally absorbs sound at a
frequency of 6000 Hz with a coefficient a = 0.8 [11]. Below 6000 Hz, the sound absorption coefficient
decreases as the frequency decreases. Based on this research, AFAH fiber surpasses both coir and banana
fibers in sound absorption. In addition to its capability to absorb sound energy, its effective frequency
range is broader (20006000 Hz), which falls within the human hearing sensitivity range and matches the
noise frequencies of factory machines and airplanes during takeoff and landing. Therefore, these fibers
can be integrated with sound barrier materials and construction techniques to minimize sound
transmission, serving as a method for reducing machine noise and decreasing the risk of damage to the
organ of Corti [77,78].

4 Conclusion

Improvements in the mechanical and acoustic properties of abaca fibers were achieved through alkali
treatment and acid hydrolysis. The impact of alkali processing on mechanical properties showed
improvement, as indicated by the decrease in the FWHM value, suggesting that AFTA is more crystalline
compared to the untreated AFUT. This was also evident in the increase in storage modulus, which varied
with changes in temperature and frequency. This improvement is supported by structural and
morphological changes, including a reduction in diameter caused by the removal of impurities, and a rise
in the chemical content of AFTA, including cellulose, hemicellulose, and lignin. However, the acoustic
properties of AFTA did not show significant changes.

The hydrolysis treatment significantly altered the mechanical properties. The hydrolyzed AFAH fibers
were more crystalline, evidenced by an 88% reduction in FWHM value compared to AFUT. This was also
observed in DMA testing, where AFAH showed a significant increase in storage modulus in response to both
temperature and frequency. This increase occurred because the acid hydrolysis treatment reduced the lignin
content by 57% compared to AFTA. The reduction in lignin made AFAH stiffer than both AFTA and AFUT,
leading to minor changes in acoustic characterization, including a shift in the curve and a wider frequency
bandwidth at high frequencies. The stiffness of the fibers caused AFAH to tend towards higher sound
absorption, with the abaca fibers (AFUT, AFTA, and AFAH) achieving a of up to 0.9 at frequencies
ranging from 2500 to 5500 Hz.
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