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embedded kenaf fiber as a natural material with different of fire-
retardant loading content towards the fire resistance properties and

Keywords acoustical performance for insulator application in future building
Fire-retardant, ratio, kenaf fiber, fire  component. Based on the study conducted toward the prepared size
resistance properties, acoustical 200 mm x 2000 mm x 40 mm of fixed kenaf composition with various
performance fire retardant by 5 wt. % and increasing gradually to 25 wt. %, this

study found that the highest value of thermal conductivity which is
0.4472 W/mK and temperature different of 240 °C for S1. Also, this
study found the higher percentage of non-burn fiber which is 98.103 %
for S6 and the highest peak of 0.9104 coefficient at 1259 Hz and at 1600
Hz with coefficient of 0.9091 for S3. This study showed that kenaf fiber
embedded with different of fire-retardant loading content have a
potential to replace the current insulator used in industry.

1. Introduction

The use of natural materials has become increasingly important since the growing need to conserve energy,
particularly green building materials made from renewable resources. The natural fibre is one the natural
materials that Fiore et al. [1] classified into three types, which are vegetable, mineral and protein fibre. For
vegetable type, it can be obtained from plants which are the seed, stem, leaves and fruit. While for protein type, it
can be obtained from animal which are the hair, fur and secretions. Therefore, the use and developments of natural
material such as from natural fiber are an important for sustainable green buildings since the materials itself from
renewable sources. Florea and Manea [2] mentioned that natural fibers are qualified because it has a low impact
on the environment thus achieving the lowest impact and if possible positive on human life.

An acceptable mechanical property, Takagi [3] stated natural fiber-reinforced polymers composites have
many unique functional properties, such as thermal insulation, biodegradability, and vibration damping capacity.
Here, it concerns also to the functionalities of natural plant fibres are derived from both chemical and
microstructural characteristics where for used as reinforcement must be carefully chosen in order to achieve
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acceptable functional results. The natural fiber has been proved to be the best material for thermal insulation as
it bearing advantages includes low density, high strength and resistance to breakage during processing [4]. The
study also highlights that natural fiber has a low energy content and recyclability and has been used in
transportation, building and construction industries. However, natural fiber can withstand the heat at a
temperature of less than 750 °C [5]. To thermal conductivity and thermal resistance of natural fibre composites,
Muthukumar et al. [6] have investigated the analysis to fibers of banana, pineapple, and jute. In their study was
found that by combining natural fibres has a significant impact on thermal properties such as thermal resistance
and thermal conductivity in this study. Also, Zach et al. [7] added that the natural fibre has a lot of attention as an
insulation material, especially in the construction and reconstruction of existing buildings to implement effective
energy-saving measures. Here, Bozsaky [8] underlined that because heating our building consumes 30 % of total
energy consumption, reducing energy consumption therefore become a priority for engineers. He asserted that
the thermal conductivity of some thermal insulation based natural fiber such as bamboo fiber has the highest
thermal conductivity which is 0.080 to 0.340 W/mK followed by coconut fiber 0.040 to 0.050 W/mK, palm fiber
0of 0.041 W/mK. The facts, there are some negative characteristics of material based on natural fiber where it has
high wettability [9], high water absorption [10] and poor response to fire [11].

Kenaf or Hibiscus Cannabinus L., is an economically viable and environmentally friendly alternative fibre crop.
Recently, Chu et al. [12] state it also a fast-growing dicotyledonous fibre plant from the Malvaceae family native
to India and Africa. According to Giwa Ibrahim [13], kenaf is a composed of multiple useful components such as
stalks, leaves and seed. Kenaf fiber is a fibrous plant which include in the group of natural fiber. Mahjoub et al.
[14] state that kenaf fibre is produced from the bast of kenaf plant. They also found that kenaf fibre is consists of
cellulose 56 to 64 wt. %, hemicellulose 21 to 35 wt. %, lignin 8 to 14 wt % and small amounts of extractives and
ash. In 2018, Hanan et al. state mentioned in Malaysia, kenaf fibre is considered as an industrial crop. This is due
to the fact that kenaf fibre has aided in the growth of environmentally sustainable manufacturing alternatives for
the automobile, food packaging, pulp and paper, furniture and sporting goods industries. A study by Elfaleh et al.
[15] highlight that because of its lightweight, biodegradability, low cost and good mechanical properties, as well
as good thermal stability and solid fiber-matrix adhesion, kenaf fibre was used as a reinforcement for composites.
The above finding is consistent with the study by Dinesh et al. [16]. They also stated that kenaf fibre has a lot of
potential for use as an automotive and construction material because of its long fibres derived from the bast, which
is the outer fibrous bark and makes it qualified to replace synthetic fibre specially glass fibres in reinforcement of
composite.

In this study, the kenaf plant was chosen because of its rapid growth and relatively easy to find in Malaysia
[17], although kenaf plantations in Malaysia are practically face a number of challenges, including a scarcity of
skilled workers and a low profit margin as a function of land area. The researcher stated that woven kenaf has
been used in automotive structural components because of its high impact resistance. Yusuff and Sarifuddin [18]
added that kenaf fibre is one of the most widely used agricultural fibres as a reinforcement in polymer composites,
resulting in kenaf reinforced polymer matrix composites. However, due to their excellent properties such as
durability and high mechanical strength, they stated that synthesis fibres such as carbon and glass have become
widely used in a variety of applications around the world. This have contributed to the escalating global solid
waste issues, with plastic materials accounting for a significant portion of the increase, beside open- burning,
unregulated dumping, and landfilling as the most common methods of disposing of these wastes, particularly in
developing economies [19].

Ashori [20] investigated chemical (organic and inorganic) and morphological characteristics of kenaf
fractions (bast, core, and whole stem) due their weakness in terms of moisture resistance, which leads to high
water absorption, alkaline treatment has been used with sodium hydroxide (NaOH) solutions to mercerize the
fiber's hydrophilic effect [21]. Saba [22] however stated that not many published Malaysian kenaf research and
its international accessibility. Naik et al. [23] in their study highlighted the hydrolysis, oxidation, dehydration,
depolymerization, decarboxylation, and recrystallization of kenaf fibre causing the cellulose in the fibre to degrade
and lose its mechanical properties. Though studies conducted on the general properties of the kenaf fibre have
been carried out, but few look at how to improve the fiber's durability and mechanical strength.

This study is therefore conducted to observe and identify the problem occurred in the development of kenaf
fiber as the base material for application, especially for thermal insulation application used in industry. Therefore,
to maintain the quality of kenaf fibre and increasingly demand for it as a green material, effective solutions must
be found. Particularly, the utility of natural fibre in insulation applications since there no study available related
to the potential of kenaf fibre embedded with a fire retardant for use as a heat and fire insulator.

2. Methodology

In this research, Kenaf fibers were purchased from Lembaga Kenaf dan Tembakau Negara (LKTN), Malaysia.
The kenaf fiber as shown in Fig. 1(a). In the study, the properties of kenaf fiber were observed, where at the density
of 1.4 kg/m3, kenaf fiber has the strength of 284 to 800 N/m?2, modulus elasticity of 21 to 60 GPa and elongation
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at break of 1.6 %. The kenaf fiber are soaked into the fire-retardant liquid. This process will take around 24 hours
for the kenaf fiber to absorb the fire retardant. Fig. 1 (b) and (c) shows the type of fire retardant that used which
is antimony fire retardant and Saytex 8010 flame retardant. Saytex 8010 flame retardant is a non-diphenyl oxide-
based product containing a high level of aromatic bromine. This type of flame retardant can be used in a wide
range of high-performance application and has very good thermal stability. However, although antimony trioxide
is not a flame retardant by itself but when it is combined with halogens such as bromine in polymers, the resulting
mixture suppresses, reduces, and delays the spread of flames.

This study uses a constant amount of kenaf fiber but different composition (loading) of fire retardant where
the performance of each design sample will be compared. In order to produce the highest quality prototype, the
fire-retardant composition plays an important role in improving the performance of sample as insulator. Table 1
shows different design of sample due to the different composition ratio of fire retardant.

(b) | ©

Fig. 1 Main raw materials (a) Kenaf fiber; (b) Antimony fire retardant; (c) Saytex 8010 flame retardant

Table 1 Sample’s name and code

Designation Fire retardant (wt. %)
S1 0
S2 5
S3 10
S4 15
S5 20
S6 25
S7 Synthetic/ market product

There are three testing methods are used, which are thermal test, fire test and acoustic test according to ASTM
C177, ASTM E84 and ASTM E1050-09 respectively. A guarded hot plate method will be used for the thermal test
while fire test will use fire torch and acoustic test will use the impedance tube testing method. The thermal test
according to ASTM C177 is used to obtain the thermal conductivity of the sample which is the ability of the sample
to conduct heat and heat flow of the sample at a maximum temperature of 250 °C. The sample was test about 1
hour with the temperature of 250 °C. The target is to make sure the outer part of the sample is saved to be touched.
The working principle of guarded hot plate is first, the sample is placed between two plates. One plate is heated
and the other is cooled. The temperature of the plates is monitored using thermocouple until they are constant.
An illustration of guarded hot plate is shown in Fig. 2 (a). In addition, the testing was conducted accordance to
ASTM C177 Standard test method for steady-state heat flux measurement and thermal transmission properties
through the guarded hot plate apparatus. The sample is placed in the middle of the plate then followed by a layer
of fiber glass with thickness of 1 mm on the bottom part of the sample. The thermocouple was used to measure
temperature on each side of the plate. Currently, glass wool is one of the popular materials used as the thermal
insulator used to insulate high temperature application. Glass wool was used as a benchmark in order to make a
comparison. All physical aspect was considered and take note especially the dimension, thickness, mass and
temperature used to determine the thermal conductivity and heat flow of the layout.

Fire testing used fire torch as the fire supply to be shoot on the surface of the sample. The purpose of this
testing is to investigate the reaction of the sample direct toward fire spearing, smoke producing or any related fire
effected to fiber. This testing was conducted according to the standard ASTM E84 where this is the standard test
method for assessing the surface burning characteristics of building products. Then, the purpose of this test is to
investigate how a flame spreads across a sample in order to determine the material’s relative burning behaviour.
The duration for this testing is 30 minutes. Then, the distance between sample and the fire torch is 10 cm.
Therefore, the evaluation will be the sample reacts to the fire. Fig. 2 (b) shows testing setup for the fire test.
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(a)
Fig. 2 Schematic testing; (a) Guarded hot plate; (b) Fire test

Sound absorption coefficient was determined using an impedance tube method, and the results show that as
fibre content increases, so does the sound absorption coefficient, especially at higher concentrations. In this study,
the impedance tube method is used to obtain a sound absorption coefficient (a) based on standard ASTM E1050-
09. The sample thickness in the impedance tube is 34.5 mm. Moreover, the frequency range used for impedance
tube testing is from 1 Hz to 5000 Hz. Fig.3 shows the apparatus of for the testing. First of all, the first step is to
calibrate the impedance tube testing. This step is important to ensure that the device works properly and prevents
errors during the testing. The sample with diameter of 34.5 mm and thickness of 40 mm is illustrated in Fig.3 (c)
and Fig.3 (b) shows the schematic of impedance tube testing.

N[lcl})phones 34.5 mm
Termination

| 40 mm

Loudspeaker Sample

(b)

Fig. 3 Impedance tube testing; (a) Actual testing equipment; (b) Schematic; (c) Sample dimension

3. Results and Discussion

3.1 Characteristic of Kenaf Fiber at Different Ratios of Fire Retardant

Fig.4 (a) shows how kenaf fibre was cut into lengths ranging from 5 to 10 millimeters. The thermal properties of
the materials are affected by the length of kenaf fibre used as reinforcement. The ideal length is 5mm, which
increases the thermal conductivity of the sample. The thermal conductivity of a fibre decreases as its length
Increases [24]. Fig.4 depicts the state of the sample before (a) and after (b) the mixing process. The physical
properties of kenaf fibre are altered when a fire retardant is added, as shown in the figure.

(@) (b)

Fig. 4 Kenaf fiber condition; (a) Length range; (b) Before mixing; (c) After mixing
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Table 2 show the distribution of density for each sample. This value is directly reflected to loading content of
fire-retardant. This content of fire retardant not influenced the mechanical properties, but for sure this will be
influenced other properties such as fire resistance, acoustical performance and vibration.

Table 2 Average density value

Designation Density (kg/m3)
S1 113.958
S2 114.667
S3 1.222
S4 143.167
S5 168.333
S6 2.834

3.2 Performance of Thermal Properties in Kenaf Fiber

Thermal testing was carried out in this study using a steady-state heat flux measurement and a thermal
transmission properties test method. The apparatus used was a guarded hot plate, which was tested according to
the ASTM C177 standard to determine the sample's thermal conductivity. The thermocouple was another device
used. This device's purpose is to measure the temperature on both sides of the plate. After that, the thermal
conductivity was determined. At a temperature of 250 °C, the sample will be tested for 1 hour. The goal of this
experiment is to see how well the sample can absorb heat. As a result, the testing's impact is examined and
discussed in this topic. All of the samples were tested, and the average of the results was compared to the current
heat and fire insulators in use in the industry.

The sequence of study to further discuss is thermal conductivity and the heat flow of sample under high
temperature heat. Theoretically heat is transferred optimally when go through a solid body while the heat will
disperse when there is pore along the pathway of the heat. The average of thermal conductivity and temperature
different of all samples is shown in Fig.5. The thermal conductivity of current insulator sample S7 is 0.3934 W/mK
with temperature different of 223.333 °C which is the current industry sample. The highest goes to sample S1 with
thermal conductivity of 0.4472 W/mK and temperature different 240°C. Sample S1 is made from 100 % pure kenaf
fiber and totally natural fiber. Then, the second highest is belong to sample S2 with value thermal conductivity of
0.4360 W/mK with temperature different of 236.667°C. Sample S3, sample S4 was at the forth and fifth place as
the highest thermal conductivity with value of 0.3880 W/mK and 0.3606 W/mK and also temperature different of
221.667 °C and 212.333°C respectively. Next is sample S5 with thermal conductivity of 0.3286 W/mK and
temperature different of 200.667 °C. Sample S6 possess the lowest thermal conductivity which is 0.3137W/mK.
Therefore, the best composition ratios with the optimum performance of thermal conductivity goes to sample S1
with an optimum average of thermal conductivity and different temperature which is 0.4472 W/mK and 240 °C
respectively.

e ‘w 0.388 0.2934 250 | 240 236.667

£ M 2200 g § % 221'."\6‘6? 22333 0667 22233

% 0.35 0.3286 0.2137 E 200 - % % % % % 19? %

E o % 100 - \

g o1 « N § Y Y N \

50.05 § § § § § § \§

5 ., N N N N N N
s1 52 53 54 55 56 57 51 52 53 54 s5 56 57

(@) (b)

Fig. 5 Average value of (a) Thermal conductivity; (b) Temperature different
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3.3 Performance of Fire Reaction Towards the Kenaf Fiber

This testing was carried out in accordance with ASTM E84, which is the industry standard test method for
determining the surface burning characteristics of building materials. The reaction of the sample to the fire source
will be observed for this testing to see if it burns or just produces smoke and a change in colour, which is black
colour. The burn fibre will be separated from the non-burn fibre at the end of the testing. The weight of both
burned and non-burned fibre was then calculated. Weighing the sample's burned fibre yielded the percentage of
burned fibre in the sample. The different fire-retardant ratios in the kenaf fibre have an impact on the sample's
fire reaction. Fig.6 show sample after 30 minutes exposed to direct fire test, from these six images are clearly
shown that more fire retardant uses it become more fire resistance.

(d) (e) )
Fig. 6 After 30 minutes burning (a) S1; (b) S2; (c) S3; (d) S4; (e) S5; (f) S6

In the fire test, where the performance of all sample toward fire was observed based on the result in Table
4.16. The highest non-burn fiber goes to sample S6 with percentage of 98.103% out of the total weight. The second
highest non-burn fiber is sample S5 where the percentage of non-burn fiber is 94.277% and followed by sample
S4 with percentage of 48.329%. The next sample will be sample S3 and sample S2 where both have the non-burn
fiber of 30.767% and 14.22%. The current sample used by industry comes to be the second lowest with percentage
of non-burn of 11.389%. The lowest average of non-burn fiber goes to sample S1 which is the pure kenaf fiber
with percentage of 8.472%. As a result, the best composition and give the optimum performance is sample S6
which only content 1.897% of average burn fiber.

Table 3 Percentage of burn and non-burn in sample

Sample Average Non burn fiber (%) Average Burn fiber (%)
S1 8.472 91.528
S2 14.292 85.705
S3 30.767 69.233
S4 48.329 51.671
S5 94.277 5.723
S6 98.103 1.897
S7 11.389 88.611
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3.4 Performance of Sound Absorption Coefficient in Kenaf Fiber

The test was carried out in accordance with ASTM E1050-09. In this test, all 18 samples were recorded. After that,
the sample of sound absorption coefficients was averaged. The sound absorption coefficient's performance is
evaluated using an impedance tube testing lab in accordance with ASTM E1050-09 standard. The samples were
taken at every frequency peak in the range of 500Hz to 5000Hz. Every frequency's highest peak was recorded,
and the results were compared.

The best composite composition for sound absorption is sample S3 with 10% of fire retardant illustrated in
Fig.7. Sample S3 showed the best result, reaching the highest peak at 1259 Hz with a 0.9104 coefficient and 1600
Hz with a 0.9091 coefficient. Referring to the graph, S4 shows the lowest peak among all the samples which is the
value of 0.8243 coefficients at 1000 Hz. The average of all samples' total peak coefficients is 0.9111, indicating
that kenaf fibre has good sound absorption properties, as demonstrated by the current study, which is in line with
Berardi and Dembsey [25]'s study of acoustic characterization of natural fibres for sound absorption applications.
Higher fibre content allows sound waves to pass through an even more tortuous path that enables more excellent
resistance, leading to higher energy losses. Besides, natural fibres have a porous structure and an inner structure
with even a hollow lumen that dissipates sound waves [26]. It can be concluded that by using less fire retardant
significantly affects the sound absorption properties.

1
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Averga of sound absorption coefficient

e e
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Fig. 7 Average sound absorption coefficient

4. Performance Summary

Based on analysis performed, it can be concluded that the thermal conductivity and density of the material is
depends on the material composition. The composition of kenaf fiber and fire retardant is enhanced the specific
properties of heat and fire insulator since kenaf fiber contribute to the absorption of heat and disperse heat
through pores. The insulation performance of samples which consist of kenaf fiber and fire retardant is tested
using guarded hot plate method. From the results obtained the density of kenaf fiber and lumen in fibre influence
the heat transferred through the sample thickness, while the addition of fire-retardant help to improve the quality
of absorption. Other than that, the sample possesses the lowest thermal conductivity due to the compactness of
kenaf fiber which forms an empty cavity and causing the air filled the void and air is the good transportation
retardant.

Moreover, the testing for surface burning characteristic of the sample was conducted accordance to ASTM
E84 standard. The equipment used for this test was fire torch with gas butane. In the testing, the fire torch with
fire on it was pointed directly to the center point of the sample. From this testing, the reaction of kenaf fiber was
observed where reaction was depending on the composition ratios fire retardant added in the sample. The higher
the composition ratios of fire retardant, the slower the fire will spread on the sample and even able to stop the fire
from keep burning after the fire torch was take off.

The next testing is acoustic testing, where the performance of sample as a good sound absorption was test.
Then, the best sample has been chosen with optimum result. In this test, the equipment used was impedance tube
according to standard ASTM E1050-09. The coefficients of each sample were taken at every frequency peak in the
range of 500Hz to 5000Hz. Every frequency’s highest peak was recorded, and the results were compared. From
these testing can be observed that, the performance of sample as a good sound absorption was depending on the
density of the sample. In general, sample with higher density, have a lower the coefficient of sound absorption.
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Other than that, the heat transferred through 40 mm sample is observed, the data found that the heat is move
through the center of the sample and start to diminish on the middle of the sample as illustrate in Fig.8. It is
experimentally proven that the usage of natural fiber as heat and fire insulator is an alternative material to replace
synthetic fiber which was a non-biodegradable fiber and help to preserve the healthy environment.

Cold area

Hot area

Heat flow

Heat source

Fig. 8 lllustration of heat moves along the sample

5. Conclusion

The current study aimed to embed kenaf fiber in fire retardant with different composition ratios of fire retardant
using a common mixing method. The significant conclusions are as follow:

(a) Thermal conductivity analysis shows that the effect of fire retardant in kenaf fiber with 25 % of
composition is proven has an ability to insulate heat and fire better than current insulator used in
industry.

(b) The result of fire test, it can be concluded that the fire stop spread with high composition which is 25 %
of the fire retardant added in the sample. The sample with less amount of fire retardant will burn easily
especially with high temperature. Kenaf fiber is seen to having more ability to trapped heat energy
compared to current insulator sample.

(c) From the overall result of acoustic test, the composition of fire retardant in kenaf fiber and the density of
sample affects the acoustics properties. In general, the fiber content more fire retardant observed to have
lower sound absorption.

(d) Sample S1 show the best performance for thermal transmission with the highest value of thermal
conductivity compare to other sample which is 0.4472 W/mK with temperature different of 240°C.

(e) Sample S6 with the higher percentage of non-burn fiber has become the best sample with good insulation
towards fire where the result is 98.103% of non-burn fiber.

(f) Sample S3 come out with the optimum result performance as a good sound absorption by reaching the
highest peak at 1259 Hz with a 0.9104 coefficient and 1600 Hz with a 0.9091 coefficient.

The evidence from this study suggest that this study sample can replace the current insulator used in industry.
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