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ABSTRACT

This study addresses the environmental concerns associated with the widespread use of synthetic fibers,
emphasizing their non-biodegradability, contribution to microplastic pollution, and energy-intensive
manufacturing processes. The research focuses on evaluating the physio-thermal properties of Calotropis
procera fiber harvested in Maiduguri, Borno State, Nigeria. Key objectives include determining the density,
moisture content, and water absorption of Sodom Apple (Calotropis procera) fibers, investigating their
morphology, assessing thermal conductivity, heat transfer coefficient, and specific heat capacity, as well
as conducting thermo-gravimetric analyses. The fibers were meticulously collected, cleaned, sorted, and
subjected to standard testing methods namely scanning electromicroscopy, density test, moisture content
test, moisture absorption tests, thermal conductivity test and Thermogravimetric. The collected Sodom
Apple fibers exhibit a single-cell structure with a fine, hollow, and smooth composition, resembling fibers
like kapok or cotton. The specific gravity of 0.1124 and density of 0.1099 g/l indicate a lightweight nature,
while exceptional moisture absorption at 66.144%, along with a moisture content of 11.04%, suggests
potential suitability for insulation purposes. Thermal analysis reveals a low thermal conductivity of 0.066
W/mK, a heat transfer coefficient of 1.6814 W/m2K, and a specific heat capacity of 0.0156 J/kg°C. Thermal
Gravimetric Analysis depicts distinct weight loss stages, further supporting the fiber's promising
characteristics for sustainable applications. These findings collectively suggest the fiber's lightweight
nature, outstanding moisture absorption, and potential suitability for insulation purposes. The structural
and thermal characteristics bear resemblance to fibers like kapok or cotton, signifying comparable
attributes.
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1 INTRODUCTION

hermal insulation materials play a crucial role in minimizing heat transfer. While synthetic materials
T dominate the market due to their desirable physical properties, such as low thermal conductivity

and moisture protection, they come with high costs and environmental hazards [1]. Synthetic
insulating materials like calcium silicate, mineral fiber, fiberglass, polyurethane, polystyrene, perlite, and
rock wool are popular due to their low thermal conductivity, but concerns regarding cost, health, and
environmental impact warrant exploration of alternative thermal insulators. Natural fibers from agricultural
crops like hemp, kenaf, or flax are gaining favor due to their eco-friendly, renewable, and biodegradable
characteristics, offering superior insulation properties [2]. After decades of focusing on high-tech artificial
fibers, there is renewed interest in natural fibers such as kenaf, flax, jute, hemp, and sisal [3]. The advantages
of using natural reinforcements in composite materials include biodegradability, lower specific weight
resulting in higher specific strength and stiffness than glass, renewable resources requiring little energy for
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production, and eco-friendly processing with low costs [4]. Synthetic fibers, being non-renewable and non-
biodegradable, pose disposal challenges and contribute to environmental pollution. In contrast, natural
fibers are abundant, renewable, and cost-effective, making them viable substitutes in various applications
[5]. The refurbishment of existing structures has led to a significant volume of discarded insulation
materials, prompting the search for biodegradable, sustainable, and environmentally friendly options [6].
Sodom Apple (Calotropis procera), a xerophytic shrub found in tropical regions, offers natural fibers with
good strength and fineness, making it a potential source of eco-friendly insulation [7]. However, its rapid
spread as a weed raises environmental concerns, and its abundance in Borno state, Nigeria, presents an
untapped resource. Researchers have investigated the properties of Sodom Apple fibers due to their
resilience against mechanical and thermo-physical stresses [8]. Thermal insulation materials are pivotal in
minimizing heat transfer, with synthetic options dominating the market due to their favorable physical
attributes like low thermal conductivity and moisture resistance. However, the high costs and environmental
risks associated with synthetic materials, as highlighted by [1] prompt a need for exploring alternative
thermal insulators. Natural fibers derived from agricultural crops, such as hemp, kenaf, and flax, are gaining
traction due to their eco-friendly, renewable, and biodegradable qualities, offering superior insulation
properties [2]. In a shift away from decades of emphasis on high-tech artificial fibers, there is a renewed
interest in natural fibers like kenaf, flax, jute, hemp, and sisal, as noted by [3]. The advantages of
incorporating natural reinforcements in composite materials are numerous, including biodegradability,
lower specific weight leading to higher specific strength and stiffness than glass, reliance on renewable
resources with minimal energy requirements for production, and eco-friendly processing with low costs [4].
Synthetic fibers, being non-renewable and non-biodegradable, pose challenges in disposal and contribute
to environmental pollution. In contrast, natural fibers are abundant, renewable, and cost-effective, making
them viable substitutes in various applications [5]. Natural fibers like cotton, wool, hemp, jute, and coir
have proven themselves as effective insulators over time, offering outstanding thermal properties along
with eco-friendly characteristics. The increasing concerns about the environmental impact, sustainability,
and health risks associated with synthetic fibers have driven a shift towards sustainable alternatives [9].
This study aims to explore the physio-thermal properties of Calotropis procera fibers harvested in
Maiduguri, Borno State, Nigeria. Objectives include determining density, moisture content, water
absorption, morphology, thermal conductivity, heat transfer coefficient, specific heat capacity, and
conducting thermo-gravimetric analyses of Sodom Apple fibers. Plates 1 and 2 depict Sodom Apple fruit
and the fruit fiber.
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Plate 1. Sodom Apple fruit Plate 2. Sodom Apple fruit fibre

2 LITERATURE REVIEW

[10] emphasizes the growing competitiveness of nature-based thermal insulation products, such as
straw bales, fiberboard, and cellulose insulation, driven by advancements in manufacturing technology,
durability, reliability, and adherence to standards. New products using renewable raw materials, particularly
agricultural or industrial by-products like hemp fiber, flax fiber, cotton, and seagrass, have emerged.
Research and development efforts aim to harness agricultural waste, including palm fiber, cornstalks, and
sunflower stalks, to create innovative thermal insulating products. [11] Present experimental results
indicating that thermal conductivity of new boards using cornstarch as a binder is comparable to Rockwool
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mineral fiber. The organic nature of cornstarch makes it a promising and safer alternative. [12] argue that,
from a sustainability perspective, natural organic fiber-based thermal insulating materials offer a better
alternative to synthetic counterparts, despite challenges such as high-water absorption and poor fire
response. [1], conducted a study characterizing local date palm fibers, demonstrating their good thermal
conductivity compared to other natural and synthetic insulating materials. This suggests the potential for
the development of efficient and safe thermal insulating materials using date palm wood. [13] focused on
the thermal performance of Natural Pumice-Based Bricks, showcasing their advantages in lighter weight,
tensile strength, and superior thermal insulation characteristics. [14] Investigated six different thermal
insulators made from various materials, with the insulator made from used water cotton filter proving to be
the most efficient. [15] Explored the apparent thermal conductivity for biodegradable coconut and
sugarcane fiber, indicating their suitability for building thermal insulation. [16] studied the variation of
thermal properties of selected wood materials, showcasing low thermal conductivity comparable to
industrial insulators. [17] Investigated the physical and chemical properties of kapok and balsa fibers,
highlighting their composition and characteristics. [18] Researched the thermal conductivity of
experimental wall constructions made from renewable insulating materials, showing competitive potential
for these materials in the building materials market. [2] Characterized thermal insulation materials
developed with crop wastes and natural binders, finding comparable thermal conductivity to wood fiber
boards. [19] Studied natural fiber insulation in rural Southern Chile, with sheep's wool providing the best
insulation values. [20] compared the thermal conductivity of various natural fibers, with banana fiber
showing the lowest value. [21] presented thermal analysis and acoustic characteristics of Apple of Sodom
fibers, demonstrating their stability and potential for sound absorption. [22] explored composites of
Calotropis gigantea fruit fiber-polyester composites, suggesting the potential of natural fiber-reinforced
plastics in replacing synthetic fiber composites. [23], experimented with the mechanical and machining
properties of Calotropis gigantea fruit fiber-reinforced plastic, highlighting improvements in tensile
strength, modulus, flexural strength, modulus, and impact energy. These studies collectively underscore the
diverse and promising landscape of natural and renewable materials for thermal insulation, showcasing
their potential to compete with and, in some cases, outperform synthetic alternatives. Table 1 Indicates the
range of thermal conductivity for nature based thermal Insulation materials.

Table 1. Thermal conductivity of nature-based thermal insulation materials [10]

Material Thermal conductivity (W/mK)
Rediscovered materials
Cork 0.037-0.060
Wood wool 0.070-0.090
Fiberboard 0.040-0.090
Particleboard 0.055-0.100
Reeds 0.042-0.060
Straw bales 0.038-0.072
Flax 0.037-0.045
Hemp 0.039-0.050
Recently introduced materials
Cellulose insulation 0.045-0.055
Cotton 0.040-0.050
Sheep wool 0.035-0.040
Coconut fiber 0.040-0.050
Seagrass 0.040-0.045
Materials in experimental stage

Cornstalk block 0.045-0.055
Corncob board 0.096

Bamboo fibers 0.080-0.340
Palm fibers 0.041

Kenaf fibers 0.039

Sunflower stalks 0.064-0.085
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3 MATERIALS AND METHODS
3.1 Material Selection

Choosing suitable natural fibers based on its flexibility, availability for the intended application.
calotropis procera fruit fibre was chosen. Preparation: Cleaning and treating the fibers to remove
impurities. Characterization: Testing the physio-thermal properties of the calotropis procera fruit fibre
ensure it meets the required standards and specifications. These methods involve a combination of scientific
knowledge, material engineering, and processing techniques to assess a new natural thermal insulation
material with improved properties for various applications. Five test samples were prepared and the average
value was reported. The calotropis procera fruit fibre was obtained from matured pods of the calotropis
procera tree and the fibre is extract from the pods by hand and partly dried. Complete drying was done by
spreading the fibre on sheets in room for about three days until the fibre becomes lustrous in appearance
and a fair amount of dust and dirt separates out from the fibre using manual method as perfumed by [31]

3.2 Fiber surface morphology

The surface morphology of Sodom Apple (calotropis procure) fruit fibre was examined using a
scanning electron microscope (SEM; SUPRA Zeiss, Oberkochen, Germany), Plate 3 shows SEM machine.
The fiber sample was coated with a thin gold layer to make its surfaces conductive and to avoid electron
charge gathering. The SEM studies was conduct by scanning the samples with a high-energy electron beam
at an accelerating voltage of 10 kV in a vacuum chamber.

("\
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Plate 3. EM machine SEM; SUPRA Zeiss, Oberkochen, Germany)

3.3 Sample Density

The density of the Sodom Apple fiber sample was determined using water displacement method.
Density was calculated from the ratio of the mass to the volume of water displaced by the sample. The
weight of the sample was taken before placing it into the water and the increment in the volume of water is
automatically the volume of the sample.

M

p= €Y)

where p = Density, M = Mass of sample (g) and V = Volume of water displaced(cm?).
34 Water absorption

Water absorption of the Sodom Apple fiber as a function of immersion time was determined
following ASTM D570. Test specimen (11 cm?®) was immersed in distilled water at room temperature for
24 hours and was removed and dried off excess water using towel. The percentage increase in weight during
the immersion was calculated by the following equation:

water absorption (%) = [w] X 100% (2)
0
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Where w is wet final weight and wo is dried initial weight in gram.
35 Determination of Moisture Content

To determine of a moisture content of the sample at displayed adsorption water activity and
temperature, 10g of the material from the cell was weighed into sample baskets and placed in a BIOBASE
infrared moisture analyzer sets at 105°C. The analyzer will digitally display the moisture content of sample
in percentage wet basis. The moisture content obtain is term the equilibrium moisture content (EMC) of
the sample at the corresponding water activity. Plate 4 show BIOBASE infrared moisture analyzer with a
sample loaded.
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Plate 4. BIOBASE infrared moisture anal;}zer loaded with sample
3.6 Thermal Conductivity test

The thermal conductivity of the composite samples was measured by using TecQuipment (TQ) TD
1002 in accordance with ASTM E1530 standards as shown in Plate 5. Therefore, thermal conductivity of a
sample was determined from the rising temperature using the equation 3.

Qxx

= s @)

where; A; Thermal conductivity of sample [W/mK], Q; generated heat per unit length of
sample/time [W/m?], X; Thickness of sample [ m], A; Area [m?], T1 and T2; Temperature [K].

Plate 5. TecQuipment (TQ) TD 1002 thermal conductivity experiment carried out
3.7 Heat Transfer Coefficient U (W/m?K)

The general expression of the heat transfer coefficient is given as:

_Q
U= A(AT) “)

Where; Q: heat flux, W/m?; U: heat transfer coefficient, W/(m?<K), AT: difference in temperature
between the solid surface and surrounding fluid area.
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3.8 Specific Heat Capacity, Cp (J/kg*°C)
Specific heat capacity (Cp) is expressed as:

¢ (5)

b= an

Where; Unit of Cp is J/kg*°C, m is the Mass (kg), Q is change in energy (J), and AT is Temperature
change (°C).

3.9 Thermo gravimetric Analysis

The most commonly employed method used to determine the thermal stability of the fiber is
Thermo gravimetric analysis as shown in Plate 6, where, a mass loss of a weighed quantity of the fibre is
perform Thermal gravimetric analysis will was conducted using TGA Q500 machine. Samples weighing
approximately 10mg was subjected to pyrolysis in nitrogen environment to a maximum temperature of 600
°C at a heating rate of 10 °C/min. The weight loss was recorded in response to increasing temperature, with
final residue yield on set of degradation temperature and number of degradation steps report.

Plate 6. Thermal gravimetric TGA Q500 machine
RESULTS AND DISCUSSION
4.1 Fiber surface morphology
Plate 7 Show SEM micrographs of calotropis procera fibre.
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Plate 7. SEM micrographs of calotropis procera fibre

Surface morphology of raw Sodom Apple (calotropis procera) fibre show that there is more
uniformity and homogeneity in the raw fibre, (SEM micrographs shown in Figurel). Sodom Apple
(calotropis procera) fibre being a single cell is fine fibre, but without convolutions. It is evident that the
fibres are hollow in nature, lack of convolution or irregularities in the fiber's structure may contribute to
enhanced insulation capabilities, contribute to better fluid flow properties, potentially making it valuable in
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filtration applications or as a reinforcement in composites used in fluid handling systems. The hollow nature
can trap air within its structure, providing better thermal resistance, making it suitable for insulation
purposes in various industries like construction or packaging. Being fine and hollow can contribute to the
fiber's lightweight nature, making it advantageous for applications where weight is a concern, the Sodom
Apple (calotropis procera) fibres have a very smooth surface morphology. The smooth texture could offer
a refined surface finish, making it suitable for applications requiring a polished appearance. This smooth
and lustrous effect on the fiber surface is observed as a result of the wax content in the fibers, which is
similar to the result of [24, 25] The SEM images of Sodom Apple (calotropis procera) fibres One of the
main characteristic features of Sodom Apple (calotropis procera) fruit fibre is its porous structure, which
reduces thermal conductivity and helps obtain natural conditioning effects, confirm that it can be used as a
reinforcement of novel composite materials for light-weight applications as reported by [26].
Understanding and leveraging the unique characteristics of this natural fiber without convolution, with its
hollow and smooth nature, can lead to innovative and specialized applications across various industries.
However, further research and development would be necessary to fully explore and optimize its potential
in different fields.

4.2 Density, Specific Gravity, Water Absorption, Thermal Conductivity, Moisture Content and
Heat Transfer Coefficient of Sodom Apple Fiber Sample

Table.1; show the value of the density, specific gravity, water absorption, thermal conductivity, moisture
content and heat transfer coefficient of the studied fibers dried at 105 °C for 24 hours was evaluated using
the equation Five Samples with a mass (w) 1.211g [27].

Table 1; value of the density, specific gravity, water absorption, thermal conductivity, moisture content and
heat transfer coefficient

S/No  Parameters Unit Result
1 Density g/cm?® 0.1099
2 Specific Gravity - 0.1124
3 Water Absorption % 66.144
4 Moisture Contents % 11.03

5 Thermal Conductivity w/mk 0.067

6 Specific Heat Capacity cp (i/kg°C) 0.0156
7 Heat Transfer Coefficient U (W/m2K) 1.6814

Density is one of the most important factors determining the properties of the natural fibre. The
measured density along with the corresponding specific gravity and water absorption are presented in Table
2. Density of 0.1099 g/cm?, suggest a relatively open structure of the fibre. The open structure of the fibre
could allow for greater airflow, which would help to prevent moisture buildup and improve the thermal
insulation ability of the fibre, this correspond to the report of [25] which stated ‘Natural fibers have much
lower density than synthetic fiber composites which makes them more engrossed with automotive
manufactures’. Glass fiber has a higher density of 2.4 g/cm?® than natural fiber, which has a density of 1.2
1.6 g/cm®. As a result, it can be used to make light-weight composites [26]. Water absorption is another
important property to consider when evaluating natural fibre for use as insulators, 66.144% this means it
can absorb much moisture from the surrounding, this make it a better choice for application where moisture
resistance is critical. The samples presented indicated moisture absorption behavior that can be related to
hydrophilic nature of this type of fibre and the reactivity of its chemical components consisting essentially
of cellulose and hemicelluloses as observed by [1]. These morphological behaviours at high fibre content
translate to high water absorption percentage values as the incompatibility between the fiber components
creates unoccupied interphases or empty pores to allow the penetration of water into the composites. [29].
The high absorption of water negatively affects the properties of the thermal insulation material by
increasing thermal conductivity and density. The moisture content of 11% is within the range of the typical
natural fibres like cotton, wheat straw fibre. Having a higher moisture contents may have a negative effect
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on the thermal conductivity of the fibre, because moisture conducts heat more effectively than dry materials
however, it is important to consider others factors as well, such as density of the fibre. Evidently, an increase
in moisture content increased the time for the fibre material to reach EMC. According to {30] findings,
moisture content of 20%, is sufficiently dry enough for installing a vapour barrier and drywall. The low
thermal conductivity of the natural fibre suggest that it is an excellent material for insulating application.
This low thermal conductivity of calotropis procera fibre 0.067 W/m.K. indicates that calotropis procera
fibre can resist the flow of it, making it an effective barrier to heat transfer. The heat transfer coefficient of
1.5614w/m2*k suggests that calotropis procera fibre is capable of effectively transferring heat away from
the source, making it a good choice for application where rapid heat dissipation is needed. The heat capacity
of 0.0156 J/kg*C indicates that calotropis procera fibre has the ability to store a moderate amount of heat,
making it suitable for use in variety of application. In summary, calotropis procera fibre has a combination
of properties that make it an effective thermal insulator. These values are comparable to those found for
other fibres (Cotton, kenaf, cattail fiber) [1, 10, 31].

4.3 Thermo gravimetric Analysis

Thermo gravimetric Analysis curves of Sodom Apple (calotropis procera) fruit fibres show three
steps Figure 1. Thermogravimetric analyses curve of Sodom Apple (calotropis procera) fruit fibre.
degradation in the ranges of around 100°C, between 270 to 420°C and 420-580°C due to decomposition of
lignin, hemicellulose, and cellulose respectively. The initial stage, observed at 35°C, signifies an early phase
where typically minimal weight loss occurs, around 1%. This minor weight loss might be attributed to the
evaporation of surface moisture or volatile compounds presents in the fibre, which are easily driven off a
lower temperature. The second stages occurring at 271°C with a weight loss of 3%, indicates a more
significant decomposition process. This phase could involve the breakdown of complex compounds present
in the Sodom Apple (calotropis procera) fibre, such as hemicellulose or cellulose, resulting in release of
gases or degradation products. This stage often reflects the degradation of more heat stable components
within the Sodom Apple (calotropis procera) fibre structure. The most substantial weight loss occurs during
the third stage at 579.°C accounting for approximately 73% of the material’s original weight. This signifies
a crucial phase where the major decomposition of the Sodom Apple (calotropis procera) fibre takes place.
At this temperature range, the breakdown of lignin, cellulose and other complex organic polymers
composing the Sodom Apple (calotropis procera) fibre occurs, leading to significant mass loss. Overall,
these TGA results highlight the thermal stability and decomposition behaviour of the Sodom Apple
(calotropis procera) fibre across different temperature ranges, these degradation stages is crucial in
determining the thermal performance and application suitability of the Sodom Apple (calotropis procera)
fibre in various industries such as textiles, composite materials or thermal insulation where material’s
resistance to heat and stability under different temperature condition are critical factors. The result is similar
to the findings of {32, 33, 34, 35].
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Figure 1. show thermogravimetric analyses curve of Sodom Apple (calotropis procera) fruit fiber
5 CONCLUSIONS

Study of the physical and thermal characteristics of Sodom apple (calatropis procera) fruit fibres
harvested in Maiduguri, Borno state, Nigeria was successfully achieved and from the results of the study,
the following conclusions have been drawn. A specific gravity of 0.1124, density of 0.1099g/l, moisture
absorption of 66.144%, moisture content of 11.04%. Morphology; a single cell fiber, fine, hollow, smooth
structure without convolution. Thermal conductivity of 0.066 W/mk, heat transfer coefficient of 1.6814
W/m?k, specific heat capacity of 0.0156 J/Kg/C. TGA curve indicating first stage at 35.09°Cwith 1.44%
weight loss, 2" stage at 271°C Celsius with 3.09% weight loss and a 3 stage at 579°C with 73% weight
loss.
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