Journal of Renewable - )
Materials & Tech Science Press

DOLI: 10.32604/jrm.2024.049942 Published Online: 08 April 2024 .
Check for
ARTICLE updates

Thermo-Physical Potential of Recycled Banana Fibers for Improving the Thermal
and Mechanical Properties of Biosourced Gypsum-Based Materials

Youssef Maaloufa'->?", Soumia Mounir">*, Sara Ibnelhaj’, Fatima Zohra El Wardi®, Asma Souidi’,
Yakubu Aminu Dodo*?, Malika Atigui’, Mina Amazal®, Abelhamid Khabbazi’, Hassan Demrati’ and
Ahmed Aharoune®

'National School of Architecture Agadir, New Complex, Ibn Zohr University, Agadir, Morocco

2Energy, Materials and Sustainable Development (EMDD), Center for Water, Natural Resources, Environment and Sustainable
Development (CERNE2D), Mohammed V University, Rabat, Morocco

*Thermodynamics and Energetics Laboratory, Faculty of Science, Ibn Zohr University, Agadir, Morocco
*Architectural Engineering Department, Najran University, Najran, Saudi Arabia

°The Centre of Scientific and Engineering Research, Najran University, Najran, Saudi Arabia

®Physics Department, LPMAT Laboratory, Faculty of Sciences Ain Chock, Hassan II University, Casablanca, Morocco
"Corresponding Author: Youssef Maaloufa. Email: y.maaloufa@enaagadir.ac.ma

Received: 23 January 2024  Accepted: 27 February 2024

ABSTRACT

The development of bio-sourced materials is essential to ensuring sustainable construction; it is considered a loco-
motive of the green economy. Furthermore, it is an abundant material in our country, to which very little atten-
tion is being given. This work aims to valorize the waste of the trunks of banana trees to be used in construction.
Firstly, the physicochemical properties of the fiber, such as the percentage of crystallization and its morphology,
have been determined by X-ray diffraction tests and scanning electron microscopy to confirm the potential and
the impact of the mode of drying on the quality of the banana fibers, with the purpose to promote the use of this
material in construction. Secondly, the results obtained with the gypsum matrix allowed us to note a preponder-
ant improvement in the composite’s thermal properties thanks to the variation of the banana fiber additive.
Thirdly, the impact of the nature of the banana fiber distribution (either fiber mixed in matrix or fiber series mod-
el) on the flexural and compressive strengths of the composites was studied. The results obtained indicate that the
insulation gain reaches up to 40%. It depends on the volume fraction and type of distribution of the banana fibers.
However, the thermal inertia of the composites developed, represented by thermal diffusivity and thermal effu-
sivity, was studied. Results indicate a gain of 40% and 25%, respectively, in terms of thermal diffusivity and ther-
mal effusivity of the developed composites compared to plaster alone. Concerning the mechanical properties, the
flexural strength depends on the percentage of the volume fraction of banana fibers used, and it can reach 20%
more than the flexural strength of plaster; nevertheless, there is a significant loss in terms of the compressive
strength of the studied composites. The results obtained are confirmed by the microstructure of the fiber banana.
In fact, the morphology of the banana fibers was improved by the drying process. It reduces the amorphous area
and improves the cellulosic crystalline surfaces, which assures good adhesion between the fiber and the matrix
plaster. Finally, the dimensionless coefficient analysis was done to judge the optimal proportion of the banana
fiber additive and to recommend its use even on false ceilings or walls.
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Nomenclature

p Density (kg.m )

A Thermal conductivity (W.m™'. K™)

Kiherm A dimensional numbers on thermal properties
Kex A dimensional numbers on flexural strength
Keomp A dimensional numbers on compressive strength
FMM Fiber banana mixed in plaster

FSM Fiber banana in series with the matrix plaster

1 Introduction

Using ecological materials is the most effective way to reduce energy consumption and gas emissions to
the environment due to buildings being a huge polluting and energy-consuming sector. That is why the
authors of this paper tried to investigate the use of ecological materials composed of banana fibers and
plaster with the goal of promoting the use of this type of material in buildings and ensuring the goals of
sustainable development. Bananas are among the most traded fruits in the world. In 2017 alone,
22.7 million tons of bananas were produced, which represents nearly 20% of the world’s production. In
Affica, bananas are a source of income and employment for more than 70 million people [1]. Ibrahim
et al. [2] treated the utilization of fiber banana by analyzing its chemical composition, the morphology of
its microstructure, and the impact of the chemical modification of the fiber by using an alkaline treatment
that improves the mechanical properties of the composites due to the interaction between the matrix
polymer and the fiber. Ahmad et al. [3] assessed the global impact of the rheology of vegetable fiber on
the development of bio-composite polymers with good performance.

Many researchers are interested in the use and recycling of vegetable fibers due to their low cost, worldwide
availability, biodegradability, renewability, and low energy consumption, such as date palm fiber, alpha fiber,
and coconut fiber, for the improvement of the properties of composites based on hydraulic cement binder
such as cement, plaster, etc. Among these studies, some have focused on improving the mechanical
performance of its binder matrix with different setting conditions, others on enhancing the durability of
materials by the incorporation of plant fiber, treated or untreated, in order to judge the impact of treatment
on the improvement of the mechanical behavior of composites or on improving some weaknesses of the
behavior of building materials, such as masonry structures of construction. Other studies have focused on
the potential of absorption to avoid shrinkage cracking for the matrix of cementitious binder [2,4—7].

Ranjan et al. [4] studied the addition of a percentage (0.1%, 0.2%, and 0.3% by weight) of coconut fiber
additive to a mortar mixture resulted in a slight reduction in mortar mix, and an improvement in the flexural
strength, shear capacity, tensile strength, and ductility of the masonry were noted. The obtained results of this
research work revealed that adding a percentage (0.1%, 0.2%, and 0.3% by weight) of coconut fiber additive
to the mortar mixture enhances the use of a coconut fiber mortar mix enhances the performance and behavior
of a masonry structure.

Lee et al. [5] treated the effect of adding a weight percentage ranging from zero to 0.25%, 0.5%, 1%, and
2% of abaca fibers to the cement matrix. The hydration reaction of the cement, the hydration heat, the
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frequency of the ultrasonic pulse, and the adjustment time were measured. The results showed that the
absorption rate of abaca fibers reduced and weakened the risk of cracking by shrinkage. These findings
can be exploited for applications based on concrete and cement.

Maaloufa et al. [6] assessed a comparison between the best gypsum alpha and gypsum cork composites
to study the impact of the additive nature on the thermomechanical behavior of the composite. The results
showed that both thermal and mechanical properties of the composite enhance with the percentage
increase of the alpha fibers, thanks to its microstructure and morphology. Increasing the percentage of
granular cork additives improves thermal properties and weakens the mechanical properties of the composite.

Other studies have been focused on improving the thermal and mechanical properties of earth and clay
for greater energy efficiency in rural construction, including the use of flax straw, wheat straw, or sheep’s
wool.

Phung [8] aimed to determine the influence of fiber properties on the mechanical and hygrothermal
behavior of earth-fiber composites. The types of fiber chosen were flax straw and wheat straw. The results
show that the use of flax straw provides superior mechanical performance to wheat straw. The study of
hygrothermal behavior showed that the sorption and desorption behavior of the fiber-earth material can be
approximated from the results obtained for the base materials and that the evolution of the thermal
conductivity of the fiber-earth material during drying is related to shrinkage behavior.

Mounir et al. [9] characterized the thermal properties of a new clay-sheep wool composite and assessed
the thermal inertia of this composite. A building-scale simulation was carried out to evaluate annual energy
consumption in relation to a harsh climate zone, and the results showed that this composite has an interesting
thermal inertia, enabling good energy efficiency at the building level.

Few studies have been focused on banana fiber; the majority of them have characterized its morphology
and microstructure [10-14].

Few studies have treated the recycling of banana fibers as an additive in construction materials as the
other ecological additives cited above. Given the availability of this material in our country, its thermal
and mechanical potential prompted us to investigate the possibility of solving pollution problems linked
to the way in which our farmers dispose of banana trunk waste and recycle it in construction for cement
or earth composites. The majority of studies have focused on the thermal and mechanical potential of
banana fiber. They studied their morphological structure, or their thermal degradation with increasing
temperature, in comparison with other plant additives.

Guimaraes et al. [10] aimed to study the possibility of recycling lignocellulose materials available in
Brazil by investigating their potential, their thermal properties, their microstructure, and their morphology.
Three materials, such as banana fibers, sugarcane bagasse, and sponge gourd, were compared in order to
define the best additives. The results conclude that the three vegetal fibers have a primary microstructure
of cellulose type I, while the crystallinity index does not exceed 50%. The thermal stability of all fibers is
about 200°C. The decomposition of this fiber appears at 300°C, while total degradation occurs at 400°C.

Deepa et al. [11] studied the steam explosion technique. The author extracted cellulose nanofiber from
banana fibers to characterize its physical and chemical properties, microstructure, and thermal conductivity.
The TGA and DSC results show that the treatment impacts the improvement of these thermal properties.

Milani et al. [12] characterized several banana fiber varieties extracted from Sri Lanka using XRD,
FTIR, SEM, and DSC methods. With the aim of using a mixture of banana fiber varieties to prepare
economical charcoal from banana fibers, the charcoal prepared was also characterized by XRD, FTIR,
and SEM. The results showed that charcoal from banana fibers is not dependent on fiber variety,
implying that the collection and handling of banana waste becomes easy for commercial application.



4 JRM, 2024

Bilba et al. [13] focused on botanical composition and its relationship with extraction location, for which
four banana and coconut fibers from various tree locations were extracted. The degradation analysis of these
fibers is performed by applying a nitrogen flux at a temperature of 200°C to 700°C. The residues of these
fibers are analyzed by a Fourier-transformation infrared spectroscopy test and visualized under a scanning
microscope. The results allow us to validate the intrinsic relationship between the location of the fiber
extraction in the tree, its botanical and chemical composition, and its impact on the rapid decomposition
of the banana fiber compared to the coconut fiber.

Akinyemi et al. [14] proposed the addition of banana fibers after treatment with an alkaline solution as a
reinforcement for mortars with a replacement of cement by wood ash and styrene-butadiene polymers to
improve strength. The tests of the microstructure, the thermal conductivity, and the mechanical properties
have been carried out. The results allow us to note that the optimal cement composite with the principle
of replacing cement is of the following proportion: 10% wood ash, 1.5% banana fiber, and 0.3% styrene-
butadiene polymer emulsion. Thanushan et al. [15] focused on the manufacture and comparison of
cement-stabilized earth blocks composite behavior with coconut fiber and banana fiber recycling
additives. The mechanical properties of the blocks, such as flexion and compression resistance, as well as
weather resistance (moist-dry and gel-dough) were given. The results showed that the two fiber
reinforcements improved the cement blocks durability against acid and alkaline attacks, and also weather,
with a particular benefit for coconut fibers. Balaji et al. [16] studied epoxy and banana fiber-based
biocomposites with a fiber rate of 0% to 20% with a step of 5% variation. The test of mechanical
properties was given with thermogravimetric analysis, and the results confirm an improvement in the
mechanical performance of banana epoxy-fiber composites for a 15% optimum additive ratio, as well as
the impact of the application of an alkaline treatment with NaOH and the length of composite banana
fibers, with a preference of 20 mm instead of 10 mm.

In this paper, the authors studied the potential of banana fiber extracted from banana trunk waste. The
first step evaluates the chemical composition and crystalline index by X-ray diffraction of banana fiber from
the southern region of Morocco. A study of its microstructure and morphology was carried out using a
scanning electron microscope to validate our extraction and drying methods to ensure the durability of
the banana fibers. The second stage of this work tested the impact of adding dried fibers on the thermo-
mechanical properties of the plaster composite. The volume fractions tested in this work are “0-0.03-0.14-
0.18-0.20-0.22”. Thermal properties were characterized by appropriate methods, such as the steady-state
and transient hot-plate methods in series model distribution. However, the three-point bending and simple
compression methods were used to study the mechanical properties of the composite, taking into account
the impact of the distribution of the banana fibers inside the matrix plaster. In conclusion, the authors
suggest investigating the dimensional relationships between three parameters, Kierm, Kaex, and Keomp,
while adjusting the additive fraction to determine the optimal additive ratio for achieving the best thermo-
mechanical properties.

1.1 Research Significance

A little research has been conducted on the effect of natural fiber on the plaster’s properties, especially
the study of the influence of the drying process and the kind of distribution on the thermomechanical
properties of the plaster. Some research has assessed the influence of the addition of natural fiber on the
properties of plaster. Nevertheless, there are uncertainties about the manner and kind of distribution in
which dried fiber bananas change the properties of plaster. According to this, it is necessary to investigate
the effect of the process of drying and the kind of distribution (FMM or FSM) of fiber banana on the
thermomechanical properties of plaster. Adding to this, the thermal and mechanical properties of the
composite plaster-fiber banana have been confirmed by the microstructure analysis using the scanning
electron microscope.
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1.2 Research Objectives

This research aims to manage the waste of fiber bananas by mixing them with plaster to develop a bio-
sourced material that can be used in construction as a false ceiling or wall. The study examined the effect of
the process of drying the fiber banana on the thermomechanical properties of plaster. The SEM study
confirms the positive effect of incorporating fiber banana on the improvement of thermal conductivity,
thermal effusivity, thermal diffusivity, bending, and compressive strengths.

2 Materials Description

2.1 Materials

The Souss Massa region is recognized as one of Morocco’s major agricultural regions, and more
specifically, the village of Tameri, 75 km from Agadir, is renowned for its production of Moroccan
banana feathers for both local and international markets. Fig. la provides an overview of banana
production in the Tameri region. However, this production gives rise to problems of banana waste
management, requiring particular care before harvesting to manage water distribution by banana plants
and the cutting of banana trunks after and before harvesting. Fig. 1b illustrates the banana waste heaped
on the outskirts of the region’s roads, constituting substantial stockpile of banana waste and a major
source of urban climate pollution, owing to the CO, following incineration by farmers to get rid of their
banana waste. With this in mind, the authors look at the recycling of this waste and its use.

o s

Figure 1: (a) Overview of banana production in the Tameri region Morocco. (b) The banana in the Tameri
region Morocco

2.2 Fiber Banana and Extraction

The banana fibers employed in this study are extracted from the leaves of banana trunks after using two
processes: to identify a low-cost means of extraction and to analyze the effect of the nature of drying on the
characteristics of the additive and then on the thermo-mechanical properties of the banana fibers composite.

The extraction process goes through several stages before the extraction of banana fibers. The first step is
the selection and laboratory procurement of banana trunks that should not be in advanced degradation. For
this, we will select samples of trunks for the extraction of fibers at ages less than 48 h after cutting. Next, we
proceed to step (2), which consists of cutting the trunk leaves in dimensions from 30 to 40 cm in length,
which allows us to release the water contained between the leaves to begin step (3) which is the drying
stage of the banana leaves with ambient air. In laboratory conditions (temperature: 22°C and 60%
humidity) for a minimum period of 15 days, as the duration of this operation depends mainly on the
ability of the leaf to evacuate the poisoned water inside the leaves under controlled laboratory conditions,
the validation of the end drying period which is controlled by the step (4) consisting to weight banana
stem leaves, the operation is repeated every 24 h until the stabilization of of the leaves’s mass. Finally,
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we proceed with step (5) of the fiber’s extraction from the dried banana stem leaves by means of manual
compression of the leaves using a round iron washed with distilled water for peeling off the banana trunk
leaf to isolate the fibers from the cellulose.

Fig. 2 summarizes the various stages involved in the production process of the extraction of banana
fibers using open-air drying under laboratory conditions.

Cutting the trunk of a banana tree Cutting the trunk into leaves of 30cm
after harvesting the fruit to 40 cm in length Drying the banana
leaves in ambient air
Under laboratory
conditions (T =22° C
and 60% humidity)

Extraction of banana fibers by rolling The operation of weighing the mass
method from dried leaves of each leaf every 24 hours

Figure 2: Diagram of the process using open-air drying for extraction fiber banana under laboratory
conditions

Fig. 3 illustrates the oven drying at a constant temperature of 80°C for 4 h. It can be seen that oven-
drying process does not produce banana fibers owing to leaf incineration, whereas open-air drying
preserves the chemical composition of the banana fibers in terms of components, making them rigid. A
microscopic study of the morphology of the banana fibers using an electron scanning microscope was
carried out in this work, comparing the state of the fiber before and after drying to confirm the effect of
open-air drying on fiber quality.

Figure 3: Banana leaves after drying at a constant temperature of 80°C

Table 1 summarizes the quantity of banana fibers extracted from samples between 30-40 cm in length
from the banana trunk leaves. The average percentage of fiber extracted from the leaves is around 30%, while
the waste during the extraction process scan is reused in composite materials with ecological additives in the
form of building powder, maximizing the benefits of using bananas.
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Table 1: The quantity of banana fibers extracted from samples of banana trunk

Mass of leaves after Quantity of fiber Fiber/Leaf (%)

drying in (g) extracted in (g)
Leaf 1 14.3 3.0 21
Leaf 2 18.2 7.0 38
Leaf 3 14.2 4.0 28
Leaf 4 16.2 5.0 31
Leaf 5 14.5 4.7 32
Leaf 6 11.6 3.0 26
Leaf 7 14.0 3.5 25
Leaf 8 13.5 4.0 30
Leaf 9 12.9 34 26

2.3 Plaster

The binder matrix is sourced from gypsum taken from Tameri which is a city existed in the southern area
of Morocco, with a water-to-plaster ratio of 1; fluidity measured using FLS ring equal to 22 cm, and a particle
sizeless than 13.5% for 100 um. The total porosity rate is based on literature developed by the work of
Sanahuja et al. [17], where authors showed the relationship between the ratio of water/plaster and the
porosity; in our case, the porosity of the plaster is Pr = 68%, according to Eq. (1).

1
<p7“ t”) ~0.186
Pr— ast er (1)
waiter
<P > +0.326
laster
3 Characterization Methods

3.1 Microstructure Analyses

The microstructure and crystallinity (i.e., scanning electron microscopy and X-ray diffraction) of the
various dried and undried banana fiber bundles were studied using the JOEL scanning electron
microscope. The samples were metalized with a layer of gold to ensure a smooth transition of the
electrons; the amperage was between 10 and 40 mA; and the chamber pressure was in the order of 0.5 to
0.05 mbar.

Fig. 4 illustrates the experimental device of a scanning electron microscope. X-ray diffraction was used
to identify the crystalline phases and corresponding orientations of banana fibers.

The X-ray diffractometer, equipped with a radiation copper anode X-ray tube (=1.5406 A), was operated
at 40 kV and 40 mA. OriginPro 2023 (Learning Edition) software was used to identify peaks in the raw XRD
data.

3.2 Samples Preparation

In order to produce samples of gypsum and banana fiber composites, we produced composites with
several volumetric percentages of banana fiber respectively for 100%, 80%, 60%, 40%, 20% and 0% of
the apparent volume molds with a water mixing ratio of 1.33 (water/gypsum).
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Figure 4: Device of scanning electron microscope

The extracted banana fibers are cut to lengths of 40 to 50 mm. After having the quantities of plaster,
banana fiber, and water of each composite, we proceed to make samples for each fraction of banana fiber.
Two methods of processing have been studied with the aim of knowing the impact of the fiber orientation
on the mechanical properties of the composite plaster, while single processing has been adopted for the
samples of characterization of thermal properties.

The FMM: fiber banana mixed in matrix distribution consists of producing plaster composite samples
with a bulk casting mixed into the composite’s volume with plaster and water, then the samples are filled
in the mold of 100 x 100 x 20 mm® or 40 x 40 x 160 mm®, without taking into account the precise
location or orientation of the banana fiber within the composites. This principle has been used for both
types of characterization samples of thermal and mechanical properties.

The FSM: a series-model distribution of fiber this process of making composites has been used only on
samples with dimensions of 40 x 40 x 160 mm®. The principle consists of setting up a part of plaster hydrated
with a thickness of 1cm in the mold of the samples, then setting into the mold the banana fibers of the length
between 40 and 50 mm in the direction of the length of the mold (160 mm) at each fraction’s of the additive,
followed by a casting of the supplement of the hydrated plaster of the composite. The objective is to compare
the effect of additive distribution FSM and FMM on the mechanical properties of the specimens for different
percentages of insulation.

We note that the square samples with dimensions of 100 x 100 x 20 mm? for characterizing the thermal
properties of the material with a serial distribution of banana fiber strips. Prismatic specimens, 40 x 40 x
160 mm? in size, to characterize the mechanical properties of the material.

Figs. 5 and 6 show the samples produced. We produced three samples of each percentage of banana
fiber, and the results presented are the average of the results obtained.

3.3 Thermal Properties Characterization Methods

The thermal properties of banana fiber additive-based composites are characterized using the
steady-state hot-plate method to evaluate the composite’s thermal conductivity (A) and the transient
hot-plate method to obtain the composite’s thermal effusivity (E). These methods are detailed and
developed by [18,19]. Figs. 7 and & illustrate the experimental setup for the hot-plate method in both regimes.
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(b)

Figure 5: Mechanical samples of the composite plaster-fiber banana for different percentages of additives.
(a) Mechanical samples of plaster-banana fiber mixed in the matrix distribution of fiber “FMM?”. (b)
Mechanical samples of plaster-banana fiber with series model distribution of fiber “FSM”

Figure 6: Thermal samples of the composite plaster-fiber banana for different percentages of additives with
series model distribution of fiber “FSM”

Figure 7: View of the Asymmetrical Hot Plate device in steady state regime

The thermal diffusivity is achieved by the flash method [20,21]. Fig. 9 represents the experimental
device of the test. Its principle consists of sending a luminous flux on one side of the sample in a time of
3 s (Dirac pulse) and recording the temperature rise on the parallel face. The thermal diffusivity is
estimated by modeling the heat transfer of both: theoretical and experimental thermograms.
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Figure 8: View of the Asymmetrical Hot Plate device in transient regime

Figure 9: View of the flash method device

3.4 Mechanical Characterization Methods

The bending test consists of placing on two supports a sample of plaster-fiber banana composite of a
prismatic dimension of 40 x 40 x 160 mm® under a load applied at half the length of the samples in
accordance with NF EN 196-1 and EN 1015-11 until it ruptures [22—24]. The results of 3 point bending
strength are given directly by the apparatus shown in Fig. 10.

The value of the 3 point bending resistance, Ry, in megapascals, is determined by the following equation,
see Eq. (2):

_l,5><Ff><I

f b3 (2)

where:
Ry is the flexion resistance, in megapascals.
b is the side of the square section of the prisma, in millimeters; the value is 40 mm.

F; is the charge applied to the middle of the breaking prism, in newtons.
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1 is the distance between supports, in millimeters the value is 100 mm.

The compression test consists of applying an axial force, in accordance with NF EN 196-1 and EN 1015-
11 [22-24], to specimens of the material remaining from the bending test until it is crushed. Fig. 11 shows the
compression test.

Figure 11: Compression test of plaster-fiber banana y = 0.14



12 JRM, 2024

4 Results and Discussion

4.1 X-Ray Diffraction Studies of Fiber Banana

Fig. 12 illustrates the X-ray powder diffraction pattern of banana fiber. The curve results are similar to
those reported for other lignocellulose fibers, clearly indicating the presence of crystalline, amorphous
regions and predominantly presenting the Cellulose I type structure, as observed for the majority of plant
fibers, with peaks indexed at a distance d = 5.99 A for 20° = 17° and 3.93 A for 20° = 22°.

Imax
B «
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T |
=3 n ;
) 'm; f l’ |—— fiber Banana
,? \ | | L
g - .;'W/ ‘ 'f{
;E 4 \ .\- ﬂt .“
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o \'Juj‘r‘m
- "'-'.
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10 20 30 40 50 60 70

26 (Degree)

Figure 12: The X-ray powder diffraction pattern of banana fiber

Diffractograms typical of cellulose I show a peak at 20 =22° and a shoulder in the regions 26 =14° and
20 = 18° [25,26].

The crystallinity index value was calculated with the help of the X-ray diffraction pattern curve using the
Buschle-Diller and Zeronian equations [27] and Eq. (3).

Imin
L — <1 _ ) X 100 3)

max

With:

I;: Crystalline index in percent.

Imin: The intensity at the minimum of the crystalline peak (14° < 26 < 18°).
Imax: The intensity at its maximum of the crystalline peak (22° <26 < 23°).

The crystalline index of Moroccan banana fiber is above 42.60%, similar to that found in the literature,
which varies between 39% and 42.5% [10,11].

4.2 Morphology Studies: SEM of Fiber Banana

The authors analyzed the morphology of banana fiber in the dry and raw state after banana harvesting.
The extraction of banana trunk leaves enabled us to study the effect of drying on the thermomechanical
potential of banana fiber and its impact on the gypsum binder matrix.

Figs. 13 and 14 show the morphology of banana fiber before and after drying under laboratory
temperature and humidity conditions, in accordance with the process explained in Section 2.
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Figure 13: Scanning electron microscope of the longitudinal surface of banana fibers (a: 110 x 100 pm);
(b: 1600 x 10 pum); (c: 600 x 20 p); (d: 430 x 50 um); (e: 1800 x 10 ) after drying

Measurements on the surface of banana fibers in Figs. 13a, 13b and 14a show that the morphological
structure of banana fibers before and after drying is composed of several micro-fibrils in a longitudinal
network of variable widths ranging from 20 to 33 pm before drying and from 13 to 19 pum after drying,
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giving a banana fiber with a total width of 170 to 190 um before drying and 120 to 150 um after drying. This
results in a reduction in the cross-section of the banana fibers due to drying, which also justifies the loss of
fiber weight due to the evaporation of poisoned water from the micro-fibrils and the shrinkage of the fiber
shape.

R\ TR, DA SN N A
BEC 10.0kVWD11mmP.C.40 HV x850 20pm  e—
CRS_FSA_UIZ

SED 10.0kVWD11mmP.C.40 HV  x220 100pm
CRS_FSA_UIZ

BEC 10.0kVWD11mmP.C40 HV x450  50pm
CRS_FSA_UIZ

SED 10.0kVWD11mmP.C.40 HV  x220 100pm
CRS_FSA_UIZ

Figure 14: Scanning electron microscope of the longitudinal surface of banana fibers (a: 220 x 100 um);
(b: 850 x 20 um); (c: 220 x 100 pm); (d: 450 x 50 um) before drying

Analysis of the fiber surfaces Figs. 13d, 13¢ after drying and Figs. 14b and 14c before drying reveals that
the micro-fibrils of banana fiber are cellulosic in nature, attached to each other by a binding material such as
lignin and hemicelluloses. Bilba et al. [13] found that these micro-fibrils were probably composed
of cellulose, which forms the backbone of the cell wall of the homogeneous matrix, being a mixture of
various polysaccharide acids, neutrals (hemicelluloses), and lignin, which creates the surface roughness of
the banana fiber.

Transversely, we note that these micro-fibrils are in the form of a network of elliptical (non-spherical)
cells with thick walls (Fig. 13¢), while Bilba et al. [13] estimated the thickness of these cell walls to be of the
order of 1 pm.

A comparison of the two SEM images of the fibers before and after drying, shown in Figs. 13e and 14d,
leads to the conclusion that the concentration of cementitious binders such as lignin and hemicelluloses



JRM, 2024 15

shown in the aforementioned figures is much lower after drying than in the raw state of the banana fiber. This
also provides further justification for the reduction in the cross-section of banana fibers after drying, as well
as for the evaporation of inter-fibril water.

4.3 Results of Densities Sample Composites Measurements

After preparing three composite samples of each percentage of banana fiber additives, we proceeded to
calculate the average of the densities between the samples dedicated to the various thermal and mechanical
property characterization tests. We opted to analyze the evolution of the average density of the composites
about the increase in volume fraction of the banana fibers additive.

According to Fig. 15, the authors note that the density of composites decreases with the increasing
volume fraction of the additive. We observed a maximum gain in lightness of around 20% for the highest
volume fraction, an almost constant variation for the highest volume fraction from y = 0.18, and a
remarkable variation in density for the lowest volume fraction of the additive.

T T T T T T 100
FSM:Fiber Series model I 90
- 8 y:Volume fraction
‘g 745 80
: i 707
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Figure 15: Variation of average of the densities composites in function of the variation of fiber banana
volume fraction and the gain on lightness

4.4 Results of Thermal Properties Measurements

The results of thermal properties such as thermal conductivity, thermal effusivity, and thermal diffusivity
were performed on 100 x 100 x 25 mm® prism samples. The estimated error ranged between 1.80% and
11.72%.

The author found that increasing the volume fraction of banana fiber insulation led to a significant
reduction in thermal conductivity, as shown in Fig. 16, with a gain of 43.7 for the maximum volume
fraction FSMS.

This also reveals three ranges of variation in thermal conductivity gain compared with plaster alone as a
reference element:

e For y < 0.14, there is an almost constant variation in thermal conductivity of the order of 25%.

e 14 <y <0.18 an observed gain in thermal conductivity between 25% and 40%.

e For y > 0.18, an observed gain in thermal conductivity above 40%.

The thermal diffusivity results shown in Fig. 17 were estimated by three theoretical models: The
Degiovanni model, the Parker model and the Complete model.
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Figure 16: Variation of average of the thermal conductivity in function of the variation of fiber banana
volume fraction and the gain on thermal conductivity
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Figure 17: Variation of thermal diffusivity in function of the variation of fiber banana volume fraction and
the gain on thermal diffusivity for three theoretical models: Degiovanni, Parker and the Complete model

A comparison of the mean values of the samples from the three models shows that there are two ranges
of variation in the thermal diffusivity property of the composites as shown below:

e Fory <0.18 a proportional variation in thermal diffusivity gain, with a maximum gain of around 37%
for the Complete and Degiovanni models, and 18% for the Parker model.

e For y > 0.18 a quasi-constant gain in thermal diffusivity of around 42% for all three models.

Analysis of Fig. 18 shows that the variation in thermal effusivity is proportional to the variation in

volume fraction. This is confirmed by the estimated gain values for this property, with a maximum gain
of 25% for the largest fraction of insulation compared to plaster alone.

There are two types of gain variation:

e A sloping variation for volume fractions below 0.18.
e An almost constant variation in gain for fractions greater than 0.18.
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Figure 18: Variation of thermal effusivity in function of the variation of fiber banana volume fraction and
the gain on thermal effusivity

4.5 Results of Mechanical Properties Measurements
4.5.1 Flexural Strength
The flexural strength results shown in Fig. 19 show that:

The distribution of banana fiber mixed in the matrix, or in the case of the series model, the flexural
strength of composites studied decreased for the fiber banana volume fraction of (y < 0.18). However, the
authors observed that the flexural strength is smaller in the distribution where the fiber is mixed in the
matrix plaster than in the distribution of the series model. In conclusion, we observe a decrease of 22% in
loss for FMM distribution and a 15% loss for FSM distribution.

For the volume fractions of (0.18 <y < 0.20), we note a gain in terms of flexural strength of 20%
for series model distribution instead of 10% for fiber mixed in matrix distribution, compared with plaster
alone.
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Figure 19: Variation of flexural strength R¢ in function of the variation of fiber banana volume fraction and
the gain obtained
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For fractions (y > 0.20), the gain in flexural strength is 2.5 times greater for the series model than for fiber
mixed in matrix distribution. Also, we note a considerable gain of 50% for the highest volume fraction of
fiber banana compared to plaster alone.

Improved flexural strength with series model distribution is due to the fact that the flexural stress is
perpendicular to the direction of banana fiber, unlike with the fiber mixed in the matrix distribution,
which allows the fibers to be stressed in tension and increases the composite’s flexural strength thanks to
the good adhesion between the banana fibers and the binder plaster. This property is due to the
microstructure of the banana fiber and its mechanical resistance to traction.

4.5.2 Compressive Strength
The addition of banana fiber considerably reduces the compressive strength of plaster alone. The results
shown in Fig. 20 lead to the conclusion below:

e For the volume fractions (y < 0.18), there is an almost constant loss in compressive strength of about
65% to 75%, with the highest percentage of additive for the series model distribution.

e For the volume fractions (y > 0.18), we note that the loss in compressive strength of the composite is
more remarkable for the fiber mixed in matrix distribution than the series model distribution of the
additive.
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Figure 20: Variation of compressive strength in function of the variation of fiber banana volume fraction and
the gain on compressive strength

The value of the loss of compressive strength is almost constant with the variation of the volume fraction
of the additive.

4.6 Impact of the Microstructure of Fiber on the Thermo-Mechanical Properties of the Composites

Studied

The incorporation of banana fibers inside the matrix plaster permits the improvement of the thermal
properties and the flexion resistance of composites because of their crystalline microstructure composed
of micro-fibrils containing essentially cellulose. A lot of studies [2,28-31] demonstrated the relationship
between the microstructure, the morphology of the vegetable fibers, and the improvement of the thermo-
mechanical properties of composites. Those results are due to the orientation of the angles of microfibrils
and to the composition of vegetable fibers, which is composed of a crystalline area with a percentage
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between 40% and 50% and a low ratio of an amorphous area composed of lignin and hemicelluloses, which
assures the connection between the microfibrils.

Analysis of the MEB images before and after drying proves that drying at ambient temperature permits a
reduction in the concentration of the amorphous area represented by the lignin and the hemicelluloses. The
fiber surfaces become clean and uniform in the cellulosic micro-fibrils representing the crystalline area [32].
It also reduces the fiber diameter and increases the ratio of length per diameter. The same remarks were
confirmed by other authors where an alkaline treatment was applied [29,31,33—35], and this had a direct
impact on the improvement of the thermal and mechanical properties, such as the flexion resistance. This
treatment increases the adhesion between the vegetable fibers and matrix, which increases the hanging
interface, the elimination or reduction of lignin, and the hemicelluloses, which creates a strong chemical
bond with the hydrophilic surface of the fiber on the hydrophobic surfaces. We also note that the
distribution of fibers in the direction of solicitation flexion permits us to reveal the impact of the
orientation of the fiber on the mechanical properties, the lightness obtained, and also the kind of
distribution of fiber that permits us to improve the thermal properties of the plaster.

The analyses of the scanning electron microscope using the electron microscopy method of the matrix
plaster and the composite plaster-banana fibers permit the observation illustrated in Fig. 21 of the samples of
plaster alone, in which the microstructure is composed of big voids composed of microspores. Also, we
remark a void of air and air voids merged, and this is due essentially to the water rate equal to 1.33,
which has a direct relation with the percentage of porosity of plaster. Moreover, the granulometry of the
plaster powder permits the creation of some voids trapped in air, which creates a microstructure with low
compactness and a lot of micro-cracks and pores. Furthermore, Fig. 22 reveals the micrograph of the
composite plaster-banana fibers. We observe the incorporation of banana fibers characterized by a
microstructure composed essentially of natural cellulose in the form of microfibrils, which permits
increasing the compacting density of composites and reducing the appearance and development of micro
cracks. It also reduces the voids and pores by dispersing the banana fibers inside the matrix plaster. The
same behavior was revealed by other researchers who worked on cement reinforced by cellulosic fibers [36].

Merged air voids

Microspores

Figure 21: SEM images (20 um) of the plaster alone used

According to this interpretation, the presence of banana fibers permits the apparition of cracks due to
their strength and limits the formation of microcracks and cracks [37]. The image of the interface
between the matrix of plaster and banana fibers illustrated in Fig. 23 permits assessing the good adhesion
of the banana fibers inside the matrix plaster thanks to the microstructure of the surface and the impact of
the process of drying banana fibers, which reduces the amorphous area. Things that improve the
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mechanical properties, especially the flexure strength of the composites, are developed because those fibers
are oriented in the direction of solicitation, despite the compressive strength, where fibers are oriented in the
opposite direction of solicitation, which weakens the composite. The improvement of thermal conductivity,
when we increase the volume fraction of fibers is due to the creation of coherent small voids, which
contribute to the reduction of thermal conductivity thanks to the porous structure of banana fibers, which
allows the composites to absorb heat.

Banana fiber embedded
in matrix plaster. Microspores

Air voids

Merged air

SED 10.0kVWD10mmP.C.20 HV  x130
CRS_FSA _UIZ

Figure 22: SEM images (130 x 100 um) of the composite plaster-fiber banana

4.7 Dimensionless Analysis of Thermal and Mechanical Properties

The analysis of dimensionless numbers was conducted to find an optimal proportion of the volume
fraction of banana fibers in the composite that allows both better properties in terms of thermal insulation
of the composite and mechanical resistance, the analysis of dimensionless numbers was conducted. For
this purpose, we introduced three normalized dimensionless parameters according to Eqs. (4)—(6).

1 1
K _ Runeasured — Rmin _ Jmeasured  Amax 4
e = el “min _ Ameasured @
max — DMmin _
Amin  Amax
o Rﬂex7measured — Rﬂex,min
Kﬂex - (5)
Rﬂex,max - Rﬂex,min
. Rcom,measured - Rcom,min
Kcomp = (6)
Rcom,max - Rcom,min
With:

Rineasured: the thermal resistance, expressed (m?. K.W_l);
Reom, measured: compressive strength expressed in (MPa);

Rgex, measured: bending strength expressed in (MPa).
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Figure 23: SEM images of the interface between banana fiber and plaster

Kiherm» Kcomp» and Kgex are respectively normalized dimensionless parameters of the thermal resistance,
the mechanical strength of bending, and the simple compression solicitations, respectively.

Figs. 24 and 25 show the evolution of the three-dimensional parameters as a function of the fiber banana
content for two kinds of fiber banana composites.

For fiber mixed in matrix distribution (FMM) and series model distribution (FSM) of banana fiber with
small volume fractions, the thermal conductivity of the composite is improved, while a loss of the mechanical
properties of the composite is observed. We note a loss of flexural strength for fiber series model distribution
(FSM) more than the distribution of mixed fiber in the matrix plaster FMM.
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Figure 25: The normalized dimensionless parameters Kiherm, Kcomp, and Kgex as functions of volume fiber
banana fraction concerning the series model distribution

Above additive volume fractions of (y > 0.14), we note a remarkable gain in composite thermal
conductivity and flexural strength, whatever the additive distribution method, with an advantage for series
model composite distribution.

We recommend, for small additive volume fractions, using the composite in walls with a series model
distribution due to its compression values. We advise that for high volume fractions of (y > 0.14), using this
composite in false ceiling panels thanks to its values of flexural strength.

5 Conclusions

The study of the potential of banana fiber and its use for plaster composites revealed the following
conclusions:

The appropriate choice of drying method between open air drying and ventilated oven drying at a
temperature of 80°C confirmed that open air drying is based on the amount extracted from the leaves of
the banana tree trunk, like 30% of fiber banana for open air drying instead of 0% by the oven drying method.
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The results of the X-ray diffraction test study revealed a 42.60% crystalline banana fiber index,
indicating the presence of crystalline and amorphous regions that mainly have the Cellulose I structure
type. The morphology of the banana fiber is composed of several micro-fibrils in a longitudinal network
of variable widths. A reduction in the section of banana fibers due to drying leads to a much lower
concentration of cementitious binders such as lignin and hemicelluloses.

Regarding the observed results of the composite of plaster and banana fiber, we obtained a maximum
gain in lightness of 20% for the highest volume fraction of the additive, a gain in thermal properties
between 25% and 40% for (y > 0.18), and 25% for the volume fractions of the additive (y < 0.14). Than
For high volume fractions of additive (y > 0.20), the gain obtained in flexural strength for the serial
distribution of the additive is 2.5 times greater than the fiber mixed in matrix distribution, and the highest
fraction of volume has a 50% gain in flexural strength compared to plaster alone. The loss of the
composite’s compressive strength is more remarkable for the fiber mixed in the matrix distribution of the
additive than for the series model distribution. The value of the loss of compressive strength is almost
constant with the variation of the volume fraction of the additive.

Based on the results, we recommend using this composite on walls with a distribution of fiber mixed in a
matrix for small volume fractions of banana fiber (y < 0.14) due to its compression values and improved
thermal properties. However, we advise using this composite in a false ceiling with a series model
distribution of banana fibers for the volume fractions of the additive (y > 0.18), taking into account its
values of flexural strength and their good thermal properties. The integration of those composites in
buildings permits the reduction of the carbon footprint of the building sector. Otherwise, studies proved
the potential of fiber banana is not just limited to construction but also improves the polymer composites
used in the industry sector, which will contribute to the management of waste from this material, and by
doing so, we will ensure a clean environment and reduce pollution.
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