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ABSTRACT

The chemical composition and thermal properties of natural fibers are the most critical variables that determine
the overall properties of the fibers and influence their processing and use in different sustainable applications,
such as their conversion into bioenergy and biocomposites. Their thermal and mechanical properties can be esti-
mated by evaluating the content of cellulose, lignin, and other extractives in the fibers. In this research work, the
chemical composition and thermal properties of three fibers, namely bagasse, kenaf bast fibers, and cotton stalks,
were evaluated to assess their potential utilization in producing biocomposites and bioenergy materials. The che-
mical composition analysis followed the Technical Association of the Pulp and Paper Industry Standards (TAPPI)
methods. The total phenol content was quantified using the Folin-Ciocalteu method, while Fourier Transform
Infrared Spectroscopy (FTIR) was employed to assess the light absorption by the bonds. To evaluate thermal sta-
bility and higher heating values, Thermogravimetric Analysis (TGA), Differential Scanning Calorimetry (DSC),
and bomb calorimetry were performed. The chemical analysis revealed that bagasse contained 50.6% cellulose
and 21.6% lignin, kenaf bast fibers had 58.5% cellulose and 10% lignin, and cotton stalks exhibited 40.3% cellulose
and 21.3% lignin. The FTIR curves demonstrated a notable similarity among the fibers. The TGA analysis showed
degradation temperatures of 321°C for bagasse, 354°C for kenaf bast fibers, and 289°C for cotton stalks. The DSC
analysis revealed glass transition temperatures of 81°C for bagasse, 66.3°C for cotton stalks, and 64.5°C for kenaf
bast fibers. The higher heating values were measured as 17.3, 16.6 and 17.1 M]/kg for bagasse, kenaf bast fibers,
and cotton stalks, respectively. The three fibers have a high potential for biocomposites and bioenergy material
manufacturing.
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1 Introduction

Intensive use of biomass wastes is being promoted due to increasing awareness of environmental
protection [1,2]. Renewable sources are essential in the energy sector’s pursuit of decarbonization [3].
This requires a significant reduction in the greenhouse gas emissions that result from the burning of fossil
fuels [3-5]. Biomass residues, which include agricultural by-products such as crop residues, straws,
husks, and stalks, this resource can be utilized effectively as a sustainable and renewable source [6-8].
Lignocellulosic biomass is made up of three main components: cellulose, hemicellulose, and lignin [3,9].
The precise percentages of these compounds vary based on the specific type and origin of the biomass.
According to Mustafa et al. [9], lignocellulosic biomass is made up of approximately 30%—-60%
cellulose, 14%-40% hemicellulose, and 7%—25% lignin. The plant cell wall is composed of cellulose
which is densely packed with hemicellulose and lignin [10]. Lignin is a binding material that holds the
cellulose and hemicellulose together in plant cell walls, providing structural support and rigidity. Lignin
is an intricate and highly complex aromatic polymer that consists of phenylpropane units that are
interconnected by an array of diverse chemical bonds. The depolymerization of lignin can produce
different valuable aromatic chemicals, such as vanillin, syringol, and guaiacol, among others [11].

Sugarcane bagasse is a waste product that is generated in significant quantities by the sugar industry.
The disposal of bagasse without treatment can cause environmental pollution. Despite this, sugarcane
bagasse is primarily used as fuel to power sugar mills, with limited utilization [12]. Kenaf fiber is an
exceptional natural fiber that offers a wide range of advantages and is highly recommended for use as
reinforcement in composite materials, particularly in polymer composites. Kenaf is a plant that grows
rapidly, yields significantly, and exhibits strong stress resistance. Its stem has been grown traditionally as
an excellent source of soft fiber [13]. In Sudan, kenaf has been grown in high Savanna areas with heavy
rains, such as the Abu-Namaa area and Gezira state Central part of Sudan. Cotton cultivation in Sudan
dates back to the 19th century, specifically when it was first introduced and grown in Eastern Sudan’s
Tokar area. Cotton stalks are a significant source of biomass. After the cotton is harvested, the remaining
stalks and other plant material can be used as feedstock for various processes. Essential quantities of
cotton stalks, and bagasse, are burned annually in developing countries because of the lack of suitable
and available processing facilities [14].

The widespread use of these fibers is significantly hindered by several constraints, such as the little
consistency in the quality of fibers, their thermal instability, their high moisture absorption, and their
limited impact strength when used in composites. Fibers are primarily used as an energy source in rural
areas. They also provide fuel for small and medium-scale urban and rural industries, predominantly in
economically limited regions. To meet the growing energy requirements, it is essential to prioritize
efficient production and utilization of biomass. Thermal degradation is highly likely to occur during
processing into composite and conversion into energy forms. Understanding the thermal decomposition
process of natural fibers is crucial for predicting the behavior of these fibers during composite processing
and estimating the resulting composite properties. It will also help to design a better system for their
conversion into electricity and different forms of energy. The research on utilizing lignocellulosic material
for bioenergy production is expanding at an unprecedented pace, driven by the urgent need to address the
depleting reserves of fossil fuels and the catastrophic environmental impact of their extraction [15-17]. It
is crucial to understand the individual behaviors of the primary components of plants, namely cellulose,
lignin, and hemicelluloses, and as such, most research focuses on precisely that [18,19].

The primary objective of the study was to conduct a comprehensive analysis of the chemical and thermal
properties of bagasse, cotton stalks, and kenaf bast fibers, with a focus on their potential applications in
sustainable contexts. The chemical analysis involved various essential properties such as moisture
content, ash content, solubility in water, extraction with NaOH and organic solvent, total phenols,
cellulose, and lignin. Furthermore, Fourier transforms infrared spectroscopy was used to gain insights into
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the types of chemical bonds in the fibers. The thermal behavior and thermal stability of the fibers were
investigated through thermogravimetric analysis and differential scanning calorimetry, while their high
heating values were measured using bomb calorimetry. These characterizations provide valuable insights
into the potential sustainable applications of the studied fibers.

2 Materials and Methods

2.1 Materials

Three fibers were used in this study: Sugar cane bagasse (Saccharum officinarum), which was provided
by the Al-Gunied sugar factory in Gezira state central part of Sudan. Kenaf bast fibers (Hibiscus cannabinus
L.) were grown in the demonstration farm of the University of Khartoum, Shambbat, Khartoum-North,
Sudan. The Cotton stalks (Gossypium herbaceum L.) were collected from the Gezira project, Gezira
State, Sudan.

2.2 Methods
Bagasse was used without any further processing. Kenaf bast fibers were extracted from Kenaf stalks
using water retting process. The cotton stalks and Kenaf fibers were crushed in a laboratory mill to a

smaller size range between 2—5 mm. The studied fibers were stabilized in a climatic chamber with a
controlled atmosphere (RH = 64% = 2%) and temperature (T = 20°C + 2°C).

2.2.1 Chemical Characterization

Representative samples of each of the three fibers (One kilogram of chips) were milled in a laboratory
mill (Retsch SK 100). The obtained powder was further fractionated using sieves. The chemical analysis was
carried out on the portion retained on a 60-mesh sieve according to the Technical Association of the Pulp and
Paper Industry standard (TAPPI 11M-59). The air-dried powder was stored in a plastic jar overnight to
homogenize moisture content. The Chemical analysis of raw materials was carried out using the
Technical Association of Pulp and Paper Industry (TAPPI) Standard methods, as shown in Table 1.

Table 1: Standard methods used in the chemical characterization

No. Test (%) Method

1 Moisture content TAPPI T 208 om-94
2 Ash TAPPIT 211 om-93
3 Solubility in hot/cold water TAPPI T 207 om-93
4 Extraction by NaOH (1%) TAPPI T 212 om-98
5 Extraction by organic solvent TAPPI T 204 cm-97
6 Cellulose TAPPI T 203 om-93
7 Lignin TAPPI T 222 om-98

Ash content was determined by placing 2 g of each sample in porcelain crucibles and heated in an oven
at 575°C for 3 h. The ash percentage was then calculated using Eq. (1).

weight of ash

Ash content (%) = 100 (1)

oven dry weight

The organic matter content and organic carbon content were calculated and given by Egs. (2) and (3),
respectively [20].

OM (%) = 100 — Ash )
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OC (%) = 0.48 x OM 3)

Cellulose content was determined using a mixture of ethanol and nitric acid in a 4:1 ratio. A total of 2 g
of each sample was placed in a conical flask, and 25 ml of the ethanol-nitric acid mixture was added. The
flask was then placed in a water bath and heated for 15 min. This process was repeated four times, with
an additional 15 ml of the mixture added each time. After the sequential extraction, the mixture was
filtered, and the residue was placed in an oven for 24 h. The percentage of cellulose was calculated by
using Eq. (4):

weight of precipitate

Cellulose (%) = oven dry weight x 100 4)

Lignin content in the biomass samples was determined using sulfuric acid with a concentration of
72%. Initially, 5 g of the sample was weighed and placed in a Soxhlet extractor. To this, 15 ml of sulfuric
acid was added to a beaker, and then placed in a freezer for 2 h. During this time, the mixture was
periodically mixed every 15 min. Subsequently, the mixture was transferred to a conical flask, and
575 ml of distilled water was added. The flask was then heated for 4 h. After heating, the mixture
was filtered, and the residue was transferred to an oven. The percentage of lignin was calculated by
using Eq. (5):

weight of precipitate

Lignin (%) = 100 5
ignin (%) oven dry weight % ®)

The Folin-Ciocalteu method was used to determine the total phenol content, as described previously in
the literature [21,22].

The total phenol content was calculated using Eq. (6):

C xD V
Total Phenols (%) = W x 100 (6)

where:
C is the total phenol concentration (ppm)
D is the degree of dilution (10)
V' is the volume of starting solution (30 ml)
M yieq 1s the mass of dry powder.

All the characterizations were carried out in triplicate. The results were expressed as means + SD.

2.2.2 Fourier Transform Infrared Spectroscopy Analysis (FTIR)
FTIR spectroscopy was used to analyze bagasse, kenaf bast fibers, and cotton stalks. The samples were
dried for 24 h at 105°C, and approximately 5 mg of the sample was inserted into the device. The analyses

were performed using 64 scans, with a resolution of 4 cm ' and in the range from 4000 to 600 cm .

2.2.3 Thermogravimetric Analysis (TGA)

The thermal degradation was carried out through a thermogravimetric instrument, specifically the TGA
Q50 Instrument. For this, around 10 mg of the samples were weighed and placed in a small pan inside the
device. The temperature program used a heating rate of 10°C/min, starting from 30°C and going up to 600°C.
The measurement was performed under air, using a flux of 60 ml/min. To ensure precision and
reproducibility, the experiments were conducted thrice.
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2.2.4 Differential Scanning Calorimetry (DSC) Analysis

Measurements were conducted on a DSC (TA Instruments, Q20) equipped with a rapid cooling system.
The samples of bagasse, cotton stalks, and kenaf bast fibers were weighed (~5 mg) in standard aluminum
pans, and data acquisitions were carried out using the Universal Analysis 2000 program (TA
Instruments). The analyses were conducted following a method described by Frances et al. [23], with
modification of the temperature range (—50 to 250)°C. All experiments were repeated three times.

2.2.5 Higher Heating Value (HHYV)

The higher heating value of bagasse, kenaf bast fibers, and cotton stalk was accurately determined using
a bomb calorimeter. ~1 g for each type of fiber was placed on the bomb for this test. Benzoic acid was used to
calibrate the device [24]. The experiments were conducted three times, and the results are presented as means
+ standard deviation (SD).

3 Results and Discussion

3.1 Chemical Characterization

The cellulose contents of bagasse, kenaf bast fibers, and cotton stalk are shown in Fig. 1. Among the
three fibers studied, the highest % of Cellulose was achieved by the kenaf bast fibers (58.5%), which is
similar to the value reported by Hamidon et al. [25]. The bagasse reported a value of (50.6%), which was
higher than the value reported by Kanwal et al. [26] (36.9%). The mean amount of cellulose in the cotton
stalks (40.3%) was in line with the values in previous studies [27,28]. The differences in these values
may be due to various factors such as climatic conditions, soil composition, plant variety, and age [6].
The cellulose, hemicellulose, and lignin contents strongly influence the natural fibers’ mechanical,
physical, and thermal properties. Cellulose is the main structural component that contributes to the
strength and stability of the plant cell walls and fibers. The high amount of cellulose content in the fibers
indicates advanced mechanical properties. Additionally, understanding the impact of cellulose content on
the thermal stability of fibers contributes to developing materials with enhanced heat resistance and
expands the potential applications in various industries. It has been observed that the amount of cellulose
is relatively high in the three fibers, which is suitable for their use in bioenergy and biocomposites as
cellulose thermally degrades at about 300°C.

70

I celluiose (%)
1 Lignin (%)

604

50

40-

30
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Bagasse Kenaf bast fibers Cotton stalks

Sudanese biomass

Figure 1: Cellulose and lignin contents of the bagasse, kenaf bast fibers, and cotton stalks
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The lignin content of bagasse, kenaf bast fibers, and cotton stalks is presented in Fig. 1, and it was found
to be 21.6%, 10%, and 21.3%, respectively. Bagasse had the highest amount of lignin, followed by cotton
stalks, while the kenaf bast fibers had the lowest percentage. The measured value of lignin content in
bagasse was consistent with the findings of the previous work [29,30]. The value of kenaf bast fibers was
the same as that found in the previous study [31]. The lignin content of cotton stalks was lower than that
found in the literature [32] and equal to the value reported in the previous study [33].

The results of the total phenol content of bagasse, kenaf bast fibers, and cotton stalks revealed that the
fibers with the highest phenols content were the cotton stalks with a value of 6%, followed by bagasse with a
value of 1.7%, and kenaf bast fibers with a value of 1.3%. The high amount of phenols in the cotton stalks
could be used in various fields and applications. Phenolic compounds have potential applications in
producing high-value products such as bio-based tannins adhesives, other chemicals, and pharmaceutical
products. The presence of the phenolic compound within these fibers is crucial to defend the
biocomposite materials effectively against fungi [34]. Phenolic compounds possess antimicrobial and
antifungal properties, making them natural defense mechanisms against biological degradation. This
protective role of phenolic compounds is crucial in applications where biocomposite materials are
exposed to high humidity, moisture, or outdoor environments, as these conditions are conducive to fungal
growth. Furthermore, their presence could also enhance the final adhesive-fibers network if these fibers
were targeted for producing biocomposites based on natural matrices such as tannins in future work.

The equilibrium moisture content at 65% relative humidity and 20°C obtained for the bagasse, kenaf
bast fibers, and cotton stalks are shown in Table 2. The results revealed 7.8%, 8.5%, and 8.4% for
bagasse, kenaf bast fibers, and cotton stalks. The moisture content depends on the atmospheric
conditions, type of fiber, age of the plant, soil condition in which the plant was grown, and the method
and duration of preservation. These results were lower than previous observations by Spinacé et al. [35],
who noticed that the percentage of moisture content of the fibers under normal atmospheric conditions
was between 9.1% to 12.1%. It is worth noting that the three fibers understudy were found to be more
dried than solid wood particles stored under the same moisture conditions (MC around 11%). This could
be due to the dry weather conditions in Sudan during the collection of the fibers, where the temperature
was above 40°C. The high moisture content in the fibers is not desirable for many applications, including
biocomposites and for producing bioenergy. It would require the addition of water repellent, which may
not always be efficient and require advanced technology to reduce its adverse effects [36].

Table 2: Moisture content (H%), dry matter (DM%), ash content (%), organic matter (OM%), and organic
carbon (OC%) of the fiber samples

Fibers H (%) DM (%) Ash (%)* OM (%) 0C (%)
Bagasse 7.8+ 0.07 92.2 +0.07 8+0.12 92 +0.12 44. % 0.06
Kenaf bast fibers 8.5 +0.03 91.5 +0.03 2.5+ 0.08 97.5 +0.08 46.8 £ 0.04
Cotton stalks 8.4 +0.14 91.6 +0.14 52+0.16 94.8 +0.16 45.5 £ 0.08

Note: (%): percentages are given on a raw material dry basis. *Values are means + SD.

The results of the ash content of bagasse, kenaf bast fibers, and cotton stalks are shown in Table 2. The
ash percentage was 8%, 2.5%, and 5.2%, respectively. The bagasse showed the highest value of ash content
compared to kenaf bast fibers and cotton stalks and was higher than the value reported in the literature [37].
The ash content of kenaf bast fibers was approximately in line with the value observed by Hamidon et al.
[25], which was (2-5)%. The cotton stalks exhibited lower ash content than the previous study [28].
These differences can be attributed to the difference in chemical composition and the nature of the soil in
which plants were grown [38,39]. High ash content may affect the mechanical properties of the
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biocomposites and may add difficulties to their transformation. However, for the production of bioenergy,
high heat output and low ash content are recommended [40].

The soluble extractives of the cold and hot water of bagasse, kenaf bast fibers, and cotton stalks are
shown in Table 3. The kenaf bast fibers present the lowest % of the extractives compared to bagasse and
cotton stalks, while cotton stalks showed the highest extractives % in cold and hot water.

Table 3: The percentage of soluble extractives of bagasse, kenaf bast fibers, and cotton stalk

Bagasse Kenaf bast fibers Cotton stalks
Hot water extractives (%)* 13.9 £ 0.38 4.6 £0.08 153 +0.47
Cold water extractives (%)* 12 £0.15 2.6 +0.22 122 +1.19
Sodium hydroxide extractives (%)* 43 £0.29 16.7 £0.37 31.2+0.39
Ethanol extractives (%)* 9.9 £0.18 10.1 £0.17 9.5+0.14

Note: (%): percentages are given on a raw material dry basis. *Values are means + SD.

The percentages of the extractive content obtained with 1% sodium hydroxide for bagasse, kenaf bast
fibers, and cotton stalks are shown in Table 3. The highest rate was obtained by bagasse (43%), followed by
cotton stalks 31.2% and then kenaf bast fibers 16.7%. These values were approximately equal to values
reported for non-wood and annual plants [39]. It is worth noting that the bagasse exhibited a high
percentage of these extractives due to some sugars on the surface of the fibers.

The ethanol-soluble extractives for the fibers were 9.9%, 10.1%, and 9.5% of bagasse, kenaf bast fibers,
and cotton stalks, respectively (Table 3). The value of bagasse was lower than the value reported in previous
work [26]. The kenaf bast fibers and Cotton stalks showed higher values than the ones reported by Saba et al.
[41] and Zhou et al. [42], respectively.

It was crucial to know the percentages of extractives in the three fibers as they significantly inhibit the
reaction between the fibers and the resins used in composite manufacturing. Additionally, the presence of OH
groups on the surface of the fibers can hinder water uptake by the resulting panels. Therefore, removing the
extractives improved the mechanical and thermal stability of the composites.

3.2 Fourier Transform Infrared Spectroscopy (FTIR) Analysis

The FTIR analysis of the bagasse, kenaf bast fibers, and cotton stalks are shown in Fig. 2. The obtained
result for bagasse reveals a pronounced absorbance at 3338 cm ™, signifying the substantial presence of O—H
groups in the lignocellulosic structure of bagasse fibers. The absorptions related to groups O—H and C-H
stretches are apparent, corresponding to the cellulose and hemicellulose structures and the aromatic and
aliphatic chains in the lignin [43]. However, the band at 2891 c¢m ' indicates the presence of a C—H
group, at 1629 cm ' of absorbed O—H or carbonyl bands, while the peak at 1423 cm ' indicates the
presence of a —CH, group, at 1319 cm™' is corresponding to the bending C—H. The analysis further
reveals significant absorptions associated with various groups, including the C—O bond observed at
1030 cm ™!, C=0 at 1603 cm ', C=C at 1423 cm ', and 897 cm™ ', indicating the presence of B-glycosidic
bonds.

The FTIR curve of the kenaf bast fibers shows that the band at 3334 cm™ ' represents the O—H stretching
vibration and hydrogen bond of hydroxyl groups. This is approximately in line with what was achieved in the
previous work [44]. The 2916 cm ™' band signifies the C—H stretching vibration of the methyl and methylene
groups present in cellulose and hemicelluloses [45]. The band at 1728 cm ™ is attributed to the carbonyl C=0
stretching frequency for aldehydes groups in lignin [44,46]. The band observed at 1619 cm ' is attributed to
the C=C stretching of the aromatic ring in lignin. This finding closely aligns with the results reported by
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Rozyanty et al. [44]. The absorption band appeared at 1423 and 1318 cm ', corresponding to the C-H
bending and C-O stretching frequencies of hemicelluloses [44]. The band at 1237 cm ™' is attributed to
the C—O and C=O0 stretching vibration of the acetyl group in hemicelluloses and lignin [47]. The band at
1155 cm™ ! is due to C—O—C asymmetrical stretching in cellulose and hemicelluloses [47,48]. The strong
band at 1024 cm ! is attributed to the C—O and C—C stretching frequencies of xylans. The band is also
assigned to the C—O stretching, originating from the C—O—CHj; groups, confirming lignin’s presence [44].
The band at 896 cm ' is attributed to B-Glycosidic linkage in cellulose [46]. The band at 668 cm ™' is
attributed to C—OH out-of-plane bending in cellulose [47].

—— Bagasse
12+ - — -Kenaf Bast Fibers
J —-—- Cotton Stalks

Absorbance (a. u.)
=3 =)
o o
1 1

o
H
1

o
N
1

o
o
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T T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500
Wave number (cm™)

Figure 2: FTIR spectra of bagasse, kenaf bast fibers, and cotton stalk

The FTIR analysis of the cotton stalks showed the following results: The band observed at 3757 cm ™ is
likely associated with isolated hydroxyl groups [49]. Isolated hydroxyl groups represent hydroxyl (OH)
functional groups that do not bond hydrogen with adjacent molecules or functional groups [50]. The band
at 3336 cm ' is attributed to the hydrogen-bonded O—H stretching vibration [51]. The band at 2920 cm ™'
indicates the presence of a C—H group. The band at 1745 cm' is attributed to the carbonyl C=0O
stretching frequency for aldehydes groups in lignin. The bands in the range of ~1607 cm ™' are linked to
lignin and C=C of aromatic compounds [28]. The absorption band at 1424 cm ™' is attributed to the C—H
bending and C-O stretching frequencies of hemicelluloses. The band at 1234 cm™' is attributed to the
C-O and C=O stretching vibration in hemicelluloses and lignin [52]. The band at 1151 cm ' is ascribed
to the C—O—C asymmetrical stretching in cellulose structure [53]. The band at ~1031 cm ' shows the
presence of C=0 and C—C at 599 cm™ ', which are attributed to cellulose [54].

The curves of bagasse, kenaf bast fibers, and cotton stalks showed some similarities and congruence
between them; for example, the absorption that happened by the O-H groups presented approximately
equal values in the amount of absorption, and some differences observed, as occurred in some groups
such as the C—O, which was very strong for kenaf bast fibers compared to bagasse and cotton stalks.
These differences are due to the chemical structure of the fibers [55].

3.3 Thermogravimetric Analysis (TGA)

The thermogravimetric analysis curves for bagasse, kenaf bast fibers, and cotton stalks exhibited a
similar pattern of mass loss concerning temperature. In thermogravimetric Analysis (TGA), two critical
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curves are typically considered: the thermogravimetry (TG) curve and the derivative thermogravimetry
(DTG) curve. The TG curve shows a sample’s mass change when subjected to controlled heating or
cooling. The DTG curve, on the other hand, is derived from the TG curve. It represents the rate of
change of mass concerning temperature.

The TG and DTG curves analysis revealed that kenaf bast fibers exhibited higher thermal stability than
bagasse and cotton stalks. Furthermore, bagasse displayed more excellent thermal stability than cotton
stalks, as depicted in Figs. 3 and 4. Based on the TG and DTG curves, it was observed that the
temperature range between 30°C and 100°C was associated with removing water from the fibers. No
significant mass loss was observed between 100°C and 200°C, indicating that the fibers were thermally
stable in this temperature range [38,56]. The weight loss observed for each fiber at 200°C was
approximately 7.7% for bagasse, 6.3% for kenaf bast fibers, and 10% for cotton stalks. These values
indicate the extent of mass reduction experienced by the fibers when subjected to a temperature of 200°C,
suggesting the release of volatile components in the samples. During the temperature range of 200°C to
400°C, the decomposition of the bio-macromolecule chains was observed. Specifically, the degradation of
hemicelluloses occurred within the temperature range of 250°C to 315°C, while the degradation of
cellulose took place between 315°C and 370°C [57]. Lignin degradation was observed to occur within the
temperature range of 280°C to 500°C. This temperature range indicates the thermal breakdown of lignin, a
complex and heterogeneous polymer found in plant cell walls. During pyrolysis, lignin breaks down and
produces a range of volatile compounds, along with the formation of char residue [58]. In this study, the
degradation temperatures for bagasse, kenaf bast fibers, and cotton stalks were approximately 321.5°C,
354°C, and 289.5°C, respectively. These temperatures represent the points at which the fibers undergo
significant thermal decomposition and weight loss. By identifying these degradation temperatures, insights
into the thermal stability and behavior of the fibers emerge, which are essential considerations for various
applications such as biomass utilization and energy production. The thermal degradation of fibers is
affected by several factors, such as their chemical composition, crystallinity, and moisture content.
Cellulose exhibits remarkable thermal stability as the primary component of natural fibers. The physical
properties of natural fibers are largely conditioned by cellulose, which is the major constituent.
Furthermore, cellulose plays a significant role in the thermal degradation of these fibers. Fibers with higher
cellulose content, such as kenaf bast fibers, tend to show higher degradation temperatures than fibers with
lower cellulose content. This is attributed to cellulose’s inherent heat resistance and structural integrity [59].
Indeed, the thermal degradation behavior of fibers can be influenced by factors beyond cellulose content,
lignin, and hemicellulose content. As a result, fibers with a higher cellulose content are more resistant to
thermal decomposition and can withstand higher temperatures before undergoing significant degradation.
This characteristic makes cellulose-rich fibers desirable for various applications that involve exposure to
elevated temperatures, such as thermal insulation, fire-resistant materials, and biocomposites. Lignin is a
complex polymer known to have higher thermal stability than cellulose. Therefore, fibers with a higher
lignin content are generally more resistant to thermal degradation. On the other hand, hemicellulose, a
branched polysaccharide, exhibits lower thermal stability than cellulose and lignin. In the temperature range
of 400°C to 600°C, the thermal degradation of lignin and other organic components took place. During this
phase, the remaining organic matter undergoes decomposition, forming residues with high molecular
weight [38]. This thermal degradation process involves several key events, including the carbonization of
degraded compounds derived from the three biomacromolecules (cellulose, hemicellulose, and lignin) and
the condensation of aromatic rings in the lignin structure. These reactions form charred residues and
transform organic compounds into more stable carbonaceous structures. The presence of aromatic rings in
lignin promotes condensation reactions, leading to the formation of carbon-rich structures. These thermal
events occurring in the temperature range of 400°C to 600°C are crucial for understanding the behavior of
biomass materials during high-temperature processes such as pyrolysis and carbonization [57].
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Figure 4: DTG curves of the bagasse, kenaf bast fibers, and cotton stalks

3.4 Differential Scanning Calorimetry (DSC) Analysis

The DSC analysis of the three fibers is illustrated in Fig. 5. The curves show the glass transition (7) of
the studied fibers, which is an endothermic event, and it represents the softening point of the material, as
mentioned by Singh et al. [60]. It is an important parameter influencing the material’s mechanical and
thermal properties. The variation in 7, among the different materials may be attributed to differences in
their chemical composition, molecular structure, and thermal behavior. Understanding the 7, can provide
valuable insights into the behavior and performance of these materials in different applications. The glass
transition temperature (7g) was 81°C for bagasse, 66.3°C for cotton stalks, and 64.5°C for kenaf bast
fibers. The 7, value of polymeric materials increases with both the molecular weight and the difficulty of
molecular rotations [61].
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3.5 Higher Heating Value (HHYV)

The Bomb calorimetric analysis of bagasse, kenaf bast fibers, and cotton stalks showed that the bagasse
fibers had the highest heating value compared to the kenaf bast fibers and cotton stalks, as shown in Fig. 6.
Bagasse fibers reported a value of 17.36 MJ/kg, the recorded value was lower than what was mentioned in the
literature [62]. The value obtained for kenaf bast fibers was 16.61 MJ/kg, which was approximately equal to
the value observed by Yub Harun et al. [63]. The cotton stalks showed a value of 17.08 MJ/kg, slightly lower
than the bagasse value. This value was lower than the previous study [64]. These differences can be attributed
to the difference in the moisture content of the fibers. The presence of moisture in biomass leads to the
evaporation of water during combustion, which absorbs heat and reduces the overall heating value of the
biomass. The single most crucial factor that defines the energy potential of any fuel is its calorific value.
It is crucial to assess the higher heating value (HHV) of biomass before and after its conversion through
techniques such as pyrolysis, gasification, or combustion. This assessment is essential as it indicates the
potential of biomass as a reliable and efficient source of energy [65].
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Figure 6: High heating values of bagasse, kenaf bast fibers, and cotton stalks
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4 Conclusion

This experimental study of the chemical characterization and thermal behavior of the bagasse, kenaf bast
fibers, and cotton stalk has led to determining these fibers’ main properties and behavior to produce
biocomposites and bioenergy. The values obtained by the chemical Analysis for the bagasse, kenaf bast
fibers, and cotton stalks were comparable to those reported in the literature. The moisture content of
bagasse, kenaf bast fibers, and cotton was determined to be 7.8%, 8.5%, and 8.4%, respectively. The ash
content of the fibers was found to be 8% for bagasse, 2.5% for kenaf bast fibers, and 5.2% for cotton
stalks. In terms of extractive content using 1% sodium hydroxide, bagasse exhibited the highest percentage
at 43%, followed by cotton stalks at 31.2% and kenaf bast fibers at 16.7%. The ethanol-soluble extractives
for the fibers were measured as 9.9% for bagasse, 10.1% for kenaf bast fibers, and 9.5% for cotton stalks.
Cellulose content varied among the fibers, with kenaf bast fibers exhibiting the highest percentage (58.5%),
followed by bagasse (50.6%) and cotton stalks (40.3%). Lignin content was highest in bagasse (21.6%),
followed by cotton stalks (21.3%), while kenaf bast fibers had the lowest percentage (10%). The
abundance of lignin presents potential opportunities for lignin-derived products. Analysis of phenol content
revealed that cotton stalks had the highest amount (6%), followed by bagasse (1.7%) and kenaf bast fibers
(1.3%). Fourier transforms infrared spectroscopy (FTIR) results aligned with previous studies. The
thermogravimetric Analysis demonstrated the fibers’ stability below 200°C, with degradation occurring
between 200°C and 400°C. Kenaf bast fibers exhibited excellent stability in this temperature range due to
their higher cellulose content. The degradation temperatures were determined as 321°C for bagasse, 354°C
for kenaf bast fibers, and 289°C for cotton stalks. These findings have significant implications for the
processing of biocomposite materials and understanding the thermal behavior and stability of these fibers
in bioenergy production. Differential scanning calorimetry (DSC) analysis revealed the glass transition
temperatures, representing the temperature at which the material transitions from a rigid, glassy state to a
more flexible, rubbery state. The glass transition temperature (7,) for fibers was measured as 81°C for
bagasse, 66.3°C for cotton stalks, and 64.5°C for kenaf bast fibers. Furthermore, the higher heating values
were determined as 17.36 MJ/kg for bagasse, 16.61 MJ/kg for kenaf bast fibers, and 17.08 MJ/kg for
cotton stalks, aligning with previous studies. These results provide valuable insights into the potential
sustainable applications of these fibers, enhancing our understanding of their properties and performance.
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