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Abstract

In this work, banana fiber was processed using soda chemical pulping technique to produce pulp and
paper. Response surface methodology (RSM) approaches were utilied to optimize the pulp. The chemical
composition of both treated and untreated banana fiber pulp samples were analyzed through infrared
spectroscopy with Fourier transform methodology (FT-IR analysis). Scanning electron microscopy
(SEM) was used to morphologically investigate the surfaces morphology of both bleached and
unbleached banana fibers. RSM was applied to investigate the interating effects of temperature, sodium
hydroxide concentration, and cooking time independent variables on pulp and paper production. The
results of the investigation showed that the production of pulp and paper was most significantly affected
by NaOH concentration. Pulp yield reached its maximum value of 65.0% under conditions employing
the least concentrated sodium hydroxide treatments. The Predicted R? value of 0.9452, which is in
reasonable agreement with the Adjusted R2 of 0.9586, indicates that the predicted and actual percentage
yields of pulp are well associated. A high correlation between the expected and actual yield is indicated
by a discrepancy of less than 0.2. The paper with the highest tensile strength, 56.0 kg/cm?2, was generated
with a maximum yield of 66.0 %, while the paper with the lowest yield, 35.97%, had a tensile strength
of 50.33 kg/cm?. This perspective holds that banana stem, a waste product from banana plantations, is
viable for the purpose of industrial application into pulp for paper making.
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INTRODUCTION

Paper production has been one of the most essential parts of humans civilization and its
utilization has made its demand high over the years (Bhodiwal et al., 2022). This has resulted
in massive deforestation, as trees are the major source of raw material used in paper making.
The indiscriminate felling of trees for paper and wood products has been observed to be part
of the cause of climate change. The search for a suitable alternative for wood in pulp and paper
making has increased over decades, as the demand for paper continues to rise. There is now
a keen interest in non-wood raw materials due to the benefits it proffers in the paper industry.
Non-wood raw materials used in pulp and paper production can help in mitigating climate
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change and protects the environment. The use of agricultural wastes as a substitute to wood
is quite beneficial, especially in regions where these agricultural products are produced in
significant amounts (Madakadze et al., 2010).

Studies on Musa species revealed that, as compared to wood, they have higher levels of
cellulose and lower levels of lignin (Omotoso et al., 2008). Nigeria is one of the highest
producers of banana (Musa acuminate) in Africa. Banana trees are made up of various
components, each of which has a specific purpose. The fruit is used as food, the stem can be
used to manufacture pulp for paper, and the leaves can be used to wrap food. The stem of a
banana tree is high in cellulose, less lignin, and has long fibres (Ali et al., 2021).

Banana fibre has a good elongation and tensile strength which makes it a fibre with high
potential for paper making. Banana stem is a waste product of banana tree, and when the
banana stem is left to rot, its results to pollution of the enviroment. When these fibres are
converted to pulp, they can be used to create a variety of papers, including tissue and printing
paper. Cellulose is found in many natural resources, particularly in plants. A significant
component of plant cell walls is cellulose. Most woody plants and some non-woody plants
are rich in cellulose hence, they are used for paper making. Compared to lignin, which makes
up roughly 15-30% of plants componets, hemicellulose makes up 10-40% of plants
components and minuscule amounts of proteins and extractives makeup 40-60% of plants
components (Eugenio ef al., 2019). In paper making, one major problem is the effective
separation of cellulose from lignin, as cellulose and lignin are both intermolecularly linked
and cannot be easily separated from each other without affecting the cellulose fibre. There is
atributed to the strong bond between lignin and cellulose due to the phenolic group present
in lignin and delignification process can be used for the separatration. Cellulosic material
obtained from wood or agricultural waste can be transformed into fine pulp fibres for paper.
The concentration of the cooking liquor, the ratio of cooking liquor to raw material, cooking
temperature, and cooking time are all variables that might affect the pulping process.

About 25% of the wood pulp produced worldwide are produced through mechanical pulping.
Without any lignin degradation, the raw material is reduced throughout the mechanical
pulping process (Heldin et al., 2019). Because mechanical pulping does not remove the lignin
content from the raw material, the yield obtained is greater than 90%. However, with time,
the paper generated through this pulping process turns yellow and is more brittle. Short fibre
lengths in the pulp created by mechanical pulping result in poor-quality papers with a
reduced shelf life. Kraft and soda pulping methods are the two categories into which chemical
pulping is classified. The Kraft method involves dissolving the chipped raw materials in
caustic soda and sulfur under pressure and heat. This process results in a strong brown
suspension due to the chemicals effect on the lignin. About 65-70 % of the paper produced
globally is produced using the kraft pulping technique. The method of choice for this study
was soda pulping due to its excellent lignin removal performance and impact on cellulose
fibre. Using the response surface method, variables that affect the soda pulping process were
utilized to produce a high pulp yield with less energy and reagent use.

Recent studies have been carried out on the production, characterisation and optimization of
pulp and paper, using different plant fibres. Madakadze et al., (2010) used the kraft method to
produce pulp and paper from elephant grass.The pulp yield obtained was 48% and a weight-
weighted fiber length of 1.32 nm. These result obtained demonstrate the sutability of elephnat
grass for pulp and paper production (Madakadze et al., 2010). To evaluate the maximum pulp
yield using soda pulping method, Low et al., (2019) treated Napier grass with varying
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amounts of sodium hydroxide, anthraquinone, and cooking time. Their result showed that
the optimum conditions obtained were 17.5% of sodium hydroxide, 0.05% anthraquinone, and
66 mins of cooking time which gave a maximum yield of 36.38%. These obtained results
demonstrate Naiper grass as an effective alternative source for producting pulp paper Low et
al., 2019). Alagbe et al., (2019) used the Kraft process to create pulp from okra stalks to
determine the viability of the raw material for paper production. Their result shows that an
okra pulp yield of 41.2% at 1% NaOH solubility was obtained (Alagbe et al., 2019). RSM was
also used by Yiga et al. (2023) to examine the impact of the quantity of banana fiber, water and
blending duration on paper density.The ideal amounts of banana stem fibre, water, and
blending time were found to be 461.83 g, 1.31 litres, and 8.53 minutes, respectively, to generate
a paper density of 675.75 g/m3 (Yiga et al., 2023).

The yield of banana fibre produced by the soda pulping method has not received much
attention. Because it is inexpensive and efficient at removing lignin and other impurities from
the fibres, soda pulping is preferred method. Therefore, it is of great interest to use soda
pulping in the optimization banana fibre yield. Since raw material consumption often makes
up the majority of the cost of producing pulp, yield is a very relevant indicator in assessing
the pulping process. By changing one process varible while keeping the other factors constant,
the yield of banana fibre can be determined conventionally. However, this method is
significantly time-consuming and will result in low pulping efficiency (Tharazi et al., 2017).
The superior alternative that gets over that restriction is response surface methodology (RSM).
RSM works well for maximizing response variables in the presence of independent variables.
Due to its speed, lack of divergence or fixity, and lack of combinations for which all
components are simultaneously at their highest or lowest levels, Box-Behnken design is a
more efficient design.

While previous studies have established the production of pulp and paper from agricultural
waste (Madakadze et al., (2010); Low et al., (2019); Alagbe et al., (2019); Yiga et al., 2023), this
study employs Response Surface Methodology (RSM) to optimize the pulp extraction process
from banana stem waste and identify the ideal processing parameters for peak yield. Beyond
optimization, we characterized the chemical composition of the pulp through Fourier-
transform infrared spectroscopy (FTIR), while fiber microstructure was evaluated using
scanning electron microscopy (SEM) imaging. The final goals were to produce paper from the
optimized pulp and assess its mechanical performance.

MATERIALS AND METHODS

Materials

Banana stem which was obtained from the federal institute of industrial research oshodi
(FIIRO). Banana stem moisture content was determined as 92.537% using a moisture content
analyser. The banana stem gotten was chipped into smaller sizes and sun-dried for three days
before the cooking process began. All chemicals used were of analytical grade, purchased
from Shanghai Chemical Reagents Co. Ltd. China and used as received. These include sodium
hydroxide NaOH, and hydrogen peroxide (H20,). Deionizedwater was used for sample
preparation and rinsing glassware

Design of Experiment and Optimization Studies

The Box-Behnken design, a subset of RSM, was used to create experimental runs for RSM
optimization investigations using the Design-Expert software program11.0.1.0 (Stat-Ease, Inc.,
Minneapolis). This statistical approach used to demonstrate and analyze the interacting effects
between the input and response variables. ANOVA was used to validate the soda pulping
model, and RSM was used to examine these factors' pertinent responses in the presence of
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complex interactions. Analysis was also done on the numerical optimization of each variable
for maximum and minimum response.

Research Methodology

Optimization studies using Response Surface Methodology (RSM) was utilized. 50 grams of
banana stem precursor were weighed and prepared in different formulations. These were
then mixed with sodium hydroxide (NaOH) solutions at varying concentrations (15%, 17.5%,
and 20%). The pulping liquor was prepared in a conventional autoclave under different time
and temperature conditions. Once the desired operating conditions were achieved, the
resulting pulp was collected, thoroughly rinsed and then processed further. Each pulp sample
was defiberized in a laboratory disintegrator and refined using a valley beater. Undigested
particles and impurities were removed by passing the pulp through a sieve. The fine pulp was
then washed, pressed to remove excess moisture, and sun-dried before being weighed to
determine yield. For further processing, 10 grams of the optimal pulp from each run
underwent bleaching using a mixture of 70 mL hydrogen peroxide (H-0:), 30 mL water (H20),
and NaOH. A bleached pulp was then used to produce paper sheets.

Charaterization

Using a (SEM) scanning electron microscope (Quanta 200 FEG, FEI Company, USA), the
morphology of the unbleached and bleached banana fiber was examined. The Thermo-
Scientific Nicolet IS10 spectrophotometer was used to conduct the FTIR study of the banana
tiber. The FTIR spectrum was captured using 32 scans at a resolution of 4 cm~?, covering a
wavenumber range of 4000-400 cm.

RESULTS AND DISCUSSION

Pulp and Paper making processs

In soda pulping process, the lignin and hemicellulose linkages in the banana stem are broken
using sodium hydroxide (NaOH) as the active chemical at optimal temperatures as shown in
Figure 1. This ensures better penetration of the NaOH into the banana stem and the
transformation of the banana stem to unbleached pulp during the reaction process. The
unbleached pulp is then bleached using hydrogen peroxide and subsequently utilized in
making paper. The soda pulping process delignifies the banana stem lignin mostly through
hydrolytic cleavage, which involves rupturing the non-phenolic $-O-4 connections within the
lignin networks to produce smaller fragments of the lignin (Ek et al., 2009). Compared to other
lignin types, these smaller particles are chemically unaltered, sulfur-free, and readily
dissolved in highly alkaline cooking fluid like (NaOH). Phenolic lignin structures are not as
easily delignified as non-phenolic structures in the lignin complex. However, because
hemicelluloses have a lower degree of polymerization than cellulose and are hence more
susceptible to breakdown. This is partially desired for the creation of dissolving-grade pulp
(Francis et al., 2008). At a pH of 10 and temperatures range between 100 and 120 °C, the
produced pulp was bleached with H>O,. While bleaching properties are improved by higher
pH levels, hydrogen peroxide can be alkaline decomposed at pH levels above 10.8 (Narendra
et al., 2013). Perhydroxyl ion and water molecule are created when hydrogen peroxide
combines with a hydroxide ion in an alkaline solution. Because they are highly unstable,
newly formed perhydroxyl ions mostly react with the side chains of the lignin molecule to
break down the lignin network into smaller fragments. Radicals created during hydrogen
peroxide's breakdown will also cause the phenolic structures in the lignin network to
oxidatively degrade. Therefore, the lignin molecules break down into smaller fragments,
which makes them soluble in the alkaline bleaching medium.
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Figure 1: Pictorial and schematic illustration of making paper from banana stem fibre

Charaterisation

Scanning electron microscope offers details on the fiber's topography and shape.
Consequently, the morphology of the bleached and unbleached banana fiber pulp was
identified and contrasted using SEM. The SEM images for the unbleached and bleached
banana fibre pulp are shown in Figures 2a and 2b respectively. It can be observed that the
morporlogy of the unbleached babana fibre was rough and displayed more externally
apparent pores in comparison to the bleached banana fibre. The bleached banana fibre plup
mophology is smoother with improve surface. This can be attributed to the removal of lighin
component in the unbleached banana fibres during the bleaching process, which facilitated
further closeness of the individual fibres (Nagalakshmaiah et al., 2016). Majority of the lignin
component that was present in the banana fibres was removed during the bleaching process,
which aided in further defibrillation. When bleached pulp is used to manufacture paper, the
nodes linking the fibres on the surface are crucial for the paper's thermal and mechanical
qualities.

d

[t

Figure 2: Surface morphology of unbleached (a) and bleached (b) banana fibre pulp
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One method that is frequently used to determine the characteristics of functional groups is
FTIR analysis. The physical structure and functional groups of banana fibers were revealed
by FTIR analysis. The FTIR spectra of the bleached and unbleached pulp are displayed in
Figures 3a and 3b, respectively. A broad band at 3332 cm™, attributed to the OH functional
group, was observed in Figures 3a and 3b. The bleached pulp exhibited a lower peak intensity
due to enhanced intermolecular hydrogen bonding in the cellulose structure and the presence
of surface hydroxyl groups. Another peak near 2892 cm™, present in both bleached and
unbleached pulp, corresponds to C-H stretching vibrations, indicating the presence of
cellulose, hemicellulose, and lignin. The reduced intensity of these peaks after bleaching
suggests partial lignin removal (Reddy et al., 2014). A peak at 1640 cm™ signifies the
elimination of C=C bonds in lignin during bleaching. Additionally, the bleached pulp
displayed an absorption band at 1427 cm™, associated with C-H deformation in
methyl/methoxyl groups and aromatic ring vibrations in residual lignin (Ek et al., 2009). In
the unbleached pulp, C-O-C symmetric stretching at 1028 cm™ was observed, corresponding
to dialkyl ether linkages and C-O stretching vibrations in cellulose.The unbleached pulp and
bleached pulp absorption bands at 1315 cm'are related to cellulose's asymmetric C-H
deformation and bending vibration (-OH). The bleached pulp shows the -C-O-C-
Asymmetrical stretching of hemicellulose and cellulose at a peak of about 1203 cm-!. The
peak's strength decreased when it entered the bleaching phase, indicating that the lignin and
hemicellulose components had been broken down and left behind only the cellulose portions.
This indicates that the bleaching processes eliminated a large portion of the lignin and
hemicellulose components.

a: Bleached Pulp
a b: Unbleached Pulp

2117 em™’

3332 cm” 2892cm”! 1640 em™'

3332 em! 1427 cm’!

Transmittance (a.u.)
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Figure 3: FTIR spectra of bleached pulp (a) and unbleached pulp (b)

Optimization Studies

To design the experimental runs for optimization studies, the computer software Design-
Expert 11.0.1.0 (Stat-Ease, Inc., Minneapolis) utilized the Box-Behnken design subdivision of
RSM.

The results obtained are shown in table 1 below:
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Table 1: Results showing the independent variables and obtained yield.

Factor 1 Factor 2 Factor 3
Run A:NaOH B:Temp C:Time Actual Yield Predicted Yield
% °C minutes %
1 17.5 100 30 58 58.3
2 17.5 120 30 56 54.5
3 20 100 25 42 41.0
4 17.5 110 25 54 36.5
5 15 100 30 66 66.2
6 17.5 110 25 54 54.5
7 17.5 120 20 56 55.5
8 17.5 110 25 58 55.0
9 15 110 25 64 63.3
10 17.5 110 25 54 55.2
11 17.5 100 20 54 55.6
12 15 110 20 64 63.0
13 15 120 25 62 634
14 20 120 25 36 36.5
15 20 110 30 38 39.0
16 20 110 20 40 39.8
17 17.5 110 25 56 55.2

Analysis of the experimental data Table 1 revealed that optimal pulp yield (66%) occurred at
a 15% NaOH concentration. The inverse relationship between alkali strength and fiber output
was evident, with reduced NaOH levels correlating to increased yield. Elevated sodium
hydroxide concentrations promote degradation of cellulose crystallinity, accelerating its
solubilization and consequently diminishing fiber recovery (Sayakulu et al., 2022). Equation 1
below provides the empirical model for the yield in terms of the coded factor.

Y = 55.22 — 12.40A — 0.97B + 0.40C — 1.06AB — 0.80AC — 0.94BC — 4.20A% — 0.05B* +
0.80C% eq. (1)

Where Y is the yield, A, B and C are the coded values of the varied factors of NaOH (%),
Temperature (°C) and Time (minutes) respectively.

The ANOVA results presented in Table 2 confirm the validity of the quadratic model. The
model’s high F-value (42.18) underscores its statistical significance for predicting the
response. With a probability of just 0.01%, such a large F-value is unlikely to arise from
random noise. In this analysis, p-values below 0.05 denote statistical significance, while those
above 0.1 are considered insignificant. Notably, the key model terms (A and A?) exhibit highly
significant p-values of 0.0001 and 0.0029, respectively. The Lack of Fit F-value (1.25) is
statistically insignificant relative to pure error, further supporting model adequacy. The
model’s reliability is reinforced by an R? value approaching unity, indicating strong
agreement between experimental and predicted data. A high Predicted R? (0.9452) closely
aligns with the Adjusted R? (0.9586), with their difference (<0.2) confirming robust predictive
capability. Figure 4a illustrates this strong correlation between actual and predicted pulp
yields. The model’s signal-to-noise ratio, quantified by Adequate Precision (20.43), far exceeds
the minimum threshold of 4, confirming its suitability for navigating the design space
established by the Box-Behnken Design.
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Table 2: ANOVA validation of the NaOH Pulping Model

Source Sum of Degree of Mean Square F-value p-value
Squares Freedom
Model 1345.08 9 149.45 4218 <0.0001 significant
A 1250.00 1 1250.00 352.82 <0.0001
B 8.00 1 8.00 2.26 0.1766
C 2.00 1 2.00 0.5645 0.4769
AB 80.78 1 80.78 31.34 <0.0001
AC 4.00 1 4.00 1.13 0.3233
BC 3.80 1 3.80 1.06 0.3369
A2 70.78 1 70.78 19.98 0.0029
B2 0.0421 1 0.0421 0.0119 0.9162
C? 3.41 1 3.41 0.9626 0.3592
Residual 24.80 7 3.54
Lack of Fit 12.00 3 4.00 1.25 0.4028 not significant
Pure Error 12.80 4 3.20
Cur Total 1369.88 16

The 3-dimensional surface plot of the interation of the varied factors on pulping yield is shown
in Figure 4b, 4c and 4d. As observered in figure 4b, the pulping yield increases with with
decrese in NaOH concentration but decrease with increase in temperature. Their combined
effects are the most important parameters of the pulping yield and this can be observed from
their F-value of 31.34 being the highest as shown in Table 2.

Predicted vs. Actual

Predicted

Yield (%)

B:- Temp ("C)

A NaOH (%) C: Time (Min)
20" 15 20 7 100

C: Time (Min)

Figure 4: Predicted versus actual pulping yield (a), Interaction of temperature and NaOH on the Pulping yield (b),
Interaction of time and NaOH on the Pulping yield (c), Interaction of time and temperature on the Pulping yield

(d)-
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Paper properties and comparision

Table 3: Mechanical properties of paper produced from optimized pulp yield

Yield Elongation Tensile strength (kg/cm?)
Paper A 35.97% 3.0 50.33
Paper B 66.0% 3.13 56.0
Paper C 52.0% 2.75 53.3

As shown in table 3, paper B which had the maximum yield of 66.0 %, has the highest tensile
strength of 56.0 kg/cm?. The least tensile strength is Paper A, which has a minimal yield of
35.97% and a tensile strength of 50.33 kg/cm2. While paper C, with a yield of 52.0% have a
tensile strength of 56.0 kg/cm?2. The fact that banana fibres are robust natural fibres with a
high cellulose content, bound together by natural gums, and having a thick cell wall structure
may be the cause of the high tensile strength observed in papers A, B, and C. The
characteristics and strength of single fibres, their organization, structure, and extent of
bonding to one another, can all affect the final product (Saeed et al., 2018).

The fundamental driver for this work is the need for efficient, low-cost agro wastes for pulp
and paper production. The utilization of diverse agro-waste resources for the creation of pulp
and paper has been the focus of numerous studies. The pulp production of banana fibre in
this study was also compared to those previously published in the literature, as shown in
Table 4. Comparing banana fibre to other reported agro wastes, such as rice husk, switch
grass, oil palm empty fruit bunch, umbrella palm grass, kenaf bast, bamboo, wheat straw,
pineapple crown leaves, lemon grass, maize stalks, bagasse, and orange peel, banana fibre
demonstrates a significantly greater maximum pulp production. These comparisons
demonstrate that banana fibre is a more effective agricultural waste than many other
agricultural wastes currently utilized to produce pulp and paper.

Additionally, the pulping method utilized to convert banana stem to pulp was comparable to
that previously described, and the method was improved to provide the best results. These
comparisons demonstrate that banana stem, a by-product of banana farming, may be
converted into a pulp that is appropriate for use in pulp and paper mills for industrial
applications. Banana fibre could therefore be used in developing nations instead of traditional,
environmentally harmful products.

Table 4: Comparison of different agrowastes yield in the production of pulp and paper

Raw Materials Maximum yield | NaOH conc Pulping Refrences

(%) (%) process
Rice husk 25.7 7 Kraft method Alagbe et al., 2019
Oil palm Empty Fruit 58.8 27.3 Soda method Mohd Hassan et al., 2020
bunch
Bagasse 423 18 Kraft method Ferdous et al., 2020
Banana stem 66 15 Soda Method This study

APPLICATIONS AND RESEARCH OUTLOOK FOR THE FUTURE

The development of pulp and paper production using agricultural waste is currently been
explore. As a result, more work needs to be done to create economical, efficient agricultural
wastes that can rival the conventional ones made of wood. Environmental sustainability is
crucial to paper production. In light of climate change, the usage of wood in paper production
has become a significant issue. Several elements, including the availability of agricultural
waste and the depletion of forest resources, highlight the viability and appeal of producing
non-wood pulp. Numerous scholars from around the world have been drawn to this desire,
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which has spurred new research projects in this area. Finding a substitute for wood in paper
manufacturing has become a high issue due to rapid development in the sector. The study
demonstrates usefulness of pulp made from banana stems, an agricultural waste, in the
manufacture of paper. The outcomes obtained amply demonstrate that banana stems can be
successfully converted into pulp for use in paper mills. Banana fibre's inherent qualities and
efficacy are akin to those previously mentioned in the literature.

Agriculture waste, such as banana stems, can be an excellent replacement for traditional pulp
in underdeveloped nations where firms do not create it from virgin fibre because the raw
material is expensive. This is because the most readily available raw material for creating
paper is made from agricultural waste, which can be obtained for free. Taking advantage of
this technology in this sector might lessen the needless cutting down of trees, which helps to
mitigate climate change by acting as carbon sinks.

An agricultural waste-based raw material's marketability is still less significant than the
traditional one. The lack of understanding regarding the usefulness of this agricultural waste
in the production of paper may be the cause. To further explore this study field,
multidisciplinary research and collaboration are still necessary. Future research could fill up
the knowledge gaps. For example, enhancing pulping techniques to raise the pulp yield of
agricultural waste materials while maintaining their environmental benefits. Last but not
least, a small-scale pilot plant may be established to determine whether the laboratory
findings are feasible for industrial application.

CONCLUSION

In this study, banana fibre was turned into pulp using soda pulping method and the yield
was optimised by utilizing RSM techniques. The greatest yield obtained from the optimization
studies was 66%. A direct correlation was observed between sodium hydroxide concentration
variations and the resulting fiber output quantity, indicating concentration-dependent
extraction dynamics. Additionally, the lowest alkali treatment of 15% produced the best yield
of banana fibre at 100°C and 30 minutes. The paper sheets mechanical characteristics revealed
that the pulp with the highest yield also had the maximum tensile strength, 56.0 kg/cm2.
These results also show that banana stem, a waste from banana plantations, is viable for the
purpose of industrial application into pulp for paper making.
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