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Denis Nonoe, and Harriet Nalubega Lubwamac

aDepartment of Mechanical Engineering, Kabale University, Kabale, Uganda; bDepartment of Mechanical Engineering, 
Makerere University, Kampala, Uganda; cDepartment of Research and Development, Yosevi Engineering Services 
Limited, Kampala, Uganda; dAfrica Center of Excellence in Materials, Product Development and Nanotechnology, 
Makerere University, Kampala, Uganda; eDepartment of Biosystems Engineering, Gulu University, Gulu, Uganda

ABSTRACT
Banana stem is a known alternative to wood for the production of pulp and 
paper. During the production of paper, it is extremely important to save costs 
and time while at the same time enhancing quality of produced paper. In the 
present study, paper was developed from banana stem fiber by optimizing 
its density. Response surface methodology (RSM) using Box-Behnken design 
(BBD) was used to determine optimum blending parameters of the devel
oped papers. The influence of banana stem fiber amount (250-1000 g), water 
amount (1-2liters) and blending time (5-10 min) on paper density was ana
lyzed using software Stat-Ease 360, Version 13. The optimum conditions of 
banana stem fiber amount, water amount and blending time to achieve a 
density of 675.75 g/m3 were determined as 461.83 g, 1.31liters, and 8.53 min, 
respectively. ANOVA results revealed that the quadratic model best fits the 
density response, with blending time and banana stem fiber amount as the 
most significant model terms. Linear effects were more predominant than 
quadratic and interaction effects. The developed density model was in close 
agreement with experimental findings with an R2 value of 0.9748. Developed 
paper had cellulosic contents, with volatiles as high as 82.11%wb and 2.11% 
wb ash composition. Future works on thermal properties of paper are 
encouraged.

摘要
香蕉茎是用于纸浆和纸张生产的木材的已知替代品. 在纸张生产过程中, 节 
约成本和时间, 同时提高生产纸张的质量是极其重要的. 在本研究中, 以香 
蕉茎纤维为原料, 通过优化其密度来开发纸张. 使用BBD的RSM来确定所开 
发纸张的最佳共混参数. 使用Stat Ease 360 13版软件分析了香蕉茎纤维量 
(250-1000 g)、水量(1-2升)和混合时间(5-10分钟)对纸张密度的影响. 确定 
了香蕉茎纤维量、水量和混合时间达到675.75 g/m3密度的最佳条件分别 
为461.83 g、1.31liters和8.53 min. 方差分析结果表明, 二次模型最适合密度 
响应, 混合时间和香蕉茎纤维量是最显著的模型项. 线性效应比二次效应和 
相互作用效应更为显著. 所开发的密度模型与实验结果非常一致, R2值为 
0.9748. 开发的纸张含有纤维素, 挥发物的wb含量高达82.11%, 灰分含量高 
达2.11%. 鼓励进一步研究纸张的热财产.
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Introduction

Paper products have continued to be extremely essential items in everyday life (Wen et al. 2017). 
Approximately 90% of the paper available worldwide is produced from wood, which is 
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dependent on forest resources (Megra et al. 2022). As a result, deforestation has risen in order 
to meet the supply of wood fiber (Ramdhonee and Jeetah 2017). Recent studies have projected 
that Uganda´s wood demand would increase from 48 million tonnes in 2015 to 105 million 
tonnes by 2040, translating to an increased wood demand of more than twofold. Moreover, with 
such increase in wood demand, all the sustainable wood supply, both inside and outside forests, 
would be depleted by 2035 (undefined). This worrying trend has led to an increase in environ
mental awareness and pressure on researchers to find potential alternative raw materials for 
papermaking from non-wood resources (Jirukkakul 2019; Mahale and Goswami-Giri 2015; 
Ramdhonee and Jeetah 2017). Agricultural residues are some of the alternative materials 
which can be utilized to make paper due to their numerous economic, environmental and 
technological advantages (Rashid et al. 2014).

Uganda is a pre-dominant agricultural country with the sector employing nearly 80% of 
Ugandans either directly or indirectly (Call, Gray, and Jagger 2019; Yiga, Lubwama, and 
Olupot 2021b). Banana fruits (matooke) are a majorly grown and a leading staple food in 
the country. In fact, Uganda is the second largest global producer of bananas after India and 
remains the leading producer in Africa, with annual production estimated at 9.77 million 
tonnes (Gumisiriza et al. 2017). Over 70% of the farmers in major producing districts within 
the Lake Victoria basin grow bananas as a primary crop and over 50% depend on banana for 
food and income security (Tumutegyereize 2011). Agricultural by-processing of matooke is 
associated with a number of residues which are often left to rot in gardens after harvesting 
matooke, due to fungi attack (Hussain and Tarar 2014; Padam et al. 2014). In fact, over 3 
million tonnes of banana stem waste are generated annually in Uganda (Rietveld et al. 2013). 
Degradation of banana stems significantly contributes to greenhouse gas (GHG) emission, as 
well as contributes to breeding places for disease vectors which enhances proliferation of pests 
(Hussain and Tarar 2014). Banana stems contain high amount of cellulose (≈67.34%) of the 
total weight, with tensile strength of 550 MPa, tensile modulus of 3.5MPa and density of 1.35  
g/cc, which make them suitable raw materials for the paper and pulp industry (Sakare et al.,  
2021; Basak et al. 2015; Bhatnagar, Gupta, and Yadav 2015; Senthilkumar et al. 2018). 
Cellulose, which is primarily present in the secondary cell wall of plant fiber, plays a major 
role in providing strength (Abdul Razab et al. 2021). Banana stems are underutilized in 
Uganda and many other developing nations, due to limitations in methods necessary to 
convert them into useful products. Meanwhile, banana stems can be sustainably and suitably 
used as raw material to produce paper with required mechanical properties like thickness, 
density and tensile strength (Karlsson 2010; Mohamad and Jai 2022; Ramdhonee and Jeetah  
2017). Density is a very important mechanical property for utilization in real-life applications 
like packaging because it is directly related to the bond strength of materials used to make the 
paper (Jung et al. 2018; Karlsson 2010; Khan et al. 2014). Moreover, future works on thermal 
properties of paper are encouraged for their use in flame retardant packaging solutions.

A traditional approach to experimental work for developing paper from banana stem fiber can be to 
vary one factor at a time, holding other factors fixed but this is extremely time consuming and unable 
to produce satisfactory results in a wide range of experimental settings (Tharazi et al. 2017). Response 
surface methodology (RSM) is the best way to solve the complexity of developing banana stem fiber 
paper with the required mechanical properties. Previous studies such as Menya et al. (2020) found that 
RSM is effective in optimizing response variables against independent factors. RSM is an effective tool 
for optimizing the density of paper developed from banana stem fiber. One such RSM design is the 
Box-Behnken design (BBD). BBD is more efficient than designs because Box-Behnken Designs are 
fast, economically convergent, rotatable and do not contain combinations for which all factors are 
simultaneously at their highest or lowest levels (Yiga et al. 2021a; Zhao et al. 2016). Therefore, the aim 
of this work was the use of a Box-Behnken design for the characterization of different factors on the 
density of paper developed from banana stem fiber. These factors included banana stem fiber amount, 
water amount, and blending time.
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Materials and methods

Materials

Banana stem fibers were obtained from Kampala district, Central Uganda. Sodium hydroxide (NaOH) 
(CAS number 1310-73-2) with a molecular weight of 40 g/mol was supplied by Lab Access Uganda 
Ltd, Kampala, Uganda. Distilled water was also obtained from Lab Access Uganda Ltd, Kampala, 
Uganda.

Methods

Design of experiments
Density was optimized using a standard RSM design called Box-Behnken design (BBD). Such design is 
highly efficient because it is rotatable and does not contain combinations for which all factors are 
simultaneously at their highest or lowest levels (Yiga, Lubwama, and Olupot 2021a). Banana stem fiber 
amount, water amount, and blending time were employed as the three input numeric factors in this 
study in ranges of 250–1000 g, 1–2 liters, and 5–10 min, respectively (see Table 1).

Using Stat-Ease 360 software (version 13, Stat-Ease Inc., Minneapolis, USA), 17 runs were planned 
using Equation 1 in a randomized order to minimize the effects of the uncontrolled factors. The runs 
for the numeric factors consisted three level factors (k1) and five replicated central points (cp) at the 
central points (0,0,0). 

N ¼ 2k1 k1 � 1ð Þ þ cp
� �

¼ 2� 3ð Þ 3 � 1ð Þ þ 5ð Þ ¼ 17 (1) 

The influence of the three numeric factors on the density of developed paper samples was modeled 
using a second-order polynomial shown in Equation 2. 

Y ¼ β0 þ
Xk

j¼1
βjxj þ

X

i< j

X
βijxixj þ

Xk

i¼0
βjjxj

2 þ e (2) 

where Y is the predicted response value (density), β0 is the model constant, βj is the linear coefficient, 
βij is the interaction coefficient, βjj is the quadratic coefficients, x is the independent factors in coded 
values, k is the number of factors studied and optimized in the experiment, and e is the experimental 
error.

Paper production
Banana stem was washed using distilled water and chopped into several thin pieces≤1 inch long to 
increase surface area. The chopped pieces were then sun dried for 2 days to remove all moisture. 
Chopped pieces (250–1000 g) were then added into boiling water of about 1–2 liters for 30 mins. 25 ml 
of sodium hydroxide were added to the mixture. The boiled pieces were then strained and washed with 
distilled water. The pieces were then blended for 5–10 min in a Kenwood blender (1.5 liters capacity 
with 8 blades, running at 18,000 rev/min at 2000 watts) with 500 ml water to form pulp. The pulp was 
placed in a container of water and strained using a screen to get interlocked fibers which were dried to 
form paper.

Density determination
The density of the samples of paper developed from banana stem fiber were determined from the ratio 
of mass of developed paper sample to volume of the paper using Equation 3. 

Density ¼
Mass of paper

Volme of paper
g=m3ð Þ (3) 
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Optimized paper characterizations
Paper developed at optimized conditions for banana stem fiber amount, water amount, and blending 
time was characterized using proximate analysis, Scanning electron microscopy and Fourier 
Transform Infrared spectroscopy.

Proximate analysis. An Eltra Thermostep non-isothermal thermogravimetric analyzer, Haan, was 
used to determine the proximate analysis (moisture content, ash content, fixed carbon and volatile 
matter) of the developed banana stem papers on wet basis (%wb). Samples were heated from room 
temperature to about 920°C at a heating rate of 16°C/min. High-purity compressed air (Oxygen: 
Nitrogen = 21:79, > 99.99%) was used for cleaning the crucibles and chamber prior to experimenta
tion. Nitrogen was used as the purge gas for pyrolysis. The flow rate was maintained at 1 L/min and the 
sample masses averaged 1.2 g (Lubwama et al. 2020).

Scanning Electron microscopy (SEM). SEM was used to observe banana stem paper networks. 
Samples of paper developed from banana stem fiber were observed under a Tescan Vega 3 scanning 
electron microscope, Pleasanton, USA. Samples were fixed on double sided adhesive carbon tape, 
vacuum dried and scanned at an acceleration voltage of 10 kV (Basak et al. 2015).

Fourier Transform Infrared (FTIR) spectroscopy. The FTIR spectra of the samples of paper developed 
from banana stem fiber were collected in the range of 4000 to 400 cm−1 using a Jasco FT/IR-6600 type A 
machine, Cremella, Italy. The resolution was 4 cm−1, the scanning speed was 2 mm/sec. The paper samples 
were ground to obtain very fine powders using a mortar and pestle. The presence of free functional groups 
in the paper samples was determined based on the FTIR spectra (Abdul Razab et al. 2021).

Results and discussion

Model fitting

The model of density of the developed banana stem fiber papers was obtained using the Box-Behnken 
design (BBD). Table 2 shows the experimental design, together with corresponding experimental 
values for the response (density) of the developed papers.

Runs 6, 7, 12, 13 and 17 at the center point were employed to determine the experimental error for 
reproducibility of the data. In order to obtain the best fit for density of the developed papers, the 
sequential model sum of squares values were considered. From each of these, the highest order 
polynomial, where the additional terms are significant, and the model is not aliased, was chosen. By 
applying multiple regression analysis to the response, the quadratic model was found to be the best fit 
of density. Analysis of Variance (ANOVA) was used to ascertain significant interaction between the 
three numeric factors and obtained densities based on their p values. In statistics, p values less than 
0.05000 are considered significant while p values greater than 0.1000 were non-significant (Samson et 
al. 2016; Yiga et al. 2021b). The density (Y) response surface reduced quadratic model is given in 
Equation 4. 

Y ¼ 657:00þ 17:75Aþ 7:63Bþ 70:13C þ 3:75ABþ 0:75AC þ 5:00BC þ 14:75A2 � 14:00B2 (4) 

where A is Banana stem fiber amount (g), B is water content (liters) and C is blending time (min).

Table 1. Actual and coded factors for the Box-Behnken design.

Factor Code

Experimental value

Lower (−1) Center (0) Higher (+1)

Banana stem fiber amount (g) A 250 625 1000
Water amount (liters) B 1 1.5 2
Blending time (min) C 5 7.5 10

4 V. A. YIGA ET AL.



Analysis of variance (ANOVA)

ANOVA was used to determine statistically significant factors in the fitted model for density of 
the developed banana stem fiber paper (see Table 3). Additionally, the model’s statistical 
significance of model coefficients was obtained. The F value (38.61) corresponding to the 
reduced quadratic model for density of the developed banana stem fiber paper implies that 
the developed model is significant with a p value<0.05 (Mehraz and Nouri 2020). There was 
only a 0.01% chance that model F values this large could occur due to noise (Lubwama, Yiga, 
and Lubwama 2020). Among the linear terms, blending time, with an F value of 275.29, was 
found to be the most significant influencing factor, followed by banana stem fiber amount (F 
value 17.64). The reduced quadratic model had significant quadratic effects between factors, 
based on the p values of 0.035 and 0.043 for banana stem fiber amount and water content 
respectively.

Table 3 also lists the statistical data for density variance analysis. Coefficient of regression value (R2) of 
0.9748 suggested that the model competently represented the relationship between significant model terms. 
This result signaled higher reliability of empirical model data due to the closeness of the R2 value to 1 
(Pavani et al., 2016). Similarly, the observation for the model´s adjusted R2 value was close to 1 (0.9495), 
which showed that R2 and adjusted R2 values were in good agreement, with an approximately 95% 
confidence level (Mehraz and Nouri 2020; Senthilkumar et al. 2018). Moreover, the predicted R2 value 
(0.7571) was in reasonable agreement with adjusted R2 values because the difference was less than 0.2 
(Menya et al. 2020). The low Coefficient of Variation (C.V.) value (1.82%) showed preciseness of the 
estimate between the actual and predicted model. The adequate precision ratio of 21.8583 indicated 
adequate signal and suggested that the respective models can be used to navigate the design space defined 
by the BBD because (Lubwama, Yiga, and Lubwama 2020).

In order to obtain the factorial weight or variance part of each factor, the sum of squares (SS) was 
taken from ANOVA data in Table 3 (Chaker et al., 2021). As such, the total percentage contributions 
(TPC) of model terms in the reduced quadratic model were computed using Equations 5–7 for the 
linear, interaction, and quadratic terms respectively. 

TPCj ¼

Pk
j¼1 SSj

Pk
i¼1
Pk

j¼1 SSj þ SSjj þ SSij
� 100 (5) 

Table 2. BBD and the experimental results.

Run

Factors Density

A (Banana stem fiber amount, grams) B (water content, liters) C (blending time, min) (g/m3)

1 625 2 10 724
2 625 1 10 702
3 1000 1.5 5 608
4 250 2 7.5 632
5 250 1 7.5 621
6 625 1.5 7.5 655
7 625 1.5 7.5 651
8 1000 1 7.5 670
9 250 1.5 5 595
10 1000 1.5 10 756
11 625 2 5 580
12 625 1.5 7.5 655
13 625 1.5 7.5 658
14 625 1 5 578
15 250 1.5 10 740
16 1000 2 7.5 696
17 625 1.5 7.5 654
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TPCij ¼

Pk
i¼1
Pk

j¼1 SSij
Pk

i¼1
Pk

j¼1 SSj þ SSjj þ SSij
� 100 (6) 

TPCjj ¼

Pk
i¼1
Pk

j¼1 SSjj
Pk

i¼1
Pk

j¼1 SSj þ SSjj þ SSij
� 100 (7) 

The linear effect is more predominant than the quadratic and interaction effects for density of the 
developed papers (see Figure 1). Furthermore, for linear effects (basing on sum of squares), blending 
time can generally be considered as the most important factor, followed by banana stem fiber amount 
and water amount. Respective sum of squares for these factors are 39,340.12, 2520.50 and 465.13.

Diagnostics and adequacy of residual plots

In order to verify if the suggested model provided a sufficient approximation of actual systems, 
adequacy of the fitted model was inspected. Normal probability plots of the externally studentized 
residuals were verified with the assumption of ANOVA values so as to check validity. Figure 2a shows 
the relationship for normal probability distribution and externally studentized residuals for the model 
of density of the developed papers. Almost all residual points were very close to the line of fit apart 
from Run 15 (740 g/m3). Similar findings have been reported by Omulo et al., (2019). The correlation 
between externally studentized residuals and experimental runs for density of the developed papers is 
shown in Figure 2b. Almost all the data points fell inconstantly close to “0,” demonstrating constant 
variance in experimental observations. The highest value of residuals (4.781) was obtained with Run 
15. This outlier effect explains why the obtained model´s R2 value could not reach 1.

Figure 2c shows the relationship between externally studentized residuals and predicted density of 
the developed papers. Studentized residuals were randomly scattered in a constant range across plot 
“0.” These plots were randomly distributed, which validated the initial assumption of constant 
variance (Menya et al. 2020). Additionally, all residual data points apart from run 15 fell between 
+4.45855 and−4.45855, proving the adequacy of the reduced quadratic model. In order to obtain the 
standard deviation between experimental and predicted values, a linear plot for predicted verses actual 
values was used (see Figure 2d). High degrees of correlation between the experimental and predicted 
values were noted because all scatter points were distributed close to the 45° line. This confirmed that 

Table 3. Analysis of Variance results for response surface reduced quadratic model.

Source Sum of Squares df Mean Square F value p value

Model 44138.63 8 5517.33 38.61 <0.0001
A-Banana stem amount 2520.50 1 2520.50 17.64 0.0030
B-Water content 465.13 1 465.13 3.25 0.1089
C-Blending time 39340.12 1 39340.12 275.29 <0.0001
AB 56.25 1 56.25 0.3936 0.5479
AC 2.25 1 2.25 0.0157 0.9032
BC 100.00 1 100.00 0.6998 0.4271
A2 918.60 1 918.60 6.43 0.0350
B2 827.56 1 827.56 5.79 0.0427
Residual 1143.25 8 142.91
Lack of Fit 1118.05 4 1.7144 4.36 0.9914
Pure Error 25.20 4 6.30
Cor Total 45281.88 16
Standard deviation 11.95
Mean 657.35 R2 0.9748
C.V. % 1.82 Adjusted R2 0.9495
Adequate precision 21.8583 Predicted R2 0.7571
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the model can accurately be used to represent the relationships between the experimental factors and 
density of the developed papers.

For a better understanding of the results, a perturbation plot was employed to provide correlations 
for process parameters (see Figure 3). The reference point was set in the center of the design space, 
which was the zero-coded level of each factor (635 g for banana stem fiber amount, 1.5 liters for water 
amount and 7.5 min for blending time). It was seen that density of the developed papers increased with 
increasing banana stem fiber amount and blending time. This is because blending banana stem fibers 
for longer times increases surface adhesion between the fibers which enhances their compactness. For 
water amount, density increased between low and center points and started decreasing thereafter. The 
reason for this is that adding chopped stem fibers to water contents above 1.5 liters rendered the pulp 
less thick (Muñoz et al. 2020). The curve curvatures for banana stem fiber amount and water amount 
are much sharper than that for blending time, indicating that the density was more sensitive to banana 
stem fiber amount and water amount. The high sensitivity is due to the quadratic effects of banana 
stem fiber amount and water amount (see Equation 2).

Response surfaces

Figure 4 shows the three-dimensional (3D) response and two-dimensional (2D) contour effects of the 
process factors on density of the developed papers. Figure 4a shows the interaction effect of water 
content and banana stem amount on density of the developed papers. It can be observed from the 3D 
surface plot that at both low and high water contents, increase in banana stem fiber amount led to 
increasing densities with 696 g/m3 at maximum banana stem fiber amount and maximum water 
content. This was possibly due to increasing thickness of fiber particles with increasing banana stem 
fiber amount. This effect is clearly seen in the 2D contour plot, where the density was lowest at 250 g of 
banana stem fiber amount (621 g/m3) and increased steadily up to 670 g/m3 at 1000 g of banana stem 
fiber amount.

Figure 1. Model term TPC for density of banana stem fiber paper.
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Figure 4b shows a silhouette view for all blending time vs banana stem fiber amount on paper 
density. The 3D response surface plot confirms that irrespective of the banana stem fiber amount, 
density of the developed papers increases with increase in blending time. The 2D contour plot 
illustrates that the highest density of 756 g/m3 was obtained at the highest banana stem fiber 
amount (1000 g) and the highest blending time (10 min). Similarly, the lowest paper density (595  
g/m3) was obtained at the lowest banana stem fiber amount (250 g) and the lowest blending time 
(5 min).

The interaction effect for the response surface plot of blending time vs water content on density of 
the developed papers 4c. The 3D response surface plot confirms that irrespective of the water content, 
density of the developed papers increases with increase in blending time. The 2D contour plot 
illustrates that the highest density of 724 g/m3 was obtained at the highest water amount (2 liters) 
and the highest blending time (10 min). Similarly, the lowest paper density (578 g/m3) was obtained at 
the lowest water amount (1 liters) and the lowest blending time (5 min).

Figure 2. (a) Normal probability-residual (b) residual-run (c) externally studentized residuals-predicted response (d) predicted-actual 
values for density of developed papers.
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Process optimization

Numerical optimization method of the Design-Expert software was employed to arrive at the 
optimum conditions for development of paper with maximum density. Figure 5 shows the 
typical ramps (a), desirability cube (b) and density cube (c) for optimization of banana stem 
fiber amount, water content and blending time for the papers. As observed from Figure 4, 
maximum density was obtained when the amount of banana stem fiber, water content, and 
blending time were kept in range. Moreover, the value for density was also kept in range from 
578 to 756 g/m3. Typical ramp and cube for optimization of paper density are shown in Figure 
5a. Optimal operating conditions for attaining maximum density included banana stem fiber 
amount of 461.83 g, water content of 1.31 liters and a blending time of 8.53 min. According to 
the BBD results, the predicted density was 675.75 g/m3 which was a 1.46% deviation from the 
experimental result at the optimal operating conditions. Figure 5b-c shows the individual and 
overall desirability as well as accruing densities for developed papers respectively. The obtained 
desirability was 1, for obtaining a density of 685.62 g/m3 which signaled effective response 
between the factors and the response (density) of this study.

Paper characterization

Proximate composition
Proximate composition (moisture content, volatile matter ash content, and fixed carbon) of the 
developed papers on web basis is presented in Figure 6. Moisture content and volatile matter in the 
developed paper were found to be 12.61%wb and 82.11%wb respectively. Similar results for moisture 

Figure 3. Main effect perturbation plots for density of developed paper.
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Figure 4. 3D and 2D plots of (a) water content vs banana stem amount (b) blending time vs banana stem amount (c) blending time 
vs water content on density of developed papers.

10 V. A. YIGA ET AL.



were obtained by Jirukkakul (2019). The available moisture is due to the fact that banana stem fiber is 
inherently hydrophilic and naturally absorbs moisture from the atmosphere (Mochane et al. 2019). 
These high volatile matter compositions signify that it is easier to ignite these samples with propor
tionate increases in flame length in case of disposal by combustion or incineration (Tessema et al.  
2019). Fixed carbon was 3.16%wb, signifying that these papers can be utilized to store hot materials 
without the packaging paper deteriorating by temperature of kept items. The paper samples had 2.11% 
wb ash content which signals ease of disposal without damaging disposal equipment. Ash is less 
desired in agricultural residues for paper production because it tends to accumulate in the finest sized 
fraction during paper processing due to the small size and brittleness of the inorganic materials (Liu 
and X 2011).

Surface morphologies
The SEM images of the developed paper samples are shown in Figure 7. The samples showed a clean 
non-woven web of cellulosic fibers that are contained by an enveloping membrane, which is similar to 
the structure of inherent banana stem fiber material (Basak et al. 2015). The reason for this observance 
is because banana stems contain high amounts of cellulose (≈67.34%) (Sakare et al. 2021; Basak et al.  
2015; Bhatnagar, Gupta, and Yadav 2015). Additionally, voids observed in the structure are linked to 

Figure 5. Typical (a) ramp (b) desirability cube (c) density cube for optimization of banana stem amount, water content and blending 
time.
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the hydrophilic structure of banana stem fiber materials, which is why the developed paper had 
reasonably high moisture compositions (see Figure 6). The morphology behaviors obtained in this 
study are similar to those obtained by Jirukkakul (2019).

Surface functional groups
The FTIR spectra of developed paper is shown in Figure 8. Peaks around 3300 cm−1, 2924‒2362  
cm−1 and 1033 cm−1 are typical characteristic of cellulose backbone ascribed to – OH, C – H, 
and C – O–C stretching bands, respectively (Abdul Razab et al. 2021; d’Halluin et al. 2017; 
Mohamad and Jai 2022; Tibolla et al. 2018). The broadband at around 3300 cm−1, where 

Moisture content Volatile matter Ash content Fixed carbon

12.61

82.11

2.11 3.16

Proximate composition

Percentage contribution

Figure 6. Proximate composition of the developed paper.

Figure 7. Surface morphologies of developed paper at magnifications of (a) 500 µm (b) 200 µm (c) 100 µm.
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moisture content could take part in the formation of hydrogen bonds, is associated with O−H 
vibrations in hydroxyl groups due to the presence of phenolic groups (Fu et al. 2010). This band 
indicates a free OH stretching vibration in the cellulose molecules of the inherent banana stem 
fiber (Abdul Razab et al. 2021). Sharp bands around 1646 cm−1 observed from the spectrum of 
banana stem fiber paper was ascribed to C=C stretching in aromatic ring of lignin within the 
banana stem fiber (Abdul Razab et al. 2021; Mohamad and Jai 2022; Tibolla et al. 2018). Bands 
around 1400 cm−1 are a depiction of CH2 stretching (Purnama and Primadiamanti 2021). It 
should be noted that the obtained result are similar to results of banana stem fiber material by 
Fatrozi et al. (2020).

Conclusions

This study optimized the density of banana stem fiber paper through response surface 
methodology (RSM). The effect of banana stem fiber amount, water content, and blending 
time on density of the developed composites was evaluated using the Box-Behnken design 
(BBD). Blending time and banana stem fiber amount were found to exhibit the greatest 
influence on density of the developed papers. The linear effect was found to be more 
predominant than the quadratic and interaction effects for the developed density model 
with 95.7, 3.9, and 0.4% respective contributions to the total sums of squares. With R2, 
predicted-R2, and adjusted-R2 of 0.9748, 0.9495, and 0.7571 respectively, the obtained model 
showed good agreement between experimental and predicted values of density. Optimal 
conditions to achieve maximum density of 675.75 g/m3 were banana stem fiber amount, 
water amount and blending time of 461.83 g, 1.31 liters, and 8.53 min, respectively. 
Developed paper was found to have cellulosic compositions, with volatile content as high as 
82.11%wb.
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Highlights

● Optimization and modeling of density of banana stem fiber paper using response surface methodology
● Effect of operating parameters on density of banana stem fiber paper was estimated using Box – Behnken Design.
● The optimum conditions of banana stem fiber amount, water amount and blending time to achieve a density of 

675.75 g/m3 were determined.
● Characterization of banana stem fiber paper using proximate analysis, SEM and FTIR.
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