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A B S T R A C T   

Oxytenanthera abyssinica has been investigated as a possible substitute raw material for pulp and paper pro
duction because of its long fiber (2.40 mm), larger fiber width (21.83 μm), and flexibility ratio (0.72), smaller 
Runkel ratio (0.35), large slenderness ratio (109.98), and thinner cell wall thickness (2.74 μm). A response 
surface methodology (RSM) method was applied to explore and identify the best conditions for soda processing 
of the O. abyssinica stem. Soda concentration, cooking temperature, and cooking time were used to optimize the 
process of pulp production and the Kappa number (KPN). Under optimal conditions such as 180 min cooking 
time, 20 % active alkali, and 165 ◦C cooking temperature, the highest pulp yield and the lowest KPN were 43.48 
% and 19.9, respectively. The optimized pulp was used to make a paper sheet having mechanical characteristics 
of the tensile index (28.23 Nm/g), tearing index (10.70 mNm2/g), and Burst index (1.11 kPam2/g). This study 
demonstrates that O. abyssinica pulp can produce paper with mechanical properties of medium strength equiv
alent to that of paper using a more environmentally friendly pulping process such as soda pulping compared to 
kraft and sulfite pulping. In summary, it can be inferred that O. abyssinica holds significant promise as a sub
stitute raw material for pulp and paper industries. However, it is recommended to conduct pilot plant studies for 
further exploration.   

1. Introduction 

Bamboo is one non-woody plant that can be utilized to produce pulp 
(Fiserova et al., 2006). They are fast-growing plants and are abundantly 
found in the tropical areas (Emamverdian et al., 2020). Compared to 
non-wood fibers like reeds, corn straw, bagasse, rice, and wheat straw, 
bamboo species are used as a main raw material for pulp and paper 
production (Chen et al., 2019). They can be found in a number of places, 
including Asia, Central America (Honduras, Costa Rica, and Mexico), 
and South America (Rusch et al., 2019). 

In Africa, Ethiopia is home to over a million hectares of bamboo, 

making up 67 % of Africa’s bamboo resources. Additionally, Ethiopia 
accounts for about 7 % of the world’s total bamboo area (Lin et al., 
2019). Approximately 85 % of Ethiopia’s total bamboo area comprises 
O. abyssinica, a native bamboo species that is environmentally and 
economically significant plant species for the country (Oumer et al., 
2020). In the central, southwestern and southern regions of the country 
there is a total of about 850,000 ha of O. abyssinica (Embaye, 2003). 
Although O. abyssinica is a bamboo species commonly grown in 
Ethiopia, nothing is known about its pulping and paper-making 
potential. 

Soda pulping is one of the most popular methods for producing pulp 
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from non-woody biomass (Worku et al., 2023a). Compared to more 
traditional papermaking methods (such as kraft and sulfite pulp), which 
have negative environmental impacts, the soda pulping process, also 
known as alkaline pulping, offers the advantage of using less hazardous 
chemicals to human health and the environment. It offers viable 
chemical recovery opportunities, reduces cook time and produces 
sulfate-free pulp (Worku et al., 2023a). RSM is used for soda pulping 
process reaction parameters. Researches showed that, to achieve the 
appropriate pulp characteristics, pulping can be optimized using RSM 
for a variety of factors, such as pH, temperature, time, and chemical 
concentrations (Bezerra et al., 2008). Using the experiment data, a 
mathematical model is developed to show the relationship between the 
input factors and the output responses of soda pulping. The aim of this 
research is to use soda pulp and RSM optimization techniques to produce 
pulp and paper from low land bamboo species called O. abyssinica. 

2. Materials and methods 

2.1. Sample collection and identification 

Twenty O. abyssinica plants, with one to three average age, were 
randomly picked from a natural forest in Pawe woreda in Metekel Zone 
by TAPPI guidelines 2002 (TAPPI, 2002). Taxonomists from the 
Department of Biology and Biodiversity Management, College of Natural 
Sciences, Addis Ababa University identified the plant species. The 
identified O. abyssinica plants were used to test fiber characterization 
and chemical composition analysis. The plant stalks above 30 cm were 
used for test fiber characterization. In order to conduct the chemical 
composition test, chips with a mesh size of less than 40 and more than 60 
were used (Amibo et al., 2021). 

2.2. Proximate and fiber dimension measurement procedures 

TAPPT standards were used to analyze the proximate chemical 
analysis and fiber characteristics of O. abyssinica as well as fiber length, 
fiber width, cell wall thickness, and fiber lumen diameter measurement 
procedures found in our in our previous work (Worku et al., 2023b). 

2.3. Soda pulping 

Oven-dried O. abyssinica chip samples were weighed and charged 
into the digester with a 10:1 liquid (NaOH solution) to the solid ratio for 
soda pulp production using RSM optimization methods. The digester 
was heated to operational temperatures for 140, 165, and 190 min, with 
concentration of NaOH (15, 20, and 25 %) and reaction time (160, 180, 
and 200 min.). The final O. abyssinica non-bleached pulp was completely 
washed with tap water, and the pulp yields were calculated based on 
Equation (1). 

Pulp yield (%) =
Oven dry pulp after cooking

Oven dry sample before pulping
× 100 (1)  

2.4. Experimental design 

The relationship between the dependent variables pulp yield and 
KPN and the three independent processes, such as variables reaction 
time between 160 min and 200 min, alkali concentration between 15 % 
and 25 %, and reaction temperature between 140 ◦C and 190 ◦C was 
examined using RSM. To determine the linear, quadratic, and interac
tion impacts of each component on each response and create model 
equations, a total of 20 tests were conducted (Table 1). 

By fitting to a second-order polynomial equation (Equation (2)) of 
multiple regression analysis using the least squares approach, the 
experimental data for each of the responses were modeled. 

Y = β0 +
∑k

i=1
βixi +

∑k

i=1
βiixi +

∑k

i=1

∑k

j=i+1
βijxixj (2)  

Where k is the number of independent variables, Y is the expected 
response (such as KPN or pulp yield), xj and xi are the coded indepen
dent variables, and ij, o, ii, and i are the regression coefficients for the 
quadratic, linear, intercept, interaction components, respectively. 
Design Expert (version 13.0) software obtained the model coefficients. 
To find significant effects and confirm the statistical validity of the 
model, the analysis of variance (ANOVA) for experimental results was 
used. 

2.5. Bleaching of pulp 

The bleaching activities were carried out in three bleaching stages. In 
the first and second bleaching, 4 % H2O2, 3 % NaOH, 0.5 % Epsom salt, 
and 3 % sodium silicate were used and in third bleaching stage aqueous 
chlorite solution (1.7 % w/v NaClO2) in 100 mL of distilled water 
combined with acetate buffer (2.7 g NaOH and 7.5 mL glacial acetic 
acid) was used as the same procedures used in our previous work 
(Worku et al., 2023b). 

2.6. Kappa number 

First, the spectral intensity of 5 mL of a potassium permanganate 
solution at 0.1 N was determined. The permanganate solution was mixed 
with 20 ml of standardized sulfuric acid (2 mol/L) concentration to 
create a powerfully acidic reaction solution. Then, using a magnetic 
stirrer, 150 mg of oven-dried pulp was added to the produced reaction 
solution. Filtration was completed after three minutes of reaction time. 
Equation (3) was used to get the KPN (Chai et al., 2000). 

K =
a
w

(

1 −
A0
Ae

)

(3)  

Where A0 is the absorbance of permanganate solution at the beginning, 
and Ae is the absorbance at the end of the oxidation reaction. “a” is the 
initial volume of 0.02 mol/L permanganate in the blank solution in 
milliliters, and “w” is the amount of pulp utilized in grams. 

Table 1 
Experimental design data for the soda pulping of O. abyssinica.Pulping condi
tions, pulp yields, and KPN.  

Run # Independant variable Dependent variable 

Temp (◦C) Time (min) Conc. (%) Yield Kappa number 

1 140 180 20  35.35  31.03 
2 140 200 15  30.75  39.49 
3 165 180 20  43.48  20.90 
4 165 200 20  40.50  21.77 
5 165 180 25  41.34  27.45 
6 190 180 20  35.83  21.55 
7 190 160 25  38.41  30.89 
8 165 180 20  43.48  20.9 
9 140 160 15  30.85  41.53 
10 165 180 20  43.48  19.90 
11 165 180 20  42.48  19.90 
12 165 180 20  43.48  19.90 
13 140 200 25  32.77  35.17 
14 190 200 25  29.51  28.25 
15 140 160 25  34.19  37.21 
16 165 160 20  43.00  24.61 
17 165 180 15  40.66  28.41 
18 190 200 15  31.49  27.85 
19 190 160 15  35.07  33.49 
20 165 180 20  43.48  19.90  

L.A. Worku et al.                                                                                                                                                                                                                               



Journal of King Saud University - Science 36 (2024) 103230

3

2.7. Hand sheet making procedure and mechanical test 

Pulp and paper-making procedures were used based on the methods 
used in our previous work (Megra et al., 2022). The optimized soda pulp 
of O. abyssinica plant was used for paper production after bleaching with 
the following procedures. 23 L of water and 400 g of air-dried bleached 
soda pulp were combined to prepare pulp slurry with a consistency of 
1.9 %. The pulp slurry was placed in a beater and milled by circulation. 
During the meal, the slurry’s freeness was assessed every 10 min. This 
was accomplished by taking 128 mL of slurry—which contained 2 g of 
moisture-free fiber—out of the mixer, diluting it with 1000 ml of 
distilled water, and measuring the level of grinding. 800 mL of the 
sample was removed from the mixer when the pulp freeness reached 30 
CSF. It was then diluted with 2 L of water to a consistency of 0.62 % and 
crushed for 5 min at 1500 rpm. After being removed from the disinte
grator, the ground and shredded pulp suspension were diluted with four 
liters of water and well-mixed by hand. After removing 404 ml of the 
diluted mixture, a sheet-forming machine yielded 60 g per square meter 
of sheets. After the panels were ready, a two-stage pressing process was 
carried out in the pressing machine, where a pressure of 0.62 MPa was 
applied for four minutes. After being taken out of the press, the materials 
were put on the drying plates and allowed to dry in the oven for 45 min 
at 130 ◦C. Various standard physical tests, including the tensile strength 
test, tear strength test, and burst strength test were performed based on 
standard procedures used by TAPPI (TAPPI, T-403-cm97, 2002). The 
general processes for producing pulp and paper are shown in Fig. 1. 

2.8. Statically analysis 

The data were subjected to one-way ANOVA, p-value, confidence 
interval (CI), and standard deviation (SD) using Origin 8 and Microsoft 
Excel. The average result included SD. Reliability was evaluated at a 95 
% confidence interval p < 0.05. The means were compared using the 
Tukey Test. 

3. Results and discussion 

3.1. Chemical composition and fiber characteristics of O. abyssinica 

Previous research revealed that the average three-year-old 
O. abyssinica had a cellulose, hemicellulose, and lignin content of 

49.26, 21.31, and 20.63 wt%, respectively. Since O. abyssinica has more 
than 34 % cellulose content, the results show that it has a high potential 
to produce pulp in pulp production industries (Syed et al., 2016). 
O. abyssinica had a higher solubility of 4.51 ± 0.153 wt% in alcohol- 
benzene. In 1 % NaOH solution, O. abyssinica was soluble at a weight 
percentage of 20.4 ± 0.15. This solubility value is greater than the value 
of solubility found in hot water (11.67 wt%), cold water (9.56 wt%), and 
alcohol/benzene (4.51 wt%) (Worku et al., 2023b). This showed that 
some important compounds like low molecular weight carbohydrate, 
some inorganic compounds, starch and other elements were present in 
O. abyssinica. This outcome agrees with other studies on bamboo plants 
that have been conducted by Moradbak et al., 2016a), and (Gülsoy and 
Şimşir, 2018). O. abyssinica’s fiber lengths possess a value between 1.32 
and 3.55 mm, with a mean value of 2.40 mm. This falls within softwood 
ranges from 2.7 to 4.6 mm, and hardwood from 0.7 to 3.0 mm (Cam
poseco-Negrete, 2013). O. abyssinica’s fiber width was 21.83 µm and 
wall thickness was 2.74 µm. The findings also revealed that 
O. abyssinica’s fiber lumen diameter had a mean value of 15.63 µm. The 
average Runkel ratio value was 0.35 ± 0.01 (Worku et al., 2023b). The 
Runkel ratio (>1) was lower in the bamboo fiber. The lower value of 
rankle ration an indication for good pulp and paper production. Pulp 
yield will be high if the Runkel ratio is smaller than 1 (Ofosu et al., 
2020). O. abyssinica had an average flexibility ratio value of 0.72. The 
mean Slenderness ratio value of O. abyssinica was 109.98, exceeding the 
threshold of 70. This suggests that, as mentioned by Cao et al. (2014), 
the fibers produce better paper sheets. Slenderness ratio value of 
O. abyssinica is larger compared to the value of hardwood pulp fiber, 
however, the value is are comparable to the slenderness ratio of fiber 
obtained from softwood pulp (Boonpitaksakul et al., 2019). 

3.2. Pulp yield and kappa number 

The KPN as well as yield of pulp from O. abyssinica were optimized 
using the RSM experimental design method as shown in (Table 1). As 
shown in the Table, the methodology consists of 20 experimental runs to 
assess the statistical effects of factors such as time (t), alkaline charge 
(A), and temperature (T) on the KPN and pulp yield. Pulp yields (ranging 
from 30.75 to 43.48) and kappa values (ranging from 19.90 to 41.53) 
were produced using reaction time (160–200 min), concentration 
(15–25 %), and reaction temperature (140–180 ◦C). 

Fig. 1. Pulp and paper-making procedures from three old O. abyssinica plants. Where 1: cutting and chipping, 2: inserting to reactors, 3: soda pulping, 4: drying, 5: 
bleaching, 6: sheet making and 7: lignin collection. 

L.A. Worku et al.                                                                                                                                                                                                                               
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3.3. Effect of pulping process variables 

3.3.1. Effect of individual process variables 
As observed in Table 1 the soda pulp yield of three year aged 

O. abyssinica was found in the range between 30.75 and 43.48 % with 
maximum value of 43.48 %. The value of the soda pulp yield was 43.48 
% at the optimum temperature of 165 ◦C, an alkali charge of 20 % and a 
cooking time of 180 min. As the temperature increased to 190 ◦C with a 
constant active alkaline charge of 20 % and a cook time of 180 min, the 
pulp yield decreased to 35.83 %. The pulp yield declined to 41.34 % at 
constant temperature (165 ◦C) and time (180 min), as active alkali in
crease from 20 % to 25 %. At constant temperature (165 ◦C) and active 
alkali (20 %) as reaction time increased from 180 to 200 min, yield 
decreased to 40.65 %. The pulp yield of the plant also showed a lower 
value when the reaction time decreased from 180 to 160 min, the 
temperature decreased from 165 to 140 ◦C, and the alkaline charge 
decreased from 20 to 15 % (Table 1). Cooking at higher temperatures, 
for longer periods (more than 180 min), and with an excessive alkali 
content (more than 20 %) leads to fiber breakdown and reduced pulp 
production and quality. Lower reaction conditions also increase the 
rejection and decrease the pulp yield (Darmawan et al., 2020). 

The KPN obtained in the experiment ranged from 19.90 to 41.53 
(Table 1). However, the value of the KPN at optimal temperature 
(165 ◦C), alkaline charge (20 %), and time (180 min) were 19.90. The 
KPN increased from 19.90 to 21.55 when the temperature was raised 
from 165 ◦C to 190 ◦C while maintaining a consistent alkaline charge 
(20 %) and cooking period (180 min). The KP rose to 27.45 when the 
concentration of alkaline charge was raised from 20 % to 25 % at a 
steady temperature of 165 ◦C and a reaction period of 180 min. At a 
constant temperature of 165 ◦C and an active alkaline charge of 20 %, as 
the reaction time increased from 180 to 200 min, the KPN increased very 
small, changing from 19.34 to 21.77. The KPN of the soda pulping is 
higher than 19.9 when the temperature, alkaline concentration, and 
reaction time are lower than 165 ◦C, 20 %, and 180 min, respectively. A 
smaller increase in KPN occurred when the active alkali was cooked at 
temperatures above 165 ◦C for longer than 180 min, and more active 
alkali was present (20 % or more). The high kappa value indicates that 
the pulp produced has a high lignin concentration. Conversely, a low 
KPN means that the pulp’s cellulose content has deteriorated, which 
lowers the pulp’s quality and may make bleaching more challenging as 
well as reduce pulp strength (Ardina et al., 2018). The KPN generally 

decreased with increasing temperature, reaction time, and alkaline 
charge up to the optimal point. However, as their value increased above 
the optimal point, the KPN slightly increased (Table 1). 

The larger pulp yield was obtained in our work compared to the 
result obtained by Chibudike et al. (2020). They found a pulp yield of 
32.16–47.90 using RSM methods using soda pulping of Bamboo ob
tained from Lagos State, Nigeria. By using RSM methods to pulp 
O. abyssinica collected from the Assossa zone using soda-AQ pulping, 
Tolessa (2015) found that, under optimum circumstances, at the cooking 
temperature of 150 ◦C, active alkali of (20 %), and cooking time of 180 
min, the maximum pulp output was 52.24 %. The minimum KPN was 
12.16 %. 

3.3.2. Interaction effect between process variables 

3.3.2.1. Interaction effects of soda concentration and temperature. Fig. 2a 
illustrates how temperature and soda concentration affect pulp pro
duction and KPN throughout a set cooking time of 164.5 min. The Yield 
of pulp was initially increased by an increase in soda concentration and 
temperature; however, further increases in soda concentration and 
temperature resulted in a drop in the pulp yield because high soda 
concentrations and temperatures cause cellulose to degrade. The most 
significant response value was 43.8 % yield observed at 20 % alkaline 
charge and 165 ◦C. As observed in Fig. 3a, the temperature change has 
more effect on pulp yield than alkaline charge. Fig. 3b demonstrated 
that the reduction in KPN was facilitated by both an increase in soda 
content and temperature. 

3.3.2.2. Interaction effects of time and soda concentration. Researchers 
can gain a great deal of insight on the relationship between time, soda 
concentration, and their combined effect on the desired result (Pie
piórka-Stepuk, 2018). The effects of varying soda content and its rela
tionship to pulp yield and KPN at a fixed cooking temperature of 
147.3 ◦C are depicted in Fig. 3. In this surface plot, the KPN decreases as 
pulping time and alkaline concentration increase toward the center. 
However, the KPN gradually increases as the reaction time and alkaline 
concentrations increase. Increases in alkaline concentration improve 
lignin breakdown and reduce lignin condensation, which has a favorable 
impact on the KPN. 

Fig. 2. Effects of soda concentration and temperature on pulp production (a) and KP (b).  
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3.3.2.3. Interaction effect of temperature and time. Fig. 4a displays the 
effects of temperature changes over time and how they interact with one 
another to affect pulp production and KPN at a constant soda concen
tration of 24.4 %. Researchers showed that Changing temperatures and 
time significantly affected pulp yield and the value of the KPN (Li et al., 
2023). The cell walls of O. abyssinica strains prevented easier delignifi
cation during pulping, therefore increasing temperature and time 
increased pulp yield. However, a further increase in the temperature of 
the reaction with a longer time reaction decreases the pulp yield. This is 
due to high cellulose degradation. As observed in Fig. 4, the KPN de
creases as the reaction temperature increases; low temperature will 
result in insufficient lignin removal, which raises the KPN (Bonfatti and 
Silva, 2018). The lowest KPN is observed with a value of 19.90 at a 
temperature of 165 ◦C and a reaction time of 180 min. This implied that 
prolonged cooking at low temperatures could only sometimes lead to an 
improvement in yield and KPN compared to that obtained after a short 
time at high temperatures for the same degree of pulping. AS observed in 
the Fig. 4, a nearly flat reaction surface implies that the KPN variation is 
less sensitive in regions of high alkali concentration and time in this 
particular scenario. 

3.3.3. Bleaching result 
Three stages of a bleaching procedure were used: BOA1 and BOA2, 

which bleached using a combination of alkali peroxide bleaching stages 
(H2O2, NaOH, Na2SO3, and Epsom salt), and BOA3, which bleached 

using NaClO2 (Worku et al., 2022). After heating OANP for 40 min to 
reaction temperature, a solution of distilled water, 3 % Na2SiO3, 3 % 
NaOH, 0.5 % Epsom salt, and 4 % H2O2 was added, and good mixing was 
achieved by kneading. The KPN had dropped from 19.9 to 10.4 at this 
point. This number shows the existence of residual lignin in the pulp. In 
the second stage, the same procedure as in the first stage is repeated on a 
dry sample of BOA1. The KPN of the sample decreased to 6.5. This 
showed that the lignin content decreased from the samples. In the third 
stage, 100 mL of distilled water and 100 mL of acetate buffer (consisting 
of 7.5 mL of glacial acetic acid and 2.7 g NaOH) were added to 100 mL of 
BOA2 and heated for four hours at 80 ◦C. In this stage, the KPN of the 
plant drops to 2.6. As seen in Fig. 5, the brightness also rose from left to 
right (Mussatto et al., 2008). The paper sheet made from soda pulp of 
O. abyssinica revealed that the paper has a tearing index, bursting index, 
and tensile index with a value of 28.23 Nm/g, 1.11 kPam2/g, and 10.70 
mN.m2/g respectively. 

3.4. Handsheet physical properties 

The fundamental characteristics of the O. abyssinica pulp sheet were 
examined, such as its physical strength. The findings showed that the 
tearing index, bursting index, and tensile index of paper produced from 
O. abyssinica were 33.58 Nm/g, 1.303 kPa.m2/g, and 11.5 mN.m2/g, 
respectively. 

O. abyssinica stem paper sample has higher a tear index of value of 

Fig. 3. Effects of pulp production and KPN on soda concentration and time spent at constant temperature, respectively.  

Fig. 4. Temperature and time interactions at constant soda concentration: effects on pulp production and KPN, respectively.  
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11.5 m Nm2/g and the tensile index value of 33.58 Nmg− 1, this is 
because, O. abyssinica has larger fiber length, flexibility, slenderness 
ratio, and coefficient of rigidity (Worku et al., 2023b). An individual 
fiber’s bonding strength, and consequently its tensile strength and 
bursting qualities, are determined by its long fiber length and coefficient 
of flexibility (Bellil et al., 2023). Compared to G. scortechinii and 
B. vulgaris, the burst index of O. abyssinicas was almost comparable; 
however, compared to the rest of the other bamboo plants. The highest 
tensile index value (33.58 Nmg− 1) was obtained in this steady for 
O. abyssinica raw material compared to G. scortechinii (30.22 Nmg− 1), 
(Hassan et al., 2014), B. vulgaris (18.8 Nmg− 1) (Suhaimi et al., 2022), G. 
levis (29.68 Nmg− 1) (Suhaimi et al., 2022) and G. scortechinii (20.86 
Nmg− 1) (Moradbak et al., 2016). 

4. Conclusion 

This study investigated how pulp production, KPN, and paper sheet 
characteristics were affected by pulping parameters such as active alkali 
(NaOH), cooking temperature, and reaction time. These factors mostly 
determined the pulp yield and the quality of the bamboo pulp made 
from O. abyssinica. Under optimal conditions, including cooking dura
tion (180 min.), cooking temperature (165 ◦C), and alkaline charge (20 
%), the maximum pulp yield and lowest KPN were 43.8 % and 19.9, 
respectively. Tearing index, bursting index, and tensile index values at 
the optimum conditions were found to be 11.5 mN.m2/g, 1.303 kPa.m2/ 
g, and 33.55 Nm/g respectively. It can be concluded that O. abyssinica 
has great potential as an alternative raw material for pulp and paper 
industries, although pilot plant studies are suggested. Research on the 
utilization of hemicellulose, cellulose recovery, lignin valorization, and 
microbial and enzymatic techniques for biodegrading pulping and 
papermaking residues into bio-based products are some areas of future 
focus for the biorefining of residues from these operations. 
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