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Textile dyes pose considerable environmental problems, as they often contain harmful chemicals that 
contaminate the soil and water sources. This study investigated the use of activated carbon made from 
Catha edulis stems, a waste product from leaf consumption, for the biosorption of reactive red 45 dye. 
The khat stems underwent a carbonization process followed by chemical activation using phosphoric 
acid. Various analytical techniques were used to examine the material’s physical and chemical 
characteristics. Results showed that the activated carbon possessed diverse functional groups (FTIR), 
an amorphous internal structure with crystalline carbon regions (XRD), and a surface morphology 
featuring irregular shapes, pores, deep cavities, and holes (SEM). It also had a point of zero charge 
(pHpzc) of 4.82 and a high BET surface area of 496.316 m²/g. Batch adsorption experiments were 
conducted to assess dye removal efficiency and determine optimal removal conditions. The maximum 
removal efficiency of reactive red 45 dye was 94.5% under optimal conditions: pH 3.05, adsorbent dose 
10.5 g/L, contact time 38.79 min, and an initial dye concentration of 50.4 mg/L. At these conditions, 
adsorption isotherm, kinetics, and thermodynamics were analyzed. The equilibrium data fit well with 
the Langmuir isotherm model and the pseudo-second-order kinetic model. These findings indicate that 
activated carbon developed from Catha edulis stem is a promising biosorbent for removing reactive red 
45 dye from textile wastewater.

Environmental pollution is the main concern in the world at the present time. This is due to the rapid increase of 
industrialization, agriculture and population number, which consume a large amount of resources and generate 
wastes that pollute the environment. The wastes can be of different types, including organic and inorganic 
substances (heavy metal ions, pesticides, various types of dyes and other contaminants, which cause significant 
health hazards to living organisms and overall deterioration of the environment1–3. Water pollution poses 
serious concerns about human health and environmental risks in many developing countries, particularly those 
in Sub-Sahara, including Ethiopia4. Among those water pollutants dyes are the focus of many environmental 
concerns because of their non-biodegradable, complexity, and polluting nature, stability with highly resistant 
photolysis properties5.

Dyes are colored substance widely used in various industries such as textiles, paper, leather, plastics, food, 
cosmetics, pharmaceuticals, etc. to impart color to their products. They can be categorized into natural and 
synthetic types based on their origin6–8. Currently, several kinds of synthetic dyes are commonly used, including 
acid dyes, basic (cationic) dyes, direct dyes, reactive dyes, disperse dyes, vat dyes, and azo dyes. Despite their 
usefulness, dyes can pose serious risks to both the environment and human health. They can contaminate water 
bodies, lower oxygen levels, and endanger aquatic life9. Many dyes contain hazardous substances that are toxic, 
mutagenic, or carcinogenic, which may accumulate in the food chain10. Prolonged human exposure can cause 
respiratory problems, allergic reactions and cancer5.

1Faculty of Chemical and Food Engineering, Bahir Dar University, P.O Box 26, Bahir Dar, Ethiopia. 2College of 
Science, Department of Chemistry, Bahir Dar University, P.O Box 79, Bahir Dar, Ethiopia. 3Department of Chemistry, 
College of Natural and Computational Sciences, University of Gondar, P.O. Box 196, Gondar, Ethiopia. 4Blue Nile 
Water Institute, Bahir Dar University, P.O Box 79, Bahir Dar, Ethiopia. email: agegnehua@gmail.com

OPEN

Scientific Reports |        (2025) 15:28195 1| https://doi.org/10.1038/s41598-025-09956-2

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-09956-2&domain=pdf&date_stamp=2025-8-1


Textile industries consume a large quantity of dyes and release of effluents containing dyes in sufficient 
quantities11. Among them reactive dyes have a relatively low fixation rate (50–90%), with the remaining 10–50% 
being lost in the effluents12. Most reactive dyes are azo compounds, which are challenging to break down or 
remove and pose serious threats to aquatic ecosystems. Additionally, their breakdown products can be mutagenic 
and carcinogenic5,13.

Reactive red 45 dye (RR-45-D) is an anionic dye with chemical formula C27H19ClN7Na3O10S3 and Molecular 
Weight 802.10 g/mol. It is a diazocompound which contain negatively charged sulfonic groups (SO3

−), highly 
soluble and visible in water bodies14. The structure of the molecule is shown in Fig. 1. RR-45-D has a strong 
interaction with many surfaces of synthetic and natural fabrics15. It is a widely used synthetic dye in the textile 
industries, due to shade versatility and good fastness besides its excellent binding property with fabric surfaces. 
Among all dyes, this dye generates the most pollution and became the major challenge in the world15.

Treatment of wastewater containing RR-45-D is very important to safe living organisms in the environment. 
There are different treatment methods and technologies commonly applied for dye removal in wastewater. This 
includes chemical oxidation, photocatalytic degradation16,17coagulation18filtration, ion exchange, adsorption, 
and biological treatment8,19. Among these wastewater treatment techniques, adsorption is found to be superior 
due to low initial cost, flexibility, and simplicity of design, ease of operation, and high removal efficiency10. 
Biosorbents are natural or modified materials used to remove pollutants, such as heavy metals, dyes, and other 
contaminants, from wastewater. They are typically derived from biomass materials like plants, agricultural by-
products, fungi, algae, or even microorganisms20,21. Biosorbents are effective in removing contaminants due to 
their large surface area, high porosity, and the presence of functional groups (such as hydroxyl, carboxyl, or amino 
groups) that interact with contaminants22,23. The efficiency of removal depends on nature of the contaminants, 
modification, and environmental conditions24. Biosorbents are low-cost, often use waste materials, and are 
reusable, though initial costs for modification or regeneration may add up. They are also considered highly 
sustainable, because they are made from renewable, biodegradable, and environmental friendly materials25,26.

Commercially available activated carbon is highly effective for the removal of dyes in wastewater. However, 
its use is limited due to its high cost8. Therefore, searching of low-cost biosorbents is very essential. In adsorption 
process several agricultural waste biosorbents have been reported including eggshell waste, rice hull ash, coffee 
grounds, coconut shell activated carbon, tobacco steam ash, fishery waste, vegetable residues, waste bamboo 
culms, and orange and banana peel7,27. Catha edulis, commonly referred to as khat, has attracted growing research 
interest as a potential cost effective adsorbent. This is primarily due to its abundant availability throughout 
the year in khat-producing regions, where large quantities of the stem are discarded as waste following the 
consumption of its fresh leaves. Furthermore, the presence of diverse functional groups on its surface enhances 
its suitability for adsorption applications1,28. In this study, activated carbon (AC) was produced from Catha 
edulis stems (CES) waste, which are often thrown away after use, thereby offering a sustainable approach to both 
waste management and material development.

The objective of this study was to investigate the adsorption of RR-45-D from aqueous solutions using AC 
developed from CES under various operational conditions, including pH, contact time, adsorbent dose, and 
initial dye concentrations. The study also explored adsorption isotherms, kinetics models, and thermodynamic 
properties related to the adsorption of RR-45-D onto the prepared AC biosorbent.

Materials and methods
Materials
The main raw material used in this study was CES waste used as a precursor for bio-adsorbent. Chemicals such as 
Phosphoric acid (85%, Thermo Scientific) was used for activation of CES powder, analytical grade Hydrochloric 
acid (37%, Fisher Scientific), and sodium hydroxide (98%, BDH chemicals) base were used for pH adjustment 
of the dye solution. Reactive red-45- dye powder (C27H19ClN7Na3O10S3) obtained from Bahir Dar Textile Share 
Company was used as a model pollutant for the preparation of synthetic dye solution. Sodium chloride salt 
(98%, API manufacturer, India) was used for the determination of the point of zero charges and powdered 
anhydrous KBr (99.5%, Fisher scientific) was used to press the developed AC and obtain pellets for FTIR analysis 
to identify the functional groups of the biosorbent.
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Fig. 1.  The chemical structure of RR-45-D.
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Preparation of AC from CES
The biosorbent was prepared based on physical and chemical activation procedures with some modifications1,4,29,30. 
The disposed CES was collected and washed with distilled water and dried in an oven (Italia, M40-VF) at 105 °C 
until it was completely dried. Then, it was crushed with a cutter mill (Germany, Fritsch, D-55743) for size 
reduction of the sample. The crushed CES was carbonized in a muffle furnace (Germany, Northern, L-030H2CN) 
at, 600 °C for one hour29. The chemical activation was carried out by taking 80 g weight of powdered carbonized 
sample and immersed in 12% phosphoric acid solution in the ratio of 1:5 (w/v) for 12 h. The soaked samples 
were filtered out by Whatman filter paper and washed with distilled water until the pH reached to neutral. The 
resulting biosorbent were completely dried at 105 °C in an oven for three hour. Finally, it was crushed and sieved 
in the range of 200–500 μm and stored in a plastic container for later use.

The point of zero charges (pHpzc)
The pH at which the Charge of the solid surface adsorbent is zero referred to as the point of zero charge (pHpzc). 
The point of zero charge (pHpzc) of the biomass was determined by solid addition method1,15. 45 mL, 0.1 N 
of NaCl standard solution transferred in to a series of 100 ml of Erlenmeyer flasks. The initial pH of solution 
(pHi) were approximately adjusted from 2 to 12 by adding either 0.1 M HCl or 0.1 M NaOH.The total volume 
of the solution in each flask was made exactly to 50mLby adding the 0.1 N NaCl solution of the same strength. 
The initial pH of solution accurately noted and added 0.1 g of adsorbent to each flask and then securely capped 
immediately. The suspensions were shaken and allowed to equilibrate for 24 h. Finally; the final pH values of the 
supernatant liquid (pHf) were noted. The final pH values in y-axis were plotted against the initial pHi (x-axis). 
The point of intersection of the resulting curve with the x-axis gave the pHpzc.

Analysis of surface area and porosity of AC developed from CES
Surface cleaning (degassing) was carried out using surface area and pore size analyzer (NOVA 4000e) by adding 
a samples of raw CES and both base and acid treated biosorbent separately in a glass cell and heating it under 
a vacuum for 30 min at 300 0c. After degassing, the glass cell, which contain sample, was transferred to Dewar 
flask, which contain liquid nitrogen and set up with computer to be analyzed. Then surface area, pore size and 
volume were analyzed by software, which is connected with instrument surface area and pore size analyzer 
(NOVA 4000e).

Fourier transforms infrared (FT-IR), scanning electron microscopy (SEM) and X-ray diffraction 
(XRD) analysis of AC biosorbent
To determine the functional groups present in the bio-adsorbent, 2 mg of powdered sample was mixed with 
300 mg of powdered anhydrous KBr, and then pressed to obtain the pellets. The spectra were recorded in the 
wavenumber range of 4000 and 400 cm−1 using an FT-IR spectrometer (Perkin Elmer, FT/IR-6600).The surface 
morphology of the biosorbent was determined by using scanning electron microscope (SEM - JEOL, JSM 6360 
LV).This was operated at 15 kv voltage and 1–3 nA beam current. The diffraction pattern of crystalline bio-
adsorbent was characterized by using a Bruker D2-phaser diffractometer (copper Kα radiation, λ = 1.54056 Å, 
with variable slits at 45 kV/40 mA). Scanning was done in the range of 10 to 75 (2θ) at a scanning rate of 2° 
min−1.

Batch adsorption experiment
1.0 gram of RR-45-D was mixed with 1 L of distilled water in order to prepare a 1000 mg/L synthetic stock dye 
solution. The varied concentrations of RR-45-D working solutions were prepared by dilution of the stock dye 
solution. Adsorption experiments were carried out in the batch mode according to1,9,15 for optimizing the above 
different parameters with modification (Fig. 2). Solution pH (3–10), contact time (30–90 min), adsorbent dosage 
(0.5–1.5  g), initial dye concentration (50–100  mg/L), These batch adsorption experiments were conducted 
according to the run order of the design expert, as shown in Table 5 below, based on the CCD run order of the 
design expert. The experimental runs were conducted in a conical flask of 150 mL capacity. The experimental 
runs were conducted in a conical flask of 150 mL capacity. In all the experiments, the solution volume was 100 
mL. The initial solution pH was adjusted using a pH meter by dropping 0.1 N HCl and 0.1 N NaOH before adding 
the required amount of adsorbent to the solution. The mixture solutions were agitated with a magnetic stirrer 
on a digital hot plate at 150 rpm until the necessary time was reached, and then the adsorbent was separated 
from the solution by filtration using Whatman filter paper No 42 (2.5 μm pore size). Finally, the absorbance 
of the supernatant solutions was assessed using a UV-Vis spectrophotometer (Lamda 35 Perkin Elmer) at the 
dye’s maximum scanned absorbance of wave length of 542 nm. All experiments were performed according to 
experimental design layout.

Experimental design by design expert
Statistical experimental design helps to optimize all affecting parameters easily compared to classical methods 
of studying adsorption processes. This approach helps to improve product yields, decreased process variability, 
closer confirmation of the output response to target requirements, shorter development times, and lower overall 
costs in the development of adsorption processes. The central composite design methodology was used to 
investigate the effects of process parameters, namely pH (A), adsorbent dose (B), contact time (C), and pollutant 
concentration (D), on the response and percentage of reactive red dye removal (Y). The result’s significance was 
analyzed by analysis of variance (ANOVA).The 30 experiments were carried out, and the data was statistically 
analyzed by the Design-Expert software to find a suitable model for the percentage of reactive red dye removal 
yield as a function with the four factors shown in Table 1.
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The batch adsorption was evaluated under the percentage of dye removal, adsorption capacity, adsorption 
isotherm models, and thermodynamic properties.

Adsorption efficiency and capacity
The percentage of dye removal (% R) was determined using Eq. (1):

	
% R = Co − Ce

Co
∗ 100 � (1)

.
The adsorption capacity at equilibrium (qe) was determined by Eq. (2)

	
qe = (Co − Ce)v

m
� (2)

.
Adsorption capacity at any time t (qt) was calculated via Eq. (3)

	
qt = (Co − Ct) v

m
� (3)

.
Where Co - initial dye concentration (mg/L); Ce - residual concentrations of the dye (mg/L) at equilibrium; 

V - volume of dye solution (L) and m - mass of the bio-adsorbents (g).
Adsorption isotherms.
Biosorption isotherm models are applied on the adsorption process to know the type of adsorption, 

chemisorption or Physiosorption and can provide information about the maximum adsorption capacity 
of different adsorbents31. There are different isotherm models, the most commonly used are Langmuir and 
Freundlich models to describe the adsorption isotherm7.

The linear forms of Langmuir and Freundlich isotherm models are shown in Eqs. (4) and (5), respectively.

	
Ce

Qe
= 1

bQm
+ Ce

Qm
� (4)

Process parameters Code Levels

pH A 3 6.5 10

Adsorbent dose (g/100mL) B 0.5 1 1.5

Contact time (min) C 30 60 90

Initial dye concentration (mg/L) D 50 75 100

Table 1.  Estimated factors and there levels employed for removal of RR-45-D.

 

Fig. 2.  Point of zero charge (PZC) (a); FT-IR spectra of AC of CES, before and after adsorption of RR-45-dye 
(b).
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logQe = logKf + logCe

n
� (5)

.
Where Qm is the maximum adsorption capacity of the adsorbent (mg g−1), and b is the Langmuir constant 

(L mg−1) & Kf is Freundlich constant (L kg −1).The isotherm parameters b and Qm were determined from the 
intercept and the slope of Ce/qe versus Ce graph. The constants 1/n and Kf are obtained from the slope and 
intercept of the Freundlich model plot of log Qe vs. log Ce graph.

The Langmuir isotherm can be expressed in terms of a dimensionless constant termed as separation factor 
(RL) given by the equation below (Eq. 6) that can be used to determine the feasibility of adsorption in a given 
concentration range over adsorbent1,7,15. The RL value indicates the types of adsorption to be either unfavorable 
if RL> 1, favorable if 0 < RL< 1, linear if RL=1, and irreversible if RL = 0.

	
RL = 1

1 + bCo
� (6)

.
The Temkin isotherm model suggests that the surface coverage, which occurs due to the interaction between 

the adsorbent and adsorbate, leads to a linear reduction in the heat of adsorption. The linear Temkin isotherm 
model is represented by the Eq. (6)32.

	
Qe = RT

bT
lnkT + RT

bT
lnCe � (7)

.
R is the universal gas constant (8.314  J/mol. K), T is the absolute temperature (K), kT is the equilibrium 

binding constant (L/g), bT is the Temkin constants (J/mol). bT is calculated from the slope of the graph of Qe Vs 
ln(Ce), and kT is calculated from the intercept.

Kinetics study
Adsorption rate is very important to design the adsorption system. To determine the rate of uptake of adsorbate 
on the adsorbent surface, different kinetic models have been used to analyze the experimental data. Two most 
common kinetic models were used including pseudo-first-order and pseudo-second-order. The linear equations 
of pseudo-first-order and pseudo-second-order models are given in Eq. (8)33 and (9)34respectively.

	 log (qe − qt) = logqe − k1 � (8)

	
t

qt
= 1

K2qe2 + t
qe

� (9)

.
Where k1 is the rate constant of pseudo-first-order (min−1) and t is the contact time (min). Whereas K2 is 

the kinetic rate constant (g/mg h) of pseudo-second-order. K1 is obtained from the plot of log (qe-qt) Vs t and 
K2 is obtained from plot t/qt versus t.

Thermodynamic study
Thermodynamic study shows the favorability and feasibility of the adsorption process by determine 
thermodynamic parameters. The thermodynamic parameters such as enthalpy (ΔH), entropy (ΔS), and Gibbs 
free energy (ΔG) was evaluated to understand the effect of temperature on adsorption and also the spontaneity 
of the adsorption process. Those parameters were calculated by applying the following Eqs. (10–13)35.

	 ∆ G = ∆ H − T ∆ S � (10)

	 ∆ G = −RTLnK � (11)

	
Kc = qe

ce
� (12)

	
LnKc = ∆ S

R
− ∆ H

RT
� (13)

.
Where R is Gas constant with a value of 8.314 J mol−1K, T is absolute temperature (K). Kc is equilibrium 

constant; ΔH, ΔS and ΔG are Changes in enthalpy, entropy, and Gibbs free energy respectively. The values of ΔH° 
and ΔS° are determined from the slope and intercept of the linear plot of (Ln KC) versus (1/T).

Statistical analysis
The adsorption of RR-45-D onto activated CES was examined through multiple statistical and modeling 
approaches to assess adsorption efficiency, kinetics, isotherm behavior, and thermodynamic properties. All 
experiments were conducted in triplicate, and results are presented as mean ± standard deviation. Statistical 
significance was determined at a confidence level of 95% (p < 0.05), using SPSS software version 27.

Scientific Reports |        (2025) 15:28195 5| https://doi.org/10.1038/s41598-025-09956-2

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Results and discussion
Characterization of AC developed from CES
Brunauer-Emmett-Teller (BET) analysis
The carbonized product at 600 oC for one hour was activated by using H3PO4 and NaOH in order to increase 
specific surface area, remove tar formation, and fixed during carbonizations as to increase the removal efficiency 
of the bio-adsorbent (Table 2).

The BET surface areas analysis of carbonized raw CES, base-activated CES, and acid- activated CES were 
found to be 281.619 m2/g, 413.401 m2/g, and 496.316 m2/g, respectively. The increment in this surface area is 
due to the effect of the activating agent36.Based on these responses acid treated activated carbon was selected for 
further analysis & removal of RR-45-D in aqueous solution.

Point of zero charge (PZC) of the biosorbent
PHpzc is an important property of an adsorbent that can determine the surface charge behavior of the adsorbent. 
The pH of point zero charge of the AC biosorbent was found 4.82 (Fig. 2 (a)). If pH = pHpzc, the surface of 
the adsorbent becomes neutral charge. If pH < pHpzc, the biosorbent surface is a net positive charge, while at 
pH > pHpzc, the surface charge on the adsorbent is a net negative charge37. The surface of biosorbent bears a net 
positive charge below pH < 4.82. The surface of the biosorbent bears a net negative charge above pH > 4.82. The 
PZC plays an important role for adsorption of reactive red 45 dyes on the biosorbent.

FT-IR analysis
The FTIR analysis of the developed AC biosorbent before and after adsorption is shown in Fig. 2(b). The peak 
occurred between 3350 and 3400 cm−1 indicates the presence of hydroxyl functional groups which could be 
associated from the building block of the material, absorbed moisture, and phenol functional groups1,4. Another 
peak was observed between 1500 and 1700 cm−1, this may be due to the presence of C = C in aromatic ring and 
carbonyl functional group. The peak at 1606 and 1032 cm−1 indicated for C = C stretch in aromatic ring and 
C = O starching, respectively. The sharp peaks produced at 1068 cm−1 before and after adsorption indicate the 
presence of phosphate functional group. When we compare FTIR spectra obtained before and after adsorption, 
the peak intensity and position around 1068 cm−1 is nearly the same indicating little or no adsorption of the dye 
but there are some difference in the intensity of wave numbers before and after adsorption. The change in the 
C = C stretching vibration from 1601.41 to 1602.73 cm⁻¹ indicates possible π–π interactions between RR-45-D 
and the aromatic rings in the activated CES38. Additionally, the shift in the peak from 1265 to 1300 cm⁻¹ after 
adsorption implies that hydrogen bonding occurs between the C–O and –OH groups in the activated carbon 
and RR-45-D39.

SEM analysis
SEM is frequently used to examine adsorbent materials’ surface properties and morphological features. The 
SEM images before and after activation of the carbonized CES is shown in Fig. 3(a) and (b), respectively. The 
photograph shows that the carbon before activation is packed, poreless, and contains some irregularities but no 
cavities or cracks. However, the surface of the AC shows the existence of several irregularities, porosities, deep 
cavities, and holes. Due to the removal of volatile matter by carbonization and the activating agent40,41.This 
property of the AC can enhance its adsorption capacity of RR-45-D.

XRD analysis
Xray diffraction (XRD) was used to determine the crystalline nature and composition of the prepared adsorbent. 
This bio-adsorbent was scanned within a diffraction angle of 2θ in the range of 2° to 80°. The XRD peaks of 
the biosorbent are shown in Fig. 4. The highest sharp and intense peak of the AC biosorbent was recorded at 
about 2θ angle of 26.5 o. This shows a crystalline carbonaceous structure of the AC of CES, which contains 
phosphorus Oxo nitride (NOP)42. The small peaks recorded at 21o and 51o indicates the presence of SiC crystal 
structures43. The prepared biosorbent also indicates the presence of amorphous structures in the bulk body of 
the material. This amorphous nature of the biosorbent contributes to have higher surface area which results for 
better adsorption.

Effects of adsorption parameters
In this study, the effects of pH, adsorbent dosage, contact time, and RR-45-D concentration by using the prepared 
AC as biosorbent on the removal efficiency of RR-45-D were investigated and optimized in the Bach adsorption 
system. Experimental runs and their corresponding removal efficiencies were performed (Table 9). The removal 
efficiencies obtained were in the range of 94.5 to 19.27%. The maximum removal efficiency was obtained on 
adsorbent dosage of 1.5 g, contact time 90 min, pH 3 and initial dye concentration 50 mg/L. On the other hand, 

Name of sample Sample weight Degas temp Degas time SBET m2/g

Raw carbonized CES 0.09 g 300 oC 30 min 281.619

Activation with NaOH 0.09 g 300 oC 30 min 431.401

Activation with H3PO4 0.09 g 300 oC 30 min 496.316

Table 2.  SBET parameters of base and acid activated samples.
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minimum removal efficiency was obtained on the adsorbent dosage of 0.5 g, contact time 30 min, pH 10, and 
initial dye concentration 100 mg/L15.

Model validation and statistical analysis of the experimental results
In this study, the adsorption experiments for RR-45-D were planned using Response Surface Methodology 
(RSM) with a Central Composite Design (CCD), considering four variables: pH (A), adsorbent dose (B), contact 
time (C), and pollutant concentration (D). The experimental design included 30 runs and was developed using 
Design-Expert software version 13.0 (Table 3).The model summery statistics focus on, the model maximizing 
the Adjusted R2 and predicted R2. So that according to central composite design (CCD) fit summary analysis 
quadratic model is suggested due to large value of predicted R2from the rest of other models (Table 4).

The Predicted R² value of 0.9681 shows reasonable agreement with the Adjusted R² value of 0.9886, as 
the difference is less than 0.2.This indicates that experimental result agrees well with the predicted values. 
Additionally, the distribution of actual and predicted values closely follows a straight line, indicating a good fit of 
the model with the experimental data, as illustrated in Fig. 5. The statistical significance of the model and process 
variables was analyzed using ANOVA, as shown in Table 5.

The P values are used as a tool to check the significance of the model and the factors using the data obtained 
from the experiment and the mutual interactions between the test variables. There is only a 0.001% chance 
that an F- value this large could occur due to noise. The model P value is very low (< 0.05). This indicates that 
the model is significant. The ANOVA result shows that the above model is appropriate to predict the removal 
efficiency of AC of CES biosorbent for RR-45-D. According to the ANOVA results, pH, adsorbent dose, contact 
time, and initial pollutant concentration were dominant factors affecting the biosorption of RR-45-D by current 
prepared bio-adsorbents because the p value was less than 0.05.

Fig. 4.  XRD diffraction spectra of AC of CES.

 

Fig. 3.  SEM observation of a) raw, b) acid AC of CES.
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Effect of pH
The effectiveness of biosorbents can be significantly impacted by the pH of the solution (Table 4). This is due 
to the fact that the pH can impact how charged the molecules of the adsorbent and adsorbate are, which can 
affect the biosorbent’s capacity and selectivity for adsorption. The impact of pH on the RR-45-D removal was 
investigated at pH 3, 6.5 and 10. The highest percentage of reactive red dye was removed at lower pH values, 
whereas the lowest percentages were removed at higher pH values. The produced material has a pHPZC value of 
4.82, and the highest RR-45-D percentage removal occurred at a pH level below the pHPZC value. Because the 
biosorbent surface becomes cationic due to protonation of H+ of the biosorbent at low pH conditions, which 
increases its reaction with the anionic sulphonate of the dye. But the minimum RR-45-D removal happens at 
pH above the pHPZC value or at basic media because the biosorbent becomes negative charge on the surface 
and OH− can compete with the RR-45-D ions for the active surface sites37. The results of the present study are 
consistent with other studies. So due to the existence of electrostatic attraction and electrostatic repulsion forces 
between biosorbent and pollutant material, removal efficiency was highly varied1,19.

Source Sequential p-value Lack of Fit p-value Adjusted R² Predicted R²

Linear < 0.0001 0.0030 0.9207 0.8931

2FI 0.0297 0.0068 0.9467 0.9021

Quadratic < 0.0001 0.1828 0.9886 0.9681 Suggested

Table 4.  Model fit summary response 1  % removal efficiency RR-45-D.

 

Run

Factor 1 = pH; Factor 2 = adsorbent dose; Factor 3 = time; Factor 4 = pollutant 
concentration Actual value Predicted value

A: pH B: adsorbrent dose (g) C: contact time (min) D: initial dye conc. (mg/L) (% removal) (% removal)

1 3 0.5 90 50 86.78 86.70

2 6.5 0.5 60 75 46.92 47.37

3 10 1.5 90 100 36.14 37.07

4 6.5 1 30 75 51.62 53.07

5 10 1 60 75 43.61 46.82

6 10 1.5 90 50 59.33 59.08

7 3 1.5 90 100 60.06 58.11

8 10 1.5 30 50 52.14 51.73

9 3 0.5 90 100 40.71 42.85

10 3 1 60 75 79.69 77.37

11 10 0.5 90 50 47.05 46.63

12 3 1.5 30 50 89.27 88.67

13 6.5 1 60 75 59.21 59.23

14 10 0.5 30 100 19.27 19.46

15 10 1.5 30 100 34.83 32.95

16 6.5 1 60 75 62.26 59.23

17 6.5 1.5 60 75 58.34 58.79

18 6.5 1 60 50 78.03 77.44

19 10 0.5 30 50 44.17 44.16

20 6.5 1 60 100 44.63 46.12

21 3 0.5 30 100 45.29 43.58

22 6.5 1 90 75 56.94 56.38

23 6.5 1 60 75 59.21 59.23

24 3 0.5 30 50 83.39 84.20

25 6.5 1 60 75 59.21 59.23

26 10 0.5 90 100 20.06 18.70

27 3 1.5 30 100 51.82 53.97

28 6.5 1 60 75 60.17 59.23

29 3 1.5 90 50 94.5 96.05

30 6.5 1 60 75 57.99 59.23

Table 3.  Adsorption experiment runs and corresponding response removal efficiency.
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Effect of adsorbent dose
The biosorbent dose is a crucial variable, since it affects the biosorbent’s capacity for a specific initial concentration 
of the adsorbate. Biosorbent dosage for this investigation ranged from 0.5 g/100 mL to 1.5 g/100 mL. In this study 
the maximum removal efficiency of RR-45-D was achieved at an adsorbent dosage level of 1.0 g/100 mL. After 
that, the removal efficiency becomes almost remained constant (Table 4). The increase in the removal efficiency 
with an increase in the dosage is due to the availability of greater surface area and more adsorption sites40.

Effect of initial RR-45-D concentration
A given mass of adsorbent can only absorb a fixed amount of adsorbate. The adsorbate solution’s initial 
concentration is crucial for studying adsorption experimentally. For the current experiment, initial RR-45-D 
concentrations ranging from 50 mg/L to 100 mg/L were employed. The greatest removal efficiency for RR-45-D 
was observed at 50 mg/L (Table 4).This can be explained by the fact that when present in low concentrations, 
the pollutant ions interact with the binding sites, resulting in maximum adsorption. This is because the ratio 
of the accessible surface to the initial concentration of pollutant ions is higher at low concentrations, when 
removal is more effective. More RR-45-D ions were not adsorbed when the concentration was higher. Generally, 
as the RR-45-D concentration increases, the tendency of the dye ions also increases to associate themselves in an 
aqueous solution at higher concentrations increases, and as a result, the removal efficiency decreases. This result 
is consistence with reported previous study15.

Source Sum of Squares df Mean Square F-value p-value Significance

Model 9868.41 14 704.89 180.02 < 0.0001 S

A-pH 4198.64 1 4198.64 1072.31 < 0.0001 S

B-adsorbent dose 586.99 1 586.99 149.91 < 0.0001 S

C-contact time 49.24 1 49.24 12.57 0.0029 S

D-pollutant con. 4413.30 1 4413.30 1127.13 < 0.0001 S

AB 9.63 1 9.63 2.46 0.1378 NS

AC 0.0008 1 0.0008 0.0002 0.9891 NS

AD 253.37 1 253.37 64.71 < 0.0001 S

BC 23.74 1 23.74 6.06 0.0264 S

BD 35.02 1 35.02 8.94 0.0091 S

CD 10.45 1 10.45 2.67 0.1232 NS

A² 21.33 1 21.33 5.45 0.0339 S

B² 98.02 1 98.02 25.03 0.0002 S

C² 52.48 1 52.48 13.40 0.0023 S

D² 16.84 1 16.84 4.30 0.0557 NS

Residual 58.73 15 3.92

Lack of Fit 48.32 10 4.83 2.32 0.1828 NS

Pure Error 10.42 5 2.08

Cor Total 9927.15 29

Table 5.  Analysis of variance for the removal efficiency. S denotes significant & NS to non-significant.

 

Fig. 5.  Plot of the predicted data versus the experimental data of RR-45-D adsorption.
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Effect of contact time
The contact time also have an influence on the percentage of RR-45-D removal as shown in Table 4. As the 
contact time varies from 30 to 90 min by keeping constant other parameters. It was observed that removal of RR-
45-D by the prepared bisorbent increased initially. It appears that after a period of time the removal efficiency 
was constant44. This is unsurprising as a large number of vacant surface sites are available high for adsorption 
during the initial stage and after a time the remaining vacant surface sites are difficult to occupy due to blocked 
the active sites and occupied with no chance for other adsorbates to be removed.

Interaction effect of adsorption process variables
2D and 3D contour response surface plots for the measured responses were constructed to better find out 
about the impacts of independent parameters and their interactions with the dependent ones. The 3D response 
surface plots and the 2D contour plots below showed the relative effects of each of the two variables on the 
removal efficiency of RR-45-D on the prepared bio-adsorbent. Individually, the removal efficiency of the 
prepared bio-adsorbent for RR-45-D removal increased with the increase of the adsorbent dose and contact 
time, while it decreased with the increase of the pH and initial RR-45-D concentration. An interaction occurs 
when the response is different depending on the settings of two factors. Plots make it easy to interpret two-factor 
interactions on removal efficiency. There are three interaction factors analyzed by the model (Table 5). Those 
are: AD (pH and initial dye concentration), BC (adsorbent dose and contact time), and BD (adsorbent dose and 
initial dye concentration). This interaction has a significant effect on the response because their p-value is less 
than 0.05, but other variable interaction effects have no significant effect on the response.

Interaction effect of pH and initial dye concentration
The interaction effect of pH and RR-45-D concentration is shown in Table 4 at the center point of the adsorbent 
dose and contact time. The percent removal of RR-45-D increases with decreasing pH at lower concentrations. 
At lower pH, the surface becomes positive charge, which is good for dye removal, and at the same time, at lower 
dye concentrations, the adsorbent active site is more active. The interaction of pH and initial dye concentration 
has a synergetic effect on dye removal Fig. 6a,b.

Interaction effect of adsorbent dose and initial dye concentration
Figure  6 (c & d) depicts the 2D and 3D surface plot on dye removal efficiency as function of initial dye 
concentration (D) and adsorbent dose (B) at constant pH and contact time. It was observed that there was sharp 
improvement on dye removal efficiency when the adsorbent dose increases from 40 to 78%. This is due to the 
fact that when the adsorbent dose is increased, the active sites of biosorbent increased, which could adsorb more 
dye ions.

Optimization process
In this study optimum operating conditions were searched to maximize the removal efficiency of RR-45-D 
(Fig.  6(e)). In the optimization process, the desired goal was chosen for each factor and response from the 
menu. The possible goals are maximize, minimize, target, within range, none (for responses only), and set to an 
exact value (factors only). A numerical response method was applied for optimization of any combination of 
five goals, namely pH, initial RR-45-D concentration, adsorbent dosage, contact time and removal efficiency. In 
optimization analysis, the targeted criteria set as maximum values for response while the values of the variables 
were set within the ranges. The software searched for combination of factors that simultaneously satisfied the 
requirement placed on the ultimate goal of the response and each of the factors. The goals were composed 
into an overall desirability function. In order to verify optimization result an experiment was performed under 
predicted condition by the developed model45. The model predicted 94.99% removal of RR-45-D at pH 3, 
adsorbent dose 1.05 g/L, RR-45-D concentration 50.46 mg/Land contact time 38.79 min from 100 mL solutions 
and the experimental value obtained at these conditions is 94.5%. It was observed that experimental value 
obtained were good agreement with the values predicted from the models.

Adsorption isotherm study
Adsorption isotherms of RR-45-D on the developed AC biosorbent surface under the optimal conditions 
were investigated. The applicability of isotherm models for the removal of RR-45-D was analyzed by using 
the equilibrium data obtained from batch adsorption experiments by using Eq. 8 for Langmuir and Eq. 9 for 
Freundlich models. Isotherm parameters for each respective model are shown in Table 6. The Langmuir model 
showed the highest correlation coefficient (R2) 0.9986 (Fig. 7 (a)). This indicates that Langmuir isotherm model 
fits well the experimental data and verifies the monolayer coverage of RR-45-D onto the prepared AC biosorbent 
(Qm= 7.94 mg/g) with a homogeneous distribution on the adsorbent surface. The High surface area of the Ac 
obtained may come from a large number of micropores. This can agglomerate or pack poorly, causing mass 

Adsorbent Langmuir model Freundlich model Temkin Model

AC
Qm b R2 RL kf n R2  bT  KT R2 

7.94 0.454 0.9986 0.042 3.636 4.43 0.996 0.996 1.3 0.9954

Table 6.  Langmuir, Freundlich, and Temkin isotherm parameters of adsorption of RR-45-D on the surface of 
AC of CES.
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transfer limitations and low practical uptake. The separation factor (RL), was calculated using Eq. 10, to get 
information about the favorability of adsorption of RR-45-D onto the AC biosorbent. The RL value was found 
0.0423.This indicates that the adsorption of RR-45-D on the surface of the developed AC biosorbent is favorable9. 
The Freundlich isotherm model showed a correlation coefficient (R2) of 0.996 (Fig. 7 (b)). Although this R2 value 
is slightly lower than Langmuir model, the data fit well with it too. The adsorptive intensity (n) was found 4.43, 
which indicates that the surface is good for adsorption46. The high R² values of the Freundlich model indicates 
that the adsorption process probably involves multiple mechanisms, including multilayer adsorption (physical 

Fig. 6.  Counter plot (a), 3D plot (b) of pH and initial dye concentration on the dye removal; counter (c) and 
3D plot (d) interaction effect of adsorbent dose and dye concentration; Ramp desirability (e).
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interactions)34. The Temkin isotherm model showed correlation coefficient of (R2) of 0.9954 (Fig. 7(c)). The 
Temkin isotherm constants KT and bT are determined to be 14.37 L/g and 1.29 J/mol, respectively. The positive 
bT value implies that the adsorption process of RR-45-D onto the developed AC biosorbent is exothermic47.

Kinetics adsorption study
The kinetics of RR-45-D adsorption onto AC biosorbent using pseudo first order and pseudo second order 
kinetic models are illustrated in Table 7 and Fig. 8a,b.The correlation coefficients (R2) of pseudo first order and 
pseudo second order kinetic models are 0.8668 and 0.998, respectively. This indicates that pseudo-second-order 
model fitted well with the experimental data. Moreover, the value of the experimental adsorption capacity Qexp 
was also in agreement with the calculated adsorption capacity (Qcal) shown in Table 8. The slight difference 
between Qexp and Qcal further supports that chemisorption was the dominant adsorption mechanism48.

Co (mg/L) Qexp (mg/g) Pseudo first order
Pseudo second 
order

50 4.54
Qcal K1 R2 Qcal K2 R2

4.54 0.0313 0.8668 4.8 0.043 0.998

Table 8.  Pseudo first order and pseudo second order kinetics for adsorption of RR-45-D on the AC of CES.

 

Time(min) Ce(mg/L) Qe(mg/L) Qt(mg/L Log(Qe-Qt) t/Qt

30 7.654 4.538 4.071 −0.331 7.369

60 2.882 4.538 4.526 −1.905 13.258

90 2.817 4.538 4.532 −2.206 19.86

Table 7.  Adsorption kinetics values.

 

Fig. 7.  Langmuir (a), Freundlich (b), and Temkin (c) isotherms for adsorption of RR-45-D onto AC of CES.
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The physicochemical properties of activated carbon CES including Surface Area, surface functional groups, 
adsorption capacity and percent of removal efficiency were compared with other biosorbents (Table 9).

Thermodynamics study
The thermodynamic properties for the adsorption of RR-45-D onto the AC of CES were investigated in the 
temperature range of 298–333  K under optimum conditions(initial dye concentration 50.4  mg/L, pH 3.05, 
adsorbent dose 1.05  g and contact time 38.79  min). The adsorption capacity was decreased from 4.55 to 
3.12 mg/g) as the temperature increased from 298 to 333 K as shown in Fig. 9a. A regression of Van’t Hoff for 
thermodynamic parameters of RR-45-D adsorption onto the AC biosorbent is shown on Fig. 9b.

Table 10 shows the thermodynamic studies of adsorption of RR-45-D onto AC at the optimum conditions 
with varied temperature. The negative value of ΔH (−166.06) confirmed that the adsorption process was 
exothermic and chemisorption type51. Because the adsorption energy was found in the range of −80 t0 400 KJ/
mol48. The exothermic nature of the reaction indicated that adsorption was more favorable at lower temperatures 
and less efficient at higher temperatures. This is consistent with the experimental data showing a decrease in 
adsorption efficiency with increasing temperature. The negative values of entropy (∆S= −50.49) indicated 
a decrease randomness at the solid-solution interface during the adsorption of RR-45-D onto prepared AC 
adsorbent52. The ΔG value for the removal of RR-45-Dwas negative at lower temperatures (298 K). This verifies 
that the adsorption of RR-45-D onto AC biosorbent was spontaneous and thermodynamically feasible at low 
temperatures. However, with increasing in temperature, the values of ΔG were positive, which suggested that the 
equilibrium capacity was decreased due to desorption of adsorbed dyes53. This study was in agreement with the 
results observed for the adsorption of malachite green dye onto a novel low-cost gibto seed peel7. Additionally, it 

Adsorbent ΔΗ(Κϑ.µολ−1) ∆S (J.Mol−1.K−1) ΔG [KJ.mol−1]

298 K 303 K 318 K 333k

AC −166.06 −50.49 −1.367 0.314 2.24 4.79

Table 10.  Thermodynamic study of adsorption of RR-45-D onto the AC of CES.

 

Fig. 8.  Pseudo first order (a) and pseudo second order (b) adsorption plots of RR-45-D onto AC of CES.

 

No Biosorbent Surface Area (m2/g) Functional Groups Qe (mg/g) Removal Efficiency (%) Reference

1 Banana Peel AC 21.456 OH, –COOH 0.323 89.41 15

2 waste orange 512.2 –CH, –OH, –C–O, –COO 33 98.4 49

3 Activated kenaf core fiber - -OH, C–H, C = C, C–O, C–O–C 303.03 99.8 50

4 Activated Bone char - -OH, -CH, -CO3, PO4
3−, -NH 20.89 91.43 19

5 AC water hyacinth - -OH, C–H, -C = O, C–O–C, P = OOH  11.79 92.26 10

6 AC of CES 496.316 C = O,-OH, C = C, -PO4 7.94 94.5 Current study

Table 9.  Comparison of the physiochemical properties AC of CES with various biosorbents.
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also agrees with the results observed for the adsorption of reactive red dye from textile wastewater onto banana 
and orange peels15.

Adsorption mechanism
The RR-45-D dye used in this study contains functional groups such as C = C bonds within aromatic rings, 
hydroxyl (-OH), sulfonate (-SO₃), and amine (-NH) groups. The activated carbon (AC) derived from CES features 
functional groups including hydroxyl (-OH), aromatic C = C, and C = O, as identified through FTIR analysis. 
The presence of these varied functional groups enables multiple interaction mechanisms, including hydrogen 
bonding, π–π interaction (physisorption), and strong ionic or electrostatic interactions (chemisorption)48 
(Fig. 10). π–π interactions may arise between the aromatic C = C bonds in both the biosorbent and the RR-
45-D dye. Electrostatic attraction may also occur between the positively charged sites on the AC of CES and the 
sulfonate (-SO₃) groups of the dye, especially under acidic conditions (pH lower than the point of zero charge, 
pHzc < 4.82). Furthermore, hydrogen bonding is likely to occur between the highly electronegative oxygen and 
nitrogen atoms in the dye and functional groups on the biosorbent surface. Additionally, the adsorption process 
may include multiple diffusion mechanisms, such as bulk diffusion, boundary layer diffusion, thin-film diffusion, 
and intraparticle diffusion, which work together to transport RR-45-D molecules from the surrounding solution 
into the inner pores of the AC of CES.

Fig. 9.  Effect of temperature on adsorption capacity of AC of CES (a); Regressions of Van’t Hoff for 
thermodynamic parameters of RR-45-D adsorption onto AC biosorbent (b).
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Fig. 10.  Possible interaction mechanism between RR-45-D and AC from CES.
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Cost Estimation
In this study, the CES, which is discarded as waste by khat leaf consumers, is collected at no cost. Activating 1 kg 
of this material requires around 300 mL of phosphoric acid, costing approximately 5 USD, along with 3 USD for 
carbonization and labor, bringing the total to 8 USD. In contrast, commercially available activated carbon, the 
most widely used adsorbent for adsorption purposes, is priced around 12 USD per kilogram54. Therefore, using 
the developed AC biosorbent is more cost-effective and offers a sustainable solution to environmental pollution 
issues.

Conclusion
This study has investigated the removal efficiency of reactive red 45 dye on activated CES from aqueous solution. 
The biosorbent was prepared using phosphoric acid obeyed a surface area of 496.316 m2/g, which is good 
for reactive red dye removal in the wastewater. The physicochemical composition of the adsorbent including 
surface charge (point of zero charge), and available surface functional groups were investigated. The removal 
efficiency (%) of reactive red dye at different process parameters with their interaction effect was investigated and 
optimized using design expert software. The experimental data showed high removal efficiency (94.5%) at pH 
3.05, adsorbent dose 1.05 gram, contact time 38.79 min, and initial dye concentration 50.4 mg/L. The adsorption 
equilibrium data were studied by adsorption isotherm, adsorption kinetics and adsorption thermodymics in 
order to know adsorbent capacity, adsorption rate and feasibility. Based on experimental result the adsorption 
process fits languimer isotherm model with pseudo- second-order kinetics model and it is thermodynamically 
feasible at low temperature. The ANOVA analysis revealed that bio-adsorption was highly affected by the solution 
pH, adsorbent dose, initial dye concentration, contact time and the interaction between the solution pH with 
other factors. In general, the AC prepared from CES showed strong potential for scale-up at the pilot level using 
actual textile wastewater containing Reactive Red 45 dye. However, additional studies such as Zeta potential 
analysis, column and regeneration experiments are necessary before considering full-scale implementation for 
textile wastewater treatment.

Data availability
Data is provided within the manuscript.
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