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The development of Giant reed 
biochar for adsorption of Basic Blue 
41 and Eriochrome Black T. azo 
dyes from wastewater
Mohammednur Abdu 1*, Saeideh Babaee 2, Abebe Worku 1, Titus A. M. Msagati 3 & 
Jemal Fito Nure 2

The textile industry is discharging high concentrations of anionic and cationic azo dyes into the 
nearby environment, which can cause adverse effects on public health, and the aquatic environment. 
Therefore, this study aimed to develop giant reed biochar and apply for the removal of Basic blue 41 
(BB41) and Eriochrome black T (EBT) azo dyes from water. Characterization techniques such as BET 
surface area analyzer, Fourier-transform infrared spectroscopy (FT-IR), Raman spectroscopy, X-ray 
diffraction (XRD), scanning electron microscopy (SEM), and thermal gravimetric analyzer (TGA) were 
applied for biochar description. The biochar exhibits a high fixed carbon content (80.4%), a low ash 
content (3.8%), a large surface area (429.0 m2/g), and good thermal stability. High removal efficiencies 
of BB41 98.6% and EBT 82.5% were recorded at the specific experimental condition. The experimental 
data were fitted with the Langmuir isotherm model at R2 0.99 for both dyes whereas the adsorption 
kinetics revealed the pseudo-second-order kinetics at R2 ∼ 1 and 0.99 for BB41 and EBT, respectively. 
Furthermore, four regenerations of biochar with adsorption performances of BB41 and EBT dyes were 
found to be 94.7% and 79.1%, respectively. Finally, this adsorbent can be considered an economically 
viable material for the removal of synthetic dyes from wastewater systems. In conclusion, the 
study findings showed that the adsorbent material is promising to apply for water and wastewater 
treatment but still, the study of adsorption interaction and modifications of the surface functionalities 
are essential to accommodate multipollutant removal from real water systems.
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Water pollution is a global challenge that has been increasing worldwide, influencing economic growth and the 
physical ecosystem and public health of billions of people1. Global water scarcity is caused not only by resource 
scarcity but also by the progressive deterioration of water quality2. Poor water quality and inadequate wastewater 
management have led to severe water quality issues in many parts of the world. Human settlement activities, 
industries, and agriculture are the major sources of water pollution3. Industries are one of the major sources of 
water pollution, producing harmful pollutants to people and the environment. The textile industry is one of the 
most water-consuming and water quality deteriorating industrial sectors which is discharging a high amount of 
complex mixture of pollutants, such as dyes, metals, organic matter, and other pollutants4,5. Dye and pigments 
have been used for a long time for coloring goods in the textile, leather, cosmetics, as well as food industries. The 
textile industry uses several kinds of synthetic dyes for industrial operation but approximately 10–15% of these 
dyes end up in the wastewater during the manufacturing processing of textiles. This results in over 200 tons of 
dyes being discharged annually from the textile industry as wastewater that could cause severe environmental 
pollution6. The presence of dye in water, even at low concentrations, can cause health problems such as allergies, 
dermatitis, skin irritation, and cancer7,8. A concentration of dye higher than 1 mg/L makes water unsuitable for 
drinking due to potential harmful impacts on the reproductive system and liver functions9. In textile industries, 
various kinds of dyes have been used for many years including the basic, acidic, and neutral groups. Basic blue 
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41 (BB41) dye also known as Benzothiazolium, is a cationic dye, whereas the Mordant Black 11 of Eriochrome 
Black T (EBT) is an anionic azo dye. These dyes have been used in the textile and tannery industries for the 
dyeing of various fabrics such as polyester, cotton, viscose, wool, nylon, and silk10,11. These dyes are classified 
as environmentally hazardous due to their potential to cause skin and eye irritation, mucosal tissue irritation, 
respiratory organ irritation, and liver damage upon prolonged exposure10,11. Despite their hazardous nature, 
these dyes are still widely used in the textile industry, particularly in developing countries. In many cases, the 
effluent containing these dyes is discharged directly into water streams without proper treatment12. This practice 
poses a significant risk to the environment and public health. Therefore, it is crucial to find effective methods 
for removing BB41 and EBT dyes from these effluents. Proper treatment of effluents containing these dyes is 
of utmost importance to prevent further contamination of water sources and minimize potential harm to both 
humans and the ecosystem. Developing efficient and sustainable methods for the removal of these dyes from 
wastewater is essential for maintaining a clean and safe environment.

Nowadays, various removal techniques have been used to remove dyes from various dyeing effluents. Among 
these, biological treatment13, coagulation, flocculation, adsorption, chemical oxidation14, and membrane 
separation15,16, have proven to be effective. However, these commonly implemented methods are chemically 
intensive, complex, require skilled labor, and have high initial and maintenance costs and fouling issues17,18. 
Among all these techniques, adsorption is practically more feasible due to its greater accessibility, economical, 
ease of operation, and effectiveness to the maximum extent19. Activated carbons are widely used as adsorbents 
due to their large surface area, chemical properties, and versatility. However, their high production cost is a 
major obstacle to use at the industrial scale20. This is mainly due to the expensive materials and energy required 
in the production process10,20. To address this issue, researchers have introduced low-cost sources of activated 
carbon, such as agricultural waste and biomass materials. However, the production process, especially chemical 
activation methods, uses enormous amounts of corrosive chemicals and salts such as KOH, NaOH, H2SO4, and 
H3PO4, which can potentially enhance environmental pollution2. In recent times, biochar (BC) has emerged as 
a practical alternative to traditional adsorbents within the field of wastewater treatment. This shift is primarily 
attributed to its cost-effectiveness, widespread availability, and simple preparation process. Moreover, BC has 
proven to be highly effective in eliminating various pollutants from wastewater, making it a promising solution 
for pollution mitigation19. BC is a carbon-based adsorbent that is formed through the pyrolysis of biomass 
under limited oxygen or inert atmosphere. Various types of plant-based biomass and waste materials have been 
used including food waste, agricultural residues, and woody materials21. The utilization of BC as an adsorbent 
has become more prevalent due to its accessibility and affordability. It has high surface functional groups and a 
substantial specific surface area, making it an effective remover of pollutants22. The physiochemical properties 
of BC vary depending on the feedstock source and preparation conditions. Different feedstocks have different 
elemental compositions and thus exhibit different properties23.

The plant Arundo donax is commonly known as giant reed which is a perennial grass that originally comes 
from Eastern Asia but has spread extensively around the world due to its invasive behavior. The plant has a 
rapid growth rate and is listed as one of the top 100 most harmful invasive alien species globally24. Giant reed 
is abandoned biomass and can be the low-cost raw material for BC preparation. Many studies have shown its 
great potential as a renewable precursor with a unique chemical composition for the preparation of high-grade 
adsorbent. BC produced from giant reeds was found to possess a significant surface area of 506.3 m2/g and a 
pore volume of 0.45 cm3/g, demonstrating promising capabilities for water purification through adsorption 
mechanisms26. Previous studies have shown that BC derived from giant reed stems efficiently eliminates contami-
nants like heavy metals (Pb(II)27, microcystin-LR28, and ammonium ions29, indicating its potential for wastewater 
remediation. On the other hand, the study of adsorption for the simultaneous removal of two pollutants from 
water and wastewater using BC developed from Giant reed was insignificant. The influence of the multipollutant 
on removal efficiencies and the interaction between the two contaminants under the same study condition was 
not thoroughly studied in the literature. Moreover, many of the studies conducted so far are mainly focused on 
either aqueous solution or simulated water/wastewater. However, this study intended to compare the findings 
under aquatic environments and real wastewater applications. Finally, to the best of the authors’ knowledge, no 
studies have been reported on BB41 and EBT dye removals. Thus, this study was designed to synthesize giant reed 
BC and apply for the removal of those azo dyes from wastewater. Additionally, adsorption isotherms, adsorption 
kinetics, and reusability of the adsorbent material were thoroughly studied.

Materials and methods
Materials and reagents
A Giant reed was collected from the Addis Ababa Science and Technology University (AASTU) compound. 
This wild plant was collected by the researcher (Mohammednur Abdu) plant identification was performed by 
an expert and crossed check was done against the herbarium which is located at Addis Ababa University. This 
identification approach complies with relevant institutional, national, and international guidelines and legislation. 
Basic blue 41 and EBT were used as model dye pollutants. The chemicals used in this study were of analytical 
grade. The primary chemicals used in this study were hydrochloric acid, sodium hydroxide, and sodium chloride.

Textile effluent collection and characterization
The textile wastewater effluent employed in this study was obtained from the KK textile industry located in Ethio-
pia A portion of the textile wastewater was gathered utilizing a grab sample technique, and then the collected 
effluent was subsequently preserved at a temperature of 4 °C to prevent any undesired alterations. The waste-
water effluent was then subjected to characterization through the process using known methods The analyzed 
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parameters consisted of pH, temperature, electric conductivity (EC), turbidity, total dissolved solids (TDS), 
biochemical oxygen demand (BOD5), chemical oxygen demand (COD) and color as shown in the Table1.

BC preparation
With regards to information on the voucher specimen and its identification has been included in this manu-
script. Specifically, permission to collect Giant reed (Arundo donax) in Ethiopia was obtained from the National 
Herbarium of Addis Ababa University (ETH), supported by a letter from Addis Ababa Science and Technology 
University. The plant material was formally identified by Dr. Weldemariam Seifu, a botanist at Addis Ababa 
University. The voucher specimens with no voucher (ID) were then stored in Addis Ababa University’s National 
Herbarium (ETH). The use of plant parts in this study complies with international, national, and institutional 
guidelines. The Giant reed (Arundo donax L.) was crushed and air-dried, then dried in an oven at 105 °C for 
24 h. The dried biomass was then milled using a hammer mill and screened through an 80—120 mesh sieve. 
The Giant reed BC was prepared by slow pyrolysis with a heating rate of 10 °C /min at 600 °C for 2 h in a muffle 
furnace under a flow rate of 5 L/min nitrogen atmosphere. After cooling to room temperature, the obtained BC 
was ready for use.

BC characterization
The adsorbent characterization is a key factor in wastewater treatment because it gives an insight into the mate-
rial characteristics and determines if the proposed material will suit the target pollutant. Different techniques 
have been used to determine the characteristics of the BC such as proximate analysis which includes moisture 
content, volatile matter, ash content, and fixed carbon was performed according to BS EN ISO standard methods 
(18,123, 2015; 18,134–3, 2015; ISO, 2015). The BC’s point of zero charge (pHpzc) was determined through the 
salt addition method using a 0.01 M NaCl solution spanning a pH range from 3 to 11 (Mahmood et al., 2011). 
The BET-specific surface area and pore structure of BC were determined using the NOVA 4000E BET analyzer. 
The surface of functional groups was analyzed using an infrared spectrometer (iS50 FTIR). Molecular interac-
tions and chemical structure were examined through Raman analysis with a WITec Raman spectrometer. The 
analysis is carried out at a magnification of 100X using a 532 nm laser emitting power of 5 mW. The BC’s crystal 
structure was analyzed using X-ray diffraction spectroscopy (SHIMADZU XRD-6000). The surface morphology 
was studied through Scanning Electron Microscopy (SEM) (JSM-IT300 Joel, Tokyo, Japan). The SEM coupled 
with an energy-dispersive X-ray (EDX) detector (Oxford X-MAXN) was employed to confirm the presence of 
BC elements. the thermal stability of BC is assessed using a thermogravimetric analyzer (TGA 55-TA).

Adsorption experiments
The batch adsorption experiments were carried out in triplicate to investigate the efficiency of BC adsorbent for 
the removal of BB41 and EBT dyes accordingly. At the outset, a stock solution of 1 L containing 100 mg/L of EBT 
and BB41 dye was prepared. The prepared stock solution was used throughout the study to prepare different con-
centrations. The adsorption process is affected by various parameters, including initial concentration, adsorbent 
dosage, solution pH, and contact time30. To achieve optimal adsorption performances, it is crucial to carefully 
optimize these parameters. The process of optimization in adsorption studies involves varying one parameter 
at a time while keeping all other parameters constant In this study, the effect of the pH of the solution (ranging 
from 3 to 11), BC dosage (ranging from 2 to 5 g/L in a 100 mL solution), initial dye concentration (ranging from 
10 to 50 mg/L), and contact time effect, ranged from 20 to 100 min for BB41 and EBT dye, was examined. The 
solutions were filtered and dye concentrations were measured at 617 nm and 534 nm using a Biochrom Libra 
S80 PC UV/ VIS spectrometer Eq. (1) was employed to determine the adsorbate removal percentage (%)31.

Table 1.   Physiochemical characteristics of the textile wastewater.

No Parameter Observed values

1 Temperature 45 °C

2 pH 5.61

3 Color 106 Pt–Co

4 EC 1605 µS/cm

5 Turbidity 48.55

6 TDS 1105 mg/L

7 BOD5 350 mg/L

8 COD 928 mg/L

9 BB41 Dye conc 5.7 ± 0.3 mg/L

10 NO3
- 11.9 mg/L

11 SO4
2- 47 mg/L

12 NH4
+ 15 mg/L

13 PO4
3- 3.5 mg/L
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Where Co and Ce represent the initial and final dye concentrations (mg/L).

Adsorption isotherms
The adsorption isotherms study was conducted using 250 mL conical flasks filled with 100 mL of dye solution. 
Initial concentrations ranged from 10 to 50 mg/L for BB41 and EBT dyes. The pH levels were set at 3 for EBT 
dye and 9 for BB41 dye. A BC dose of 4 g/L was added and left for 60 min. The solutions were then filtered, and 
the dye concentrations were measured at 617 nm and 534 nm using a UV–vis spectrophotometer. Following 
this, the collected data underwent analysis using Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich 
adsorption isotherm models, widely used in water and wastewater analysis.

Langmuir and Freundlich isotherm model equations:

where qe represents adsorbed dye at equilibrium; qm is the maximum adsorption capacity; and KL denotes 
the Langmuir constant in l/mg. The Langmuir adsorption isotherm model explains the monolayer surface of 
adsorption sites and the lack of interactions among adsorbate molecules. Equation (3) shows the dimensionless 
separation factor constant (RL) for estimating Langmuir’s isothermal feasibility20. Freundlich’s model uses Kf for 
adsorption capacity and 1/n for adsorption intensity.

Temkin isotherm model equation:

where bT is the Temkin constant in kJ/mol, K is the equilibrium binding constant in l/g, T is the temperature in 
Kelvin (K), and R is the gas constant 8.314 × 10−3 kJ/(mol K).

Dubinin-Radushkevich (D-R) isotherm model equation:

where b represents a constant to the free energy of adsorption (expressed mol2/J2). the parameter qm denotes 
saturation adsorption capacity (in mg/g), Ɛ stands for the Polanyi potential, R (J/mol K) is the gas constant, T 
denotes temperature in kelvin, and E free energy of adsorption (in kJ/mol). The E values provide important 
information about the adsorption mechanism like chemical ion exchange or physical adsorption.

Adsorption kinetics
The adsorption kinetics experiment was conducted by considering optimum parameters. Initial dye concentra-
tions of 30 mg/L, a BC dose of 4 g/L, pH values of 3 for EBT dye and 9 for BB41 dye, and a 60-min contact period 
were set, respectively. Approximately 5 mL of each dye solution was taken at intervals of 10 min until the end of 
the 60-min period. The concentrations of BB41 and EBT were assessed at wavelengths of 617 nm and 534 nm, 
using a UV–vis spectrophotometer. Subsequently, the obtained data underwent scrutiny using pseudo-first and 
pseudo-second-order kinetic models, denoted by Eqs. (9) and (10).

where qe (mg/g) and qt (mg/g) adsorbed dye at equilibrium at time t; k1 is the rate constant for the pseudo-first-
order model and K2 is the rate for the pseudo-second-order adsorption (g/mg.min).
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Adsorbent regeneration
Regeneration of the adsorbent is essential for practical applications. Once adsorption equilibrium is attained, 
the adsorbent needs to be recycled by desorbing the adsorbed molecule. The experiments were conducted using 
4 g/L of dye-loaded BC in 100 mL of 0.1 M HCl and shaking at 180 rpm for 2 h. After being cleansed with deion-
ized water, the BC was dried in the oven at 80 °C for 1 h and reused again. The process was carried out in seven 
cycles to examine the BC’s adsorption efficacy32.

Result and discussion
BC characterization
Proximate analysis
The results of the proximate analysis of giant reed BC are given in Table 2. These results are composed of the 
moisture content of 3.94%, fixed carbon of 80.37%, volatile matter of 11.85%, and ash content of 3.84%. Fixed 
carbon and ash content are the most important proximate analytical metrics for assessing the quality of adsor-
bent materials. A high proportion of fixed carbon and low ash content are regarded as advantageous attributes 
of quality BC due to their role in enhancing its efficacy as an adsorbent material.20. The fixed carbon content is 
the amount of carbon left in the BC after the volatile components have been removed during pyrolysis. A high 
fixed carbon content indicates that the BC has a greater capacity to adsorb different types of pollutants, which 
is important for mitigating water-soluble pollutants from wastewater33. On the other hand, ash content refers to 
the inorganic minerals that are left behind in the BC after pyrolysis. Ash content can highly affect the quality of 
BC. A low ash content is desirable because excessive ash can interfere with the BC’s adsorption efficiency. High 
levels of ash content can result in clogging of pores within BC, leading to a decrease in surface area. Consequently, 
this can reduce the adsorption capacity of the BC34. However, the value of the proximate analysis is not only 
determined by the precursor nature but also greatly influenced by carbonization processes34. It is important to 
consider both the precursor nature and carbonization processes when evaluating the proximate analysis value 
of a material, as they both play crucial roles in determining the overall quality and characteristics of the carbon 
product. Table 2 shows the properties proximate value of BC from giant reeds are impacted by the temperature 
of pyrolysis. The fixed carbon content rises with higher pyrolysis temperatures, while the ash content decreases. 
However, it was found that the ash content is notably high in BC produced at 500 °C and 800 °C compared to 
the BC studied in this research26. It is important to note that the results may vary depending on the nature and 
growing conditions of the giant reed plant. Based on the obtained results the Giant Reed BC is a good quality 
adsorbent material and can be utilized for a variety of pollutant treatments.

Point of zero charge (pHpzc)
The pHpzc is an important parameter in understanding the surface chemistry of adsorbent material, as it can 
affect the adsorption behavior of contaminants in water. Understanding the pHpzc of BC and other adsorbent 
materials is essential for developing efficient and effective water remediation techniques to remove particular 
contaminants. By considering the surface charge properties of the adsorbent material with the pH of the solution, 
the adsorption process can optimize for maximum contaminant removal. At pH values below the pHpzc, BC 
attracts negatively charged contaminants, while above the pHpzc, it attracts positively charged contaminants36. As 
shown in Fig. 1, the pHpzc of the BC is approximately 8.62, indicating that the surface charge of the BC is posi-
tive in a solution with a pH lower than 8.62, and negative in a solution with a pH higher than 8.62. BC exhibited 
a slightly higher pH level at the pHpzc values, which could be attributed to the release of alkaline salts from the 
feedstock during the high-temperature pyrolysis process37. Additionally, it has been reported by researchers that 
most BCs produced through slow pyrolysis were alkaline38,39.

XRD analysis
XRD is a technique that allows to analysis of the degree of crystallinity of the BC. The XRD result of the study is 
presented in Fig. 2. According to the diffractogram result, two wide peaks were detected at 2θ that ranged from 
20° to 30° and 40° to 50°, which indicates the presence of amorphous and crystalline graphene diffraction. The 
broad peak observed at an angle of 23.5 ° represents the crystal plane index C (002), indicating the alignment of 
aromatic and carbonized structures. Similarly, the significant peak at 43.5 ° corresponding to C (100) indicates 
the diffraction patterns of graphitic and hexagonal carbons40. The presence of all the peaks in the XRD pattern of 
the BC indicated the successful formation of the desired porous graphitic carbon. The development of a porous 
structure of graphitic carbon in BC holds significant value due to its diverse range of practical applications. The 
porous nature of the material allows for increased surface area, which is beneficial for the adsorption of differ-
ent types of pollutants41. Additionally, the graphitic carbon structure provides mechanical and thermal stability, 

Table 2.   Proximate analysis BC of giant reeds.

Biomass type Ash content Fixed carbon Volatile content Moisture content

Giant reed (500 °C) 6.85% 75.20% 14.72% 3.23% 35

Giant reed (800 °C) 6.20% 81.30% 7.48% 5.02% 35

Coconut flesh waste 8.19% 79.09% 12.71% 2.36% 33

Giant reed (600 °C) 3.84% 80.37% 11.85% 3.94% This study
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making it suitable for adsorption applications42. Similar X-ray diffraction (XRD) results were reported in the lit-
erature for BC produced from peanut shells and sugarcane bagasse43, rice husk44, Douglas fir45, and miscanthus40.

FTIR analysis
The FTIR spectra of giant reeds biomass and BC are shown in Fig. 3. The broad peak centered at 3300 cm-1 
described the O–H stretching of the hydroxyl groups in cellulose, hemicellulose, and the hydration water compo-
nent of biomass. The medium broad peak observed at 3000–2800 cm−1 indicates C–H stretching of hemicellulose 
and cellulose. The medium peaks from 1760–1690 and 1320–1210 cm−1 ascribed C = O stretching of carbonyl 
and carboxyl groups. From 1690–1610 cm−1 C = C stretching of alkene and aromatic groups. 1465–1380 cm−1 
indicates C-H bending of alkane. The prominent band centered at around 1000 cm−1 in the spectra of the biomass 
assigned to C–O and C–C stretching or C–OH also indicates the sign of cellulose, hemicellulose, and lignin part 
of the biomass46. The decomposition of cellulose and hemicellulose is also confirmed by the disappearance of 
the prominent band at 3300 cm−1, 3000–2800 cm−1, and 1000 cm−1 in the spectra of the biomass, the pyrolysis 
temperature determines the thermal decomposition of these groups. The changes in the infrared spectra are 
linked to the gradual elimination of oxygen-containing substances such as cellulose and hemicellulose46. The 
spectra of BC clearly show the bands associated with the aromatic C = C stretching (1640 cm-1) and C = C bend-
ing (840–790 cm−1) aromatic structure of the BC this could provide additional evidence of the graphitization 
process to XRD results. According to the graph, the disappearance of BC peaks could indicate the elimination 
of functional groups from the surface of BC. This may result in decreased adsorption efficiency. However, elimi-
nating oxygen-containing functional groups can increase the porosity of BC. The porous nature of BC allows 
for an increase in surface area, directly influencing an adsorbent’s adsorption capacity. Adsorbents with larger 
surface areas tend to have greater adsorption capabilities, as pollutants can be more efficiently adsorbed on higher 
surfaces, due to having more accessible adsorption sites18.

Figure 1.   Point of zero charges (pHpzc) of BC.

Figure 2.   XRD analysis of BC.
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Raman spectroscopy analysis
The BC chemical and crystal structures were examined using non-destructive Raman spectroscopy. The Raman 
spectra of BC are displayed in Fig. 4. There are two prominent peaks corresponding to the D band (around 1353 
cm−1) and the G band (at 1590 cm−1). The D band corresponds to the in-plane vibration of sp2-carbon structures 
with structural defects and sp2-bonded graphitic structures of double bonds of giant reed BC and the G band is 
due to in-plane C–C deformation40,47. However, The G band has been attributed to BC aromatic ring systems48. 
The BC material typically shows a discernible 2D band at around 2826 cm-1 which corresponds to the overtone 
of the D band49. The 2D band is useful in identifying monolayer graphene from multilayer graphene because it 
is very perceptive to stacking. Monolayer graphene has a peak at 2679 cm-1, whereas multilayer graphene has a 
larger peak at a higher wavenumber40. In this study, the 2D peak of giant reed BC is observed at 2826 cm-1 which 
confirmation of a multi-layered graphitic carbon structure. BC with a higher wavenumber and wider 2D peak 
indicates a multi-layered graphitic carbon structure. This is additionally supported by the XRD results provided 
in this study.

BET analysis
The specific surface area and volume of BC were analyzed using the surface area analyzer. The result indicated 
that the BET surface area and volume are 428.98 m2/g and 0.0854 cm3/g, respectively. This indicates that the 
giant reed can be an effective adsorbent since it has a higher surface area and is also abundant and environ-
mentally benign. Adsorbates can be adsorbed more efficiently on higher surfaces as they have more accessible 
adsorption sites. The adsorption capacity of an adsorbent is directly affected by its surface area. Adsorbents with 
larger surface areas tend to have greater adsorption capabilities. In comparison to many locally prepared BC, 
giant reed BC has a higher specific surface area than recently reported BC like C. glomerata-BC (6.45 m2/g), G. 
gracilis-BC (2.11 m2/g)32, rice husk (364.2 m2/g) and coconut coir (329.7 m2/g)44. BC produced from similar 
precursor materials was found to exhibit BET surface areas of 345.92 m2/g and 506.27 m2/g when subjected to 
pyrolysis at 500 and 800 °C35. The BC’s surface area after pyrolysis at 800 °C (506.27 m2/g) was observed to be 
greater than the prepared BC’s surface area (428.98 m2/g), as documented in the same study. This implies that 
as the temperature rises, the surface area of the BC will increase.

Figure 3.   FTIR spectrum for Giant reed biomass and BC.

Figure 4.   Raman spectrum for BC.
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SEM‑ EDX analysis
The utilization of SEM is crucial in the analysis of an adsorbent’s morphological structure and physical proper-
ties. As depicted in Fig. 5, the BC exhibits a surface that is highly porous, heterogeneous, and coarse, displaying 
a rough microstructure. The SEM image provides clear evidence of morphological fractures on the surface of 
the adsorbent. This porous structure is likely formed as a result of the volatilization of cellulose, hemicellulose, 
and lignin materials during the pyrolysis process of the biomass50. The presence of a highly porous structure 
creates a favorable environment for the adsorption of various types of pollutants. Considering the porous nature 
of the giant reed BC, it offers a significant surface area to volume ratio, making it an effective adsorbent for the 
removal of dye pollutants from wastewater. Additionally, an EDX analysis was conducted to identify the elements 
present in the BC adsorbent and their distribution. Figure 5b illustrates the elements found in the adsorbent, 
with their respective KeV values displayed on the x-axis. It was observed that the BC constituents are carbon 
(90.1%), oxygen (8.1%), potassium (1%) calcium (0.6%), and magnesium (0.3%). The high distribution of carbon 
can be attributed to the BC’s plant-based origin of the thermal decomposition of cellulose and hemicellulose 
constituents in the giant reed plant, resulting in the formation of a solid by-product (BC) with a more carbona-
ceous and porous structure.

TGA analysis
TGA studies were performed to determine the BC thermal stability. A good absorbent is one with high thermal 
stability under the influence of temperature and time51. TGA analysis of the BC was conducted in the temperature 
range of 30 to 900℃ under a nitrogen atmosphere at a heating rate of 20°C/min. As shown from Fig. 6 about 
3.1% of the weight loss of BC occurred between 50–100℃ possibly due to the evaporation of physically adsorbed 
water. This shows that the surface of the BC material holds a small amount of water. Between 100–500 °C the 
mass of the BC remained constant; this may indicate that the cellulose and hemicellulose part of the BC was 
significantly eliminated during the pyrolysis process. This also indicates the BC was thermally stable and indi-
cates the BC has good adsorbent properties51. As the temperature increases from 500–850 °C, the mass of the 
BC significantly decreases. About 55% of the BC fraction evaporates between 500 and 850 °C, which indicates 

Figure 5.   (a) SEM images and (b) EDX analysis of BC adsorbent.

Figure 6.   The TGA analysis of BC.
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that a fraction of organic components like cellulose and lignin can be decomposed. However, at a temperature 
of about 8500–900 °C, the mass of the BC remained constant which indicated 45% of the BC’s composition 
remained stable from 850–900 °C, This indicates that the presence of graphitic carbon fraction which is similar 
to TGA analysis of crab shell BC52.

Adsorption study
Effect of solution pH
The pH plays a significant role in the adsorption process and requires careful investigation. The investigation of 
pH is crucial in the adsorption process as it impacts various aspects such as the structure, surface charges, dis-
solution, and ionization of the adsorbent. pH plays a significant role in determining the efficiency and effective-
ness of adsorption processes53. In this study we utilized the giant reed BC adsorbent for the adsorption of BB41 
and EBT dyes from aqueous solution, the pH was investigated within the range of 3 to 11. Throughout the pH 
investigation, all other parameters such as initial concentration, BC dose, and contact time were kept constant 
at 20 mg/L, 2 g/L, and 60 min respectively. As shown in Fig. 7 the adsorption of BB41 (cation) was favorable 
in a basic medium whereas the adsorption of EBT (anion) dye was favorable in an acidic media solution. This 
phenomenon can be attributed to the fact that at higher pH levels, the surface charge of the BC becomes more 
negative, which attracts positively charged molecules like BB41 dye. This increased electrostatic interaction 
between the BC and BB41 results in a higher adsorption capacity for the cationic dye. On the other hand, the 
adsorption of the anionic dye EBT decreases at higher pH levels due to repulsion between the negatively charged 
BC surface and the negatively charged dye molecules. This shows the significance of the electrostatic interactions 
between the adsorbent and the dye molecules. Furthermore, the PZC principle plays a vital role in determining 
the adsorption behavior of dyes on BC surfaces, highlighting the significance of pH in controlling the efficiency 
of dye removal in wastewater treatment processes30. Therefore, this could be the primary mechanism of adsorp-
tion. The results indicated that the highest BC adsorption efficiency was 86.5% at pH 9 for BB41 dye and 65.4% 
at pH 3 for EBT dye. This result is also supported by54 for BB41 and EBT55.

Effect of adsorbent dose
The study of the adsorbent dosage is essential to avoid excess adsorbent usage after reaching the equilibrium 
phase. According to the adsorbent dosage analysis result from Fig. 8, the percentage of adsorption of both 
anionic(EBT) and cationic(BB41) dyes increased when the adsorbent dose increased. The removal percentage 
of BB41 increased from 79.5% to 98.6% as the BC dosage was increased from 2 to 4 g/L. Similarly, the removal 
percentage of EBT also showed an increase, rising from 65.4% to 82.7% with the same increase in BC dosage. 
The efficiency of adsorption increases as more adsorbent is used. This suggests that there are more active sites 
or surface areas available for the interaction between the BC and the dye molecules. Having more active surface 
sites increases the percentage of dye removal18. However, the adsorption efficiency did not significantly increase 
above 4 g/L adsorbent dose (98.6%) and (82. 5%) for both dye BB41 and EBT dyes. This may be due to the forma-
tion of aggregates and overlapping of the adsorbent particles in the solution. The aggregation and overlapping of 
adsorbent particles can result in a reduction of the available surface area for adsorption. This, in turn, can hinder 
the diffusion of dye molecules towards the adsorbent surface56. When the adsorbent dose is increased beyond a 
certain limit, it can further contribute to the decrease in adsorption efficacy due to diffusion limitation20.

Effect of initial dye concentration
Figure 9 displays the removal efficiency of BB41 and EBT dyes at different initial dye concentrations. The results 
show that the removal efficiency of BB41 remained stable between 10 mg/L and 30 mg/l, but declined from 

Figure 7.   Effect of pH, 2 g/L of adsorbent, and a contact time of 60 min on the dyes BB41 and EBT at a 
concentration of 20 mg/L.
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98.6% to 92.9% as the concentration rose from 30 mg/L to 50 mg/L. Conversely, the removal efficiency of EBT 
decreased from 90.6% to 66.0% as the dye concentration increased from 10 mg/L to 50 mg/L. The reduction 
in percentage removal was observed as the initial concentration of dye increased. This can be attributed to the 
increase in the number of dye molecules, resulting from the higher initial concentration, which in turn limits 
the availability of adsorbent sites18. Additionally, the rate at which dye molecules pass from the bulk solution to 
the surface of the adsorbent is reduced as the initial concentration increases.57,58. In another study, it was found 
that the removal percentage of methylene blue decreased from 10 to 50 mg/L at the initial concentration. The 
highest percentage of removal, 98%, was achieved at a lower initial concentration of 10 mg/L, whereas the lowest 
percentage of removal was recorded at 50 mg/L58. BC exhibited the highest adsorption capacity for BB41 and 
EBT dyes at concentrations of 30 mg/L and 20 mg/L, respectively. Furthermore, the results suggest that the BC 
adsorbent possesses specific active sites for the adsorption of BB41 and EBT dyes. This BC could be a promising 
solution for removing these specific dyes from wastewater, as it has a high affinity for them even at relatively 
low concentrations. The presence of specific active sites on the BC surface indicates that it has been specifically 
designed or naturally evolved to target these particular dyes, making it a highly effective and efficient adsorbent 
for their removal. This could have significant implications for water treatment processes, as BC could potentially 
be used to effectively remove these harmful dyes from contaminated water sources, improving water quality and 
environmental sustainability.

Figure 8.   Effect of adsorbent dose at pH levels of 9 and 3 for BB41 and EBT dyes, with a dye concentration of 
20 mg/L and a contact time of 60 min.

Figure 9.   Effect of the initial dye concentration at 4 g/L adsorbent dose, under pH conditions of 9 and 3 for 
BB41 and EBT dyes, and a contact time of 60 min.



11

Vol.:(0123456789)

Scientific Reports |        (2024) 14:18320  | https://doi.org/10.1038/s41598-024-67997-5

www.nature.com/scientificreports/

Effect of contact time
Figure 10 illustrates the elimination rate of BB41 and EBT dyes at different contact durations under specific cir-
cumstances. These circumstances involve a dye concentration of 30 mg/L, pH levels of 3 and 9 for the EBT and 
BB41 dyes, and a BC dosage of 4 g/L. The results demonstrated that the adsorption process exhibited a rapid rate 
within the first 20 min, leading to the adsorption of approximately 96.0% of BB41 and 62% of EBT dye during 
this period. This can be attributed to the availability of vacant surface sites on the adsorbent, which facilitated 
the interaction between the dye molecules and the active sites on the BC59. After 40 min, the removal efficiency 
increased to 97.3% for BB41 and 71.5% for EBT dye. Furthermore, at the 60-min mark, a significant removal 
of 98.0% for BB41 and 80.30% for EBT dye was achieved. After 60 min, the adsorption capability remained 
relatively stable, suggesting that the dye had achieved equilibrium on the BC. However, beyond this point, the 
removal efficiency did not significantly increase, Maybe this is because all the available active sites are saturated18.

Adsorption isotherms
The experimental data was examined using different isotherm models, including Dubinin-Radushkevich (D-R), 
Temkin, Langmuir, and Freundlich as indicated in Fig. 11. Table 3 summarizes the values obtained from these 
model equations. Table 3 displays the highest R2 values for the Langmuir isotherm model, with R2 values of 0.995 
and 0.992 for BB41 and EBT dyes, respectively. These findings suggest that both dyes exhibit a strong fit with the 
Langmuir isotherm model. The Langmuir model proposes that dye adsorption occurs in a monolayer, with no 
interactions between the adsorbed molecules and the adsorption energy uniformly dispersed across the adsorbent 
surface. The model shows, the BC maximum adsorption capacity of 58.48 mg/g for BB41 dye and 9.09 mg/g for 
EBT dye. This indicates that the BC has a strong affinity for both cationic and anionic dyes. It is important to note 
that BB41 dye has a higher affinity for adsorption compared to EBT dye. The adsorption favourability of BB41 
and EBT dyes on BC was also assessed based on the RL value. The RL value provides insights into the nature of 
adsorption. If RL > 1, it indicates an unfavorable process. RL = 1 indicates a linear relationship. When 0 < RL < 1, it 
indicates favorable adsorption and RL = 0 indicates irreversible adsorption60. According to Table 2, the RL values 
for BB41 and EBT dyes are 0.15 and 0.087, respectively, falling within the range of 0 < RL < 1. This suggests that the 
Langmuir isotherm was favorable for the adsorption of both cationic (BB41) and anionic (EBT) azo dyes. Recent 
research also reported anionic Congo red and EBT dye adsorption was compatible with the Langmuir isotherm 
model61,62. A similar study on BB41 dye also reported that adsorption was fitted with the Langmuir isotherm 
model60. The qmax values of BB41 and EBT dyes are 58.48 mg/g and 9.09 mg/g respectively. The result Indicates 
that the BC adsorbent has good adsorption affinity for both cationic and anionic dyes, however, the BB41 dye 
has more adsorption affinity compared to the EBT dye. The BB41 dye has higher adsorption affinity compared 
to the EBT dye because of its single positive charge, which allows it to occupy only one negative charge on the 
BC surface. On the other hand, the EBT dye is triprotic, containing one sulfonic ion and two hydroxyl group 
negative charges, and can occupy multiple active sites with positive charges on the BC surface63. The adsorption 
capacity of BC may be influenced by the available charge of the molecule, potentially leading to a reduction in 
the adsorption capacity of the BC surface.

Adsorption kinetics
The Adsorption kinetics is the most essential parameter to evaluate the efficiency, potential application of the 
adsorbents, and feasibility of the adsorption system. Pseudo-first-order and pseudo-second-order kinetics models 
were applied to analyze the BB41 and EBT dye absorption kinetics on the BC shown in Fig. 12. Table 4 displays 
the adjusted correlation coefficient (adjR2) values for the BB41 dye and EBT dye for the pseudo-first-order and 
pseudo-second-order kinetics models. The adjR2 values for the BB41 dye are 0.909 and 0.999, and for the EBT 
dye, are 0.886 and 0.990. These results indicate that the pseudo-second-order model is more suitable for both 

Figure 10.   Effects of contact times at a 4 g/L dosage of adsorbent under pH levels of 9 and 3 for BB41 and EBT 
dyes, with a dye concentration of 30 mg/L.
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cationic (BB41) and anionic (EBT) dye adsorption onto BC. This also suggested that the adsorption of BB41 and 
EBT dyes was involved in the chemical adsorption system.

Regeneration and reusability study
In this study, the regeneration BC was performed with 0.1 M HCl for five cycles. BC adsorbent was washed with 
0.1 M HCl in each cycle, and the results are presented in Fig. 13. At first recycling process, the adsorption effi-
ciency of BC was not reduced for both BB41 and EBT dyes; however, after the fourth regeneration process, the BC 
adsorption efficiency was slightly reduced for both BB41 (cationic) and EBT (anionic) dye. The result shows the 
adsorption efficiency decreased by 3.9% and 3.5% for BB41 and EBT dyes after four recycling processes respec-
tively. However, After seven cycles, the removal efficiency of the BC decreased from 98.6% to 58.2% for BB41 and 
from 82.6% to 39.6% for EBT dye. The giant reed BC adsorbents demonstrate good adsorption and regeneration 
efficiency for both cationic and anionic dyes. This suggests that the Acid desorption method is favorable for both 
Cationic (BB41) and anionic (EBT) azo dyes. Due to raw material availability and the simplicity of the produc-
tion process, giant reed BC can be considered as an alternative potential adsorbent for practical application.

Application on real textile wastewater
The adsorption experiment was carried out in duplicate to assess the effectiveness of BC in removing BB41 dye, 
color, turbidity, and COD from actual textile effluent. The initial concentrations of BB41 dye, color, turbidity, and 
COD in the textile effluent were 5.7 mg/L, 106 Pt–Co, 48.55 NTU, and 928 mg/L, respectively. After one hour of 
treatment with a BC dose of 4 g/L, around 5.14 mg/L of BB41 dye, 83 Pt–Co of color, 33.7 NTU of turbidity, and 
582 mg/L of COD were eliminated from the textile effluent. The removal efficiencies were approximately 90.3% 
for BB41 dye, 89.3% for color, 69.4% for turbidity, and 62.7% for COD. The initial levels of COD and Turbidity 

Figure 11.   Adsorption isotherm model analysis graph (a and b) for BB41 and (c and d) for EBT dye.
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Table 3.   Adsorption isotherm model analysis for BB41 and EBT.

Isotherm models BB41 EBT

Dubinin-Radushkevich (D-R) isotherm

intercept 2.515 1.908

slope –9.98E + 08 –3.53E + 07

β (mol2/k2 J2) 9.98E + 08 3.53E + 07

E (KJ/mol) 2.24E-05 1.19E-04

qm 12.366 6.739

R2 0.933 0.887

Freundlich isotherm

Intercept 2.216 0.934

slope 0.896 0.439

1/nf 0.896 0.439

Kf 9.169 2.544

R2 0.985 0.935

Langmuir isotherm

Intercept 0.017 0.11

slope 0.0914 0.314

Qmax 58.48 9.09

KL 0.187 0.35

RL 0.15 0.087

R2 0.995 0.995

Temkin isotherm

intercept 9.478 2.426

slope 5.298 1.943

BT(J/mol) 5.298 1.943

KT L/mg) 5.983 3.485

R2 0.921 0.970

Figure 12.   Adsorption kinetics model analysis graph (a) pseudo 1st order kinetics and(b) for pseudo 2nd order 
kinetics for BB41 and EBT dye.

Table 4.   Adsorption kinetics model analysis for BB41 and EBT dye.

Kinetics models dyes intercept slope qe (mg/g) qe2 K1 K2 R2

Pseudo 1st order
BB41 -0.134 –0.0872 0.874 – –0.00145 – 0.909

EBT 1.592 –0.0577 4.917 – –0.00096 – 0.886

Pseudo 2nd order
BB41 0.0582 0.135 7.375 54.385 – 0.316 0.999

EBT 1.259 0.148 6.734 45.346 – 0.0175 0.990
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of the effluent influence the efficiency of the BC adsorbent. The adsorption process demonstrates good capacity 
in removing 582 mg COD within one hour, indicating its effectiveness. However, further treatment is required 
to meet the prescribed minimum threshold (< 5 NTU and < 250 mg/L) established by the IPA standard. A similar 
study also found a 76.0% COD removal of 611.04 mg/L using Teff straw BC 18. This study demonstrates that BC 
exhibits strong adsorption capacity even at high levels of COD and Turbidity, providing further evidence of its 
effectiveness in removing harmful color pollutants from textile wastewater. Finally, the experience of studies is 
indicated in Table 5.

Conclusions
The giant read BC adsorbent was successfully synthesized by slow pyrolysis techniques at 600 °C. This BC 
adsorbent showed excellent characteristics of a good adsorbent such as high fixed carbon (80.4%), low ash con-
tent (3.8%), large surface area (429 m2/g), and excellent thermal stability. The BC exhibited notable adsorption 
capacity for both anionic and cationic azo dyes, as evidenced by the experimental findings. The results revealed 
a remarkable removal efficiency of 98.6% for BB41 dye and 82.5% for EBT dye were recorded. It was also found 
that the Langmuir isotherm model and pseudo-second-order kinetics provide the most suitable explanation for 
the adsorption of the two dyes onto the BC. This observation indicates that the adsorbent surface is uniform 
and monolayer and the adsorption mechanism is chemical. Furthermore, the BC was regenerated for up to four 
cycles while maintaining a performance degradation margin of 5% for both dyes. Further, it achieved 90.3% for 
BB41 dye, 89.2% for color, 69.4% for turbidity, and 62.7% for COD removal for real textile effluent. Therefore, 
giant reed BC adsorbent would be considered a new economical and environmentally friendly adsorbent for 
removing dye contaminants from the aqueous and which is also promising for the application of BC for waste-
water remediation at large scale.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author (Mohammednur Abdu, nuramsh@gmail.com) on reasonable request.
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