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INTRODUCTION

Agricultural waste management is becoming 
an ever-increasing environmental challenge, es-
pecially because the volumes of residues result-
ing from agricultural intensification are on the 
rise (Riseh et al., 2024; Wang and Cui, 2024). 
These waste products are often left to rot in the 
field, or, even worse, open burning which con-
tributes to air pollution with CO2, CH4, and par-
ticulates, as well as reducing soils viability and 
polluting groundwater (Cao et al., 2023; Escude-
ro-Curiel et al., 2023). The uncontrolled build-up 
of organic residues and wastes increases the bur-
den of pathogens, pests, and diseases including 
those relevant to public health (Van Den Broek 
et al., 2024). With this background, sustaina-
ble valorization of agricultural biomass (and in 

particular, agricultural waste biomass, or a more 
restricted definition of residues, such as artichoke 
and cardoon residues will represent a sustainable 
short-solution, or rotational solution, as there are 
abundant supplies of heavy lignocellulosic plant 
residues (Cao et al., 2023; Escudero-Curiel et al., 
2023). These include cellulose, hemicellulose, 
lignin, and bioactive compounds – flavonoids and 
phenolic acids, and represent a superior feedstock 
for this production. Thermochemical conversion 
processes are differentiated from other valoriza-
tion processes by its ability to convert organic 
waste into energy, or useful materials (Unyay et 
al., 2025; Mujtaba et al., 2023; Castagna et al., 
2025). Thermochemical conversion processes 
include gasification (Seo et al., 2022 ; Maitlo et 
al., 2022) , combustion (Liu et al., 2025), hydro-
thermal carbonization (Czerwińska et al., 2022), 
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and pyrolysis (Giertl et al., 2024), which at this 
time appears to be the most practical option for 
materials recovery. In pyrolysis, organic matter is 
affected by high temperatures under oxygen-free 
conditions, causing its decomposition, usually 
between 300–700 °C (Al-Rumaihi et al., 2022; 
Ippolito et al., 2020; Kuryntseva et al., 2023). 
Thermally decomposed biomass residue has 
gained intensifying interest as a consequence of 
to unique characteristics  (Yaashikaa et al., 2020; 
Dong et al., 2024; Ben Ali et al., 2025).  A nu-
mber of activation processes could be applied to 
optimize the biochar product. Physical activation 
involves high temperature using steam or CO2 
that can increase porosity and specific surface 
area, but chemical activation can enhance or en-
able targeted functional properties beyond what 
would be achievable for physical activation using 
some activating agents (Sun et al., 2024;  Fakhar 
et al., 2025a). For alkaline activating agents like 
KOH and NaOH, surface area can greatly in-
crease which in the case of KOH can generate 
a microporosity that is well above 1000 m²/g, 
form internal channels because of layer spacing 
and etching of carbonaceous matrix, and create 
basic surface sites for the adsorption of acidic 
compounds (Fakhar et al., 2025b; Ben Ali et al., 
2025). Likewise, the mineral acids H3PO4, H2SO4, 
and HCl work by hydrolyzing the lignocellulo-
sic matrix, stabilizing the aromatic structures, 
and removing the remaining ash in the biomass 
(Ben Ali et al., 2025).   Consequently, the ther-
mochemical transformation by pyrolysis of the 
waste from artichokes and cardoons combined 
with physical or chemical activation provides a 
novel sustainable option for multimodal materi-
als (Amer et al., 2021). The method completely 
promotes Leveraging circular economy strategies 
to lessen the ecological burden of agricultural 
waste while generating beneficial strategies for 
resource reclamation and remediation of contam-
inated environments (Perdana et al., 2023 ; Islam 
et al., 2024). Biochar that have been activated, 
have demonstrated themselves to be very effec-
tive adsorbents for dye removal from industrial 
effluents, given their well developed porosity, sig-
nificant High surface area and rich surface-active 
sites functional moieties to interact with colored 
organic molecules (Trivedi et al., 2025; Wu et 
al., 2020; Srivatsav et al., 2020). Amongst these 
dyes methylene blue is often utilized as a model 
compound in adsorption experimentation due 
to its chemical stability (Al-Asadi et al., 2025; 

Eyupoglu et al., 2025). Regardless of the signi-
ficance of methylene blue in industry it is not 
without risk to the environment, as an environ-
mentally hazardous pollutant due to biota toxicity 
representing a risk Influencing aquatic biota and 
human health (Oladoye et al., 2022). Adverse ex-
posure to methylene blue can include effects on 
the respiratory, nervous, and digestive systems, in 
addition to irritating mucous membranes (Khan 
et al., 2022). Methylene blue is particularly abun-
dant in wastewater and its structural composition 
makes it resistant to biodegradation, and difficult 
to remove with traditional wastewater treatment 
methodologies (Li et al., 2025). 

In this case, activated biochar provide an eco-
nomical, appealing, and environmentally friendly 
sound approach for efficient adsorption methyl-
ene blue removal from water-based solutions. 
The presence of well-developed micropores 
along with a base-modified surface (using NaOH 
or KOH), thus providing rapid and effective ad-
sorption (Mu et al., 2022). The methodology ena-
bles wastewater purification while also providing 
a solution to orgainc waste valorization by thus 
contributing to the sustainable management of 
a resource within the environment, while effec-
tively curbing pollution load on the environment 
(Wang and Shafieezadeh, 2025). The use of ac-
tivated biochar can be a beneficial and low-cost 
option for efficiently taking up methylene blue in 
water at practical doses. Activated biochar, which 
refers to a material derived from activated carbon, 
and is defined as being derived from micropores, 
creating a basic surface as a result of alkaline acti-
vation in NaOH or KOH that encourages a mixed 
charge. The synergistic interactions led to rapid 
and efficient uptake of methylene blue to not only 
assist in purifying contaminated water, but also to 
contribute to the valorization of large quantities 
of organic waste, helping to promote sustainable 
resource management while also decreasing the 
total environmental pollutant load (Genuino et 
al., 2018; Dang et al., 2023).

This study is framed in relation to an innovative 
dimension of using agricultural waste as a form of 
valorization as we transition to a circular and sus-
tainable economy and focusing specifically on arti-
choke and cardoon agricultural waste. But the vast 
majority of agricultural residues, like many others, 
are often seen as an undervalued biodegradable re-
source and in this study, we attempt to convert this 
waste into more highly esteemed functional mate-
rials as a result of a thermochemical transformation 
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process. The study uses a thermochemical path that 
rigorously optimizes and characterizes both the py-
rolysis and any possible post pyrolization process-
es. This novel approach of harvesting value from 
waste materials differs from the existing thermal 
treatments of biomass using pyrolysis in that it 
comprises of both the thermal conversion of the 
feedstock into biochar via a pyrolysis stream and 
a post-pyrolysis sequence that comprises washing 
the biochar with hydrochloric acid (HCl) and sub-
sequently activated through a potassium hydroxide 
treatment. The HCl washing step allows for selec-
tive demineralization of the raw biochar through 
the extraction of residual ash and mineral fractions 
that would block pore structure and impede the 
adsorptivity of the material thus facilitating the 
construction of the pore network in the activation 
step. Chemical activation using KOH improves 
specific surface area, and enlarges both micro and 
mesoporosity, and creates active chemical sites by 
adding new Oxygenated functional moieties pres-
ent at the surface of the biochar. This study also 
considered a key consequence of chemical acti-
vation that has been underappreciated in previous 
studies: the crystallization of mineral compounds, 
such as K2CO3, Ca (OH)2, and MgO in our study, 
which occurred during thermochemical treatment 
in presence of KOH. The newly formed crystalline 
phases may act synergistically to improve the sur-
face reactivity of the total material.

While many studies incorporate only chemi-
cal activation, we present a combined procedure 
of acid demineralization and alkaline activa-
tion that address and improves the textural and 

chemical properties of biochar more effectively. 
Additionally, our combined approach minimizes 
the excessive use of corrosive reagents and boosts 
the material’s overall effectiveness. Modern sta-
tistical modeling methods, specifically Response 
Surface Methodology, has served to improve pro-
cess variables for optimizing the adsorption be-
havior of the material. Ultimately, an extensive 
range of physicochemical tests (FTIR, XRD, 
SEM, BET surface area) were performed to char-
acterize structural and chemical changes occur-
ring within the biochar throughout the entire pro-
cess. This investigation thus offered a sustainable, 
cost-effective, and relevant scientific strategy for 
the smart conversion of agricultural wastes into 
high-performance adsorbents, while also contrib-
uting towards the amelioration and reduction of 
the environmental cost of managing our organic 
waste disconnect.

MATERIALS AND EXPERIMENTAL 
APPROACH

Valorization of agricultural residues into 
activated carbon 

Activated biochar was obtained from agri-
cultural residues through a staged procedure, de-
scribed in Figure 1. First, the agricultural waste 
is ground the sample was dried (105 °C) for one 
night. The waste is then subjected to pyrolysis in a 
programmable thermal treatment was carried out 
at 700 °C for 60 minutes, with a controlled ramp 

Figure 1. Synthesis steps of activated carbon from agricultural residues using BK
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of 5 °C per minute. The resulting raw biochar is 
washed four times with hydrochloric acid (HCl) 
solution (0.2 M), neutralized, and then dried.

Subsequently, 10 grams of this biochar are 
chemically activated using a 4 M KOH solution 
under sonication at 70 °C for two hours, then neu-
tralized and dried to obtain the activated biochar.

Characterizations

Surface area measurement (BET Method)

To measure the surface area, the samples were 
preheated at 350 °C under vacuum to remove any 
moisture or gases trapped in the pores. Then, they 
were placed in a sealed tube and cooled with liq-
uid nitrogen at 77 K. Nitrogen gas was passed 
over the sample at different pressures, and the 
amount of gas that stuck to the surface was mea-
sured using a NOVA 2200 analyser. The results 
were calculated automatically using the BET 
method, which gives information about. 

Identification of functional groups (FTIR)

A Nicolet iS50 spectrometer was used for 
FTIR analysis to characterize the surface chemi-
cal functionalities of the activated carbon. The 
data were recorded from 400–4000 cm-1, with a 
scanning resolution of 4 cm-1.

Surface morphology and composition

SEM analysis was conducted to characterize 
the microstructure of the sample, and conducted 
elemental composition analysis using the elemen-
tal composition was analyzed by energy-disper-
sive X-ray spectroscopy (EDX) on a QUATTRO 
S-FEG system (Thermo Fisher)

Crystalline structure 

The crystalline structure was analyzed by XRD 
using a Shimadzu 6100 diffractometer with a scan-
ning speed of 2°/min over the 10–70° (2θ) range.

Determination of the surface charge 
neutrality point

Surface charge evaluation is an important 
step in material characterization, as this helps to 
find each material’s point of pHpzc. In this study, 
several solutions of sodium chloride were made 
at 50 mL, prepared as a 0.01 M solution with pH 

values spanning 2–12. To the sodium chloride so-
lutions, we added 0.15 g of each the materials in 
question. The various mixtures were agitated for 
48 h to reach equilibrium. The pH of the filtrate 
from each mixture was then taken to understand 
the zeta potential of the surface behaviour of the 
materials (Rivera-Utrilla et al., 2001). The pHpzc 
was determined using the Equation 1. 

	 ΔpH = pHf - pHi 	 (1)

where:	 pHf representing the final pH and pHi 
denoting the pH value at the start of the 
experiment.

ADSORPTION EXPERIMENTS

Chemically activated biochar using KOH was 
investigated for its adsorption efficiency. A With 
a loading of 0.6 g/L was applied to 50 mL of the 
methylene blue solution Prepared at 60 mg/L. For 
three hours, the mixture was continuously shaken 
at room temperature. To allow adsorption equilib-
rium, followed by filtering the solutions and then 
added to a UV–visible spectrophotometer for the 
remaining dye content at a wavelength of 664 nm.

Utilization of experimental design 

The experimental framework, the study used a 
central composite design (CCD), which is a com-
mon experimental design that can be appropri-
ately used to study adsorption processes. We used 
CCD to simulate the adsorption behavior of MB 
as the adsorbates for the synthesized adsorbents. 
The complete set of experiments (N) for the study 
was calculated as follows (Asfaram et al., 2015):

	 N = 2k + 2 × k + N0	 (2)

In this experimental framework, k indicates 
the number of variables and N₀ represents the 
center point replicates performed in triplicate, to 
provide an indication of the accuracy and consis-
tency of the measured results. Experimental de-
sign and analysis was performed in Design Ex-
pert to analyse the experimental data. The ranges 
and levels for each variable are listed in Table 1.

Adsorption equilibrium modelling

An effective Designing an adsorption sys-
tem requires upon knowledge garnered from ad-
sorption isotherms that evaluate the equilibrium 
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interactions between adsorbate molecules in 
solution and solids surfaces. The isotherm il-
lustrates the relationship between the adsorbate 
amount on the adsorbent (qₑ) and the equilibrium 
concentration of the adsorbate in solution. (Ce) 
in some mathematical fashion. The equilibrium 
data obtained experimentally were fit to several 
common isotherm models including Langmuir, 
Freundlich, and Sips.

Adsorption is considered to occur according 
to the Langmuir isotherm model uniformly on a 
homogenous surface upon which a monolayer 
of adsorbate is formed. The model is commonly 
represented with the following expression (Mo-
rosanu et al., 2020):

	

ΔpH = pHf - pHi (1)      
 
N = 2k + 2 × k + N0   (2) 

 
 

𝑞𝑞 = 𝑞𝑞𝑚𝑚𝐾𝐾𝐿𝐿𝐶𝐶𝑒𝑒
1 + 𝐶𝐶𝑒𝑒𝐾𝐾𝐿𝐿

 (3) 

 
𝑞𝑞 = 𝐾𝐾𝐹𝐹𝐶𝐶𝑒𝑒

1
𝑛𝑛   (4) 

 

𝑞𝑞 = 𝑞𝑞𝑚𝑚𝐾𝐾𝑆𝑆𝐶𝐶𝑒𝑒
𝑛𝑛𝑆𝑆

1+𝐾𝐾𝑆𝑆𝐶𝐶𝑒𝑒
𝑛𝑛𝑆𝑆   (5) 

 
𝑞𝑞 = 𝑞𝑞𝑒𝑒(1 − 𝑒𝑒−𝑘𝑘1𝑡𝑡)  (6) 

 
 
𝑞𝑞 = 𝑘𝑘2𝑞𝑞𝑒𝑒2𝑡𝑡

1+𝑘𝑘2𝑞𝑞𝑒𝑒𝑡𝑡
  (7) 

 
Qt= KP + t1/2 + C          (8) 
 
 

	 (3)

where: 	qm (mg.g−1) indicates the calculated ad-
sorption capacity at saturation, and KL 
(L.mg−1) denotes the Langmuir constant. 
The Freundlich isotherm considers ad-
sorption as a reversible, multilayer pro-
cess occurring on heterogeneous surfaces 
and ignores interactions between the ad-
sorbed species, (Morosanu et al., 2020). 

The following mathematical equation repre-
sents the Freundlich isotherm:

	

ΔpH = pHf - pHi (1)      
 
N = 2k + 2 × k + N0   (2) 

 
 

𝑞𝑞 = 𝑞𝑞𝑚𝑚𝐾𝐾𝐿𝐿𝐶𝐶𝑒𝑒
1 + 𝐶𝐶𝑒𝑒𝐾𝐾𝐿𝐿

 (3) 

 
𝑞𝑞 = 𝐾𝐾𝐹𝐹𝐶𝐶𝑒𝑒

1
𝑛𝑛   (4) 

 

𝑞𝑞 = 𝑞𝑞𝑚𝑚𝐾𝐾𝑆𝑆𝐶𝐶𝑒𝑒
𝑛𝑛𝑆𝑆

1+𝐾𝐾𝑆𝑆𝐶𝐶𝑒𝑒
𝑛𝑛𝑆𝑆   (5) 

 
𝑞𝑞 = 𝑞𝑞𝑒𝑒(1 − 𝑒𝑒−𝑘𝑘1𝑡𝑡)  (6) 

 
 
𝑞𝑞 = 𝑘𝑘2𝑞𝑞𝑒𝑒2𝑡𝑡

1+𝑘𝑘2𝑞𝑞𝑒𝑒𝑡𝑡
  (7) 

 
Qt= KP + t1/2 + C          (8) 
 
 

	 (4)

In the Freundlich isotherm, KF ((mg/g) (mg/
L)-1/n) indicates the capability for adsorption con-
stant, and 1/n is an empirical parameter of the 
adsorption performance or the surface diversity. 
The Sips isotherm, more commonly referred to 
as the Langmuir–Freundlich model, incorporates 
elements of adsorption on heterogeneous surfaces 

can be well represented by both the Langmuir 
and Freundlich isotherms. surfaces with adsorbed 
molecules capable of binding to multiple sites. 
This isotherm does not account for interplay be-
tween adsorbed molecules (Shikuku and Jemu-
tai-Kimosop, 2020a). The Sips isotherm, repre-
sented mathematically in the following way:

	

ΔpH = pHf - pHi (1)      
 
N = 2k + 2 × k + N0   (2) 

 
 

𝑞𝑞 = 𝑞𝑞𝑚𝑚𝐾𝐾𝐿𝐿𝐶𝐶𝑒𝑒
1 + 𝐶𝐶𝑒𝑒𝐾𝐾𝐿𝐿

 (3) 

 
𝑞𝑞 = 𝐾𝐾𝐹𝐹𝐶𝐶𝑒𝑒

1
𝑛𝑛   (4) 

 

𝑞𝑞 = 𝑞𝑞𝑚𝑚𝐾𝐾𝑆𝑆𝐶𝐶𝑒𝑒
𝑛𝑛𝑆𝑆

1+𝐾𝐾𝑆𝑆𝐶𝐶𝑒𝑒
𝑛𝑛𝑆𝑆   (5) 

 
𝑞𝑞 = 𝑞𝑞𝑒𝑒(1 − 𝑒𝑒−𝑘𝑘1𝑡𝑡)  (6) 

 
 
𝑞𝑞 = 𝑘𝑘2𝑞𝑞𝑒𝑒2𝑡𝑡

1+𝑘𝑘2𝑞𝑞𝑒𝑒𝑡𝑡
  (7) 

 
Qt= KP + t1/2 + C          (8) 
 
 

	 (5)

where:	Ks (L/g) is used to denote the binding af-
finity constant while ns represents the het-
erogeneity factor of the system. 

In general, larger ns values indicate increased 
surface heterogeneity and ns values approach-
ing one suggest a more homogeneous adsorbent 
surface which agrees with the theoretical basis 
of the Langmuir model (Shikuku and Jemutai-
Kimosop, 2020a).

Study of adsorption kinetics

The comprehension of the adsorption mecha-
nism relies mainly on kinetic studies in which the 
both pseudo-first-order and pseudo-second-order 
models are applied to often utilized (Tangarfa et 
al., 2019). Adsorption kinetics are represented by 
the pseudo-first-order model and demonstrates 
the sorption kinetics designed under a first-order 
reaction, and it can be expressed mathematically 
by the equation as follows (Tekin et al., 2010):

	

ΔpH = pHf - pHi (1)      
 
N = 2k + 2 × k + N0   (2) 

 
 

𝑞𝑞 = 𝑞𝑞𝑚𝑚𝐾𝐾𝐿𝐿𝐶𝐶𝑒𝑒
1 + 𝐶𝐶𝑒𝑒𝐾𝐾𝐿𝐿

 (3) 

 
𝑞𝑞 = 𝐾𝐾𝐹𝐹𝐶𝐶𝑒𝑒

1
𝑛𝑛   (4) 

 

𝑞𝑞 = 𝑞𝑞𝑚𝑚𝐾𝐾𝑆𝑆𝐶𝐶𝑒𝑒
𝑛𝑛𝑆𝑆

1+𝐾𝐾𝑆𝑆𝐶𝐶𝑒𝑒
𝑛𝑛𝑆𝑆   (5) 

 
𝑞𝑞 = 𝑞𝑞𝑒𝑒(1 − 𝑒𝑒−𝑘𝑘1𝑡𝑡)  (6) 

 
 
𝑞𝑞 = 𝑘𝑘2𝑞𝑞𝑒𝑒2𝑡𝑡

1+𝑘𝑘2𝑞𝑞𝑒𝑒𝑡𝑡
  (7) 

 
Qt= KP + t1/2 + C          (8) 
 
 

	 (6)

where:	qe and q (mg.g-1) stand for the amounts 
of adsorbate adsorbed at equilibrium and 
at some selected time, t (minutes), respec-
tively; K1 (min-1) is the rate constant of 
first-order adsorption kinetics. 

Table 1. Parameters influencing and derived from the adsorption process
Variables Predictor variables

Input 
variables

Uncoded variables (Xi) Unit
Coded settings of factor Xi

Lower level Center High level

X1 = treatment time min 80 115 150

X2 = mass of adsorbent g/L 0.2 0.6 0.9

X3 = solution pH 6 7 8

X4 = concentration of the dye in solution ppm 40 60 80

Output 
variable

Responses

Y = adsorption performance (mg/g)



307

Ecological Engineering & Environmental Technology 2025, 26(12), 302–320

The pseudo-second-order kinetic model pos-
its that the adsorption process is dependent on 
both chemical and physical interaction between 
the adsorbate and adsorbent. This is represented 
as follows:

	

ΔpH = pHf - pHi (1)      
 
N = 2k + 2 × k + N0   (2) 

 
 

𝑞𝑞 = 𝑞𝑞𝑚𝑚𝐾𝐾𝐿𝐿𝐶𝐶𝑒𝑒
1 + 𝐶𝐶𝑒𝑒𝐾𝐾𝐿𝐿

 (3) 

 
𝑞𝑞 = 𝐾𝐾𝐹𝐹𝐶𝐶𝑒𝑒

1
𝑛𝑛   (4) 

 

𝑞𝑞 = 𝑞𝑞𝑚𝑚𝐾𝐾𝑆𝑆𝐶𝐶𝑒𝑒
𝑛𝑛𝑆𝑆

1+𝐾𝐾𝑆𝑆𝐶𝐶𝑒𝑒
𝑛𝑛𝑆𝑆   (5) 

 
𝑞𝑞 = 𝑞𝑞𝑒𝑒(1 − 𝑒𝑒−𝑘𝑘1𝑡𝑡)  (6) 

 
 
𝑞𝑞 = 𝑘𝑘2𝑞𝑞𝑒𝑒2𝑡𝑡

1+𝑘𝑘2𝑞𝑞𝑒𝑒𝑡𝑡
  (7) 

 
Qt= KP + t1/2 + C          (8) 
 
 

	 (7)

The corresponding parameter k2 (min-1) in-
dicates the rate constant for adsorption based on 
second-order kinetics. The intraparticle diffusion 
stage can be expressed mathematically using 
Equation 8 (Campos et al., 2018):

	 Qt= KP + t1/2 + C	 (8)

where:	Qt denotes the adsorption capacity at time 
t (mg. g-1), Kp​ is the intraparticle diffusion 
rate constant (mg. g-1.min-1/2), and C ac-
counts for the boundary layer thickness.

RESULTS 

Evaluation of activated carbon characteristics

FTIR-based structural analysis

Figure 2 displays the FTIR spectra of agricul-
tural waste, biochar, and KOH-activated carbon 
(BK). For the raw biomass, a band at 3066.08 cm-1 

is characteristic of –OH groups involved in hydro-
gen bonding. Absorption occurs at 2722.62cm-1 
and 2430 cm-1 correspond to the stretching vibra-
tions of aliphatic hydrogen–carbon groups. 

The peak identified at 1701.24 cm⁻¹ is a dis-
tinctive feature linked to carbonyl (C=O) moie-
ties, with the peak at 1417.42 cm-1 being related 
to the stretching of carbon–carbon double bonds 
in aromatic rings. The band at 1222 cm-1 is prob-
ably from C–O stretching vibrations typically 
exhibited by carboxylic acids, and the peak at 
1011.1 cm-1 could also be related to similar vi-
brational stretching of the carbonyl group. The 
peak around 882.21 cm-1 shows elongation vi-
brations of silicon–oxygen bonds, evidencing the 
presence of silaceous compounds (Bencheikh et 
al., 2020; Hajji Nabih et al., 2021; Alghuthay-
mi, 2025). Following pyrolysis, a significant 
drop or disappearance of many of the charac-
teristic bands is observed, which indicates the 
degradation under heat of labile organic func-
tional groups and the gradual aromatization of 
the carbon structure. Upon chemical activation 
with KOH, the FTIR spectrum of BK reveals the 
reappearance of bands associated with hydroxyl 
groups, confirming the successful incorporation 
of oxygenated surface functionalities (ElShafei 
et al., 2017; Ma et al., 2018). 

Figure 2. FTIR spectra of untreated agricultural by-products (a), biochar (b), and BK (c)
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pH of zero-point charge  

Figure 3 presents the experimental determina-
tion of the point of pHpzc for the different adsor-
bent materials, including raw agricultural waste, 
biochar, and KOH-activated biochar (BK). The 
raw precursor had a pHpzc of 7.79, which margin-
ally increased to 8.04 after pyrolysis. This can be 
Due to heat-induced breakdown of organic mate-
rial and loss of acidic surface groups, including 
hydroxyl and carboxyl functionalities. Following 
chemical activation with KOH, the pHpzc slightly 
decreased to 7.90, likely due to modifications in 
surface chemistry induced by the activating agent. 
From a mechanistic perspective, A solution pH 
above the pHpzc results in a negatively charged ad-
sorbent surface, promoting electrostatic attraction 
toward cationic species (Bencheikh et al., 2021).

Morphological investigation by SEM

The surface morphology of untreated agri-
cultural waste and its changes from pyrolysis and 
KOH activation was characterized by SEM. The 
mineral and organic heterogeneity of the untreated 
biomass is exhibited in Figure 4a, which depicts 
micrometer-sized plates with irregular aggregates 
(this is typical of lignocellulosic biomass) (Guan 
et al., 2023). The changes in surface morpholo-
gy after pyrolysis and KOH chemical activation 
are demonstrated in Figure 4b. The surface shows 
distinct porosity with interconnected pores and 

cavities produced by gaseous and volatile species 
during thermal and chemical etching (Gómez et 
al., 2022; Kim et al., 2023). Ultimately, due to the 
pronounced porosity, the activated biochar shows 
an increased surface area and adsorption capacity 
to enhance its reactivity and catalytic or adsorp-
tive efficacy.

Evaluation of specific surface area and 
porosity using BET

Figure 5 depicts the behavior of nitrogen ad-
sorption and desorption of raw agricultural waste, 
pyrolyzed-biochar, and biochar treated with KOH 
(BK). The isotherm of the agricultural waste is 
consistent with a Type I isotherm based on IUPAC 
classification; meaning that the material is a mi-
cropore material with a low external surface area, 
which is shown by the small Adsorption–desorp-
tion loop. This type of isotherm type is commonly 
related to monolayer adsorption, and is consistent 
with the Langmuir adsorption model. Alterna-
tively, the activated biochar (Figure 5c) displays 
a mixed isotherm with both Type I and Type IV 
characteristics. The data shows micropores and 
mesopores. The sharp increase in adsorbed gas 
at low relative pressures and the hysteresis loop 
shown by the capillary condensation indicates the 
presence of mesoporous structures. According to 
Boer’s classification, the hysteresis loop is cat-
egorized as Type B since its adsorption branches 

Figure 3. Influence of surface charge characteristics
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Figure 4. SEM/EDX characterization of (a) agricultural waste, and (c) BK

Figure 5. Nitrogen adsorption–desorption profiles depicting pore volume development in: 
(a) raw agricultural waste, (b) biochar, and (c) BK

around the saturation pressure are steep. The exis-
tence of hysteresis during desorption is indicative 
of a more complicated pore structure, including 
both micropores and mesopores. In contrast, the 
adsorption and desorption curves for the raw ag-
ricultural waste, overlap nearly entirely and exhib-
ited relatively no hysteresis, which indicates that 
the specific surface area is minimal. The activation 

of KOH greatly increased the micropore volume 
and total pore volume, summarized in Table 2. 
The pore size distribution presented in Figure 6, 
from the BJH method on the various materials, 
shows the raw sample (a), biochar (b), and KOH-
activated biochar (c). We can see there is a signifi-
cant increase in the pore volume between 1–2 nm 
after chemical activation, indicating enrichment 
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of micropores. Furthermore, the development of 
mesopores in the 2–10 nm range is much more 
pronounced during pyrolysis and KOH activation 
(Aguiar et al., 2014; ElShafei et al., 2017). Table 2 
shows the distinct development of specific surface 
areas during the treatment process. The raw agri-
cultural waste material demonstrates an extremely 
low surface area. However, the chemical activation 
with KOH substantially increases the total surface 
area to as high as 108.022 m2/g. In addition, the mi-
croporous surface area substantially expands from 
4.022 m2/g to 80.041 m2/g after treatment.

X-ray diffraction-based structural 
characterization

As shown in Figure 6, a mineralogical anal-
ysis is presented for the raw agricultural waste, 
the biochar, and the KOH activated biochar (BK) 
(Figure 6c). The X-ray diffraction pattern of the 
raw agricultural waste (Figure 6(a)) identifies the 
signature mineral phases quartz and dolomite. The 

broad hump between 15–35° (2θ) suggests some 
presence of amorphous organic matter. It is likely 
that the presence of quartz originates from the clay 
and sand fractions. Calcium carbonate (CaCO3) 
likely originates from the dolomitic fraction as-
sociated with the sandy materials (Bencheikh 
et al., 2020  ; Chen et al., 2023  ; Nematallah et 
al., 2024). Pyrolysis at 550 °C (Figure 6(b)) and 
a subsequent acid wash with hydrochloric acid 
show a significant reduction in mineral content. 
Following chemical activation with KOH (Figure 
6(c)), we find several new crystalline phases such 
as K2CO3, MgO, and Ca(OH)2 (Barakat et al., 
2024; Lendzion-Bieluń et al., 2018). 

RESPONSE SURFACE METHODOLOGY

Table 3 displays the results from 26 experimen-
tal trials involving four independent parameters. 
The relationship between factors and responses 

Table 2. Modification of the material’s specific surface and pore space volume

Parameter BET surface area 
(m2/g)

Internal surface area of 
micropores (m2/g)

Pore volume 
(cm3/g)

Micropore volume 
(cm3/g)

Untreated 6.789 4.022 0.0077 0.0066

Biochar 50.0213 22.006 0.0761 0.0522

BK 108.022 80.041 0.2567 0.20165

Figure 6. analysis results of (a) raw agricultural waste, (b) biochar, and (c) BK
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Table 3. Experimental design using coded levels and observed adsorption results
No. X1 X2 X3 X4 Reponses

1 1 1 -1 -1 66.59

2 1 1 -1 1 55.1

3 1 1 1 -1 26.96

4 1 1 1 1 64.24

5 1 -1 -1 -1 53.46

6 1 -1 -1 1 74.41

7 1 -1 1 -1 155.4

8 1 -1 1 1 100.79

9 -1 1 -1 -1 78.59

10 -1 1 -1 1 93.64

11 -1 1 1 -1 13.99

12 -1 1 1 1 90.54

13 -1 -1 -1 -1 62.11

14 -1 -1 -1 1 199.79

15 -1 -1 1 -1 77.55

16 -1 -1 1 1 168.3

17 -2 0 0 0 79.04

18 2 0 0 0 91.47

19 0 -2 0 0 97.45

20 0 2 0 0 62.23

21 0 0 -2 0 55.41

22 0 0 2 0 182.84

23 0 0 0 -2 96.95

24 0 0 0 2 11.4

25 0 0 0 0 62.23

26 0 0 0 0 81.47

was characterized through a quadratic polynomial 
expression, presented in the following form:

	 Q=72.82+1.39X1-31.99X2+1.28X3+1
	 + 6.14X4+1.99X1X2+9.62X1X3-14.61X1X4-
	 -8.81X2X3-17.10X2X4+12.80X3X4+2.4		
	 7X12+14.46X22+5.28X32-9.34X42	 (9)

From this equation, it can be observed that 
the reaction time, the pH of MB, and the MB 
concentration positively influence the adsorp-
tion efficiency, whereas the adsorbent mass has 
a negative effect. Furthermore, the interactions 
between reaction time and adsorbent mass, re-
action time and pH, as well as pH and methy-
lene blue concentration also have a positive 
impact. Conversely, the interactions between 
reaction time and MB concentration, adsorbent 
mass and pH, and adsorbent mass and methylene 
blue concentration negatively affect the adsorp-
tion efficiency. Regarding the quadratic terms, 
those related to reaction time, adsorbent mass, 

and methylene blue pH exhibit positive effects, 
while the quadratic term of methylene blue con-
centration shows a negative influence on the ad-
sorption efficiency.

The ANOVA results conducted on the ad-
sorption model utilizing KOH-activated biochar, 
which is displayed in Table 4, show that all of 
the regression terms included in the model were 
significantly different, signifying a 99% Confi-
dence interval level that the overall regression 
model is reliable. Further, when the p-value ≤ 
0.0001, the results show the effect of the inde-
pendent variables on the response variable (Y) 
is strong (extremely significant). The response 
surface plots were developed to evaluate the im-
pact of four main parameters on the dye adsorp-
tion process with KOH-activated biochar, where 
two factors were varied and two factors were 
kept constant, as shown in Figure 7 (El-Haba-
cha et al., 2024; Aasli et al., 2025; Mahmoudy 
et al., 2025). Surface and contour mapping 
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Table 4. ANOVA-based evaluation of model significance
Sorbent Adsorption capacity Factors Variance sum Df Mean square p-value Significance test

BK Y

Regression 2890.1 4 2387.60 ≤0.0001 ***

Residue 20.3 3 - -

Total 89075.57 26 - -

was utilized to illustrate the interaction effects 
among reaction time, asorbent dose, solution 
pH, and dye concentration on adsorption ca-
pacity. Using Figure 7(a), when considering the 
amount of adsorbent and contact time, the data 
indicated that a smaller adsorbent dose actually 
enhanced adsorption capacity per gram of adsor-
bent. Though the trend may seem counterintui-
tive, the increase in per gram adsorption occurs 
because a lower amount of adsorbent requires a 
higher loading for a constant dye concentration. 
Higher amounts of adsorbent provide a greater 
amount of active bonding sites to remove the 
pollutant, however there is not a proportional 
increase in pollutant removal, as there is a con-
stant dye concentration that restricts efficiency 
of pollutant removal per site used. Contact time 
increases adsorption as it increases potential for 

dye intrusion within the adsorbent pore network, 
allowing adsorbent equilibrium to be attained.

As shown in Figure 7(b), the simultaneous 
impact of interaction time and solution pH on dye 
uptake behavior. Increased contact time raises the 
degree of adsorption associated with the dye mol-
ecules being more accessible on the binding sites 
of the adsorbent. In addition, since the biochar 
surface is more negatively charged under alkaline 
conditions, it favors adsorption of the positive-
ly charged methylene blue molecules through a 
stronger electrostatic attraction. In the acidic pH 
range, the protonation of the surface sites induces 
repulsive forces that diminish adsorption capaci-
ty. The combined effects of contact time and in-
itial dye concentration are shown in Figure 7(c). 
Longer times allow adsorption to take place as 
there is increased opportunity for the molecules 

Figure 7. Response surface analysis of MB adsorption using BK



313

Ecological Engineering & Environmental Technology 2025, 26(12), 302–320

to diffuse and to interact with the active sites. 
Higher initial concentrations also contribute to 
the increased driving force for mass transfer, 
which leads to higher dye uptake. More dye mol-
ecules available at higher concentrations will also 
occupy available adsorption sites and overall ad-
sorption capacity will improve.

Figure 8 confirms the predictive ability of the 
adsorption model developed by comparing pre-
dicted adsorption values to experimental values 

and showing good agreement. The trendline in 
Figure 8 demonstrates excellent agreement with 
predictions and experiments with the points 
closely clustering about the line of equality. An 
analysis of the residuals indicates random scat-
ter about zero, confirming that the model predic-
tions are unbiased and reliable (El-Habacha et al., 
2024; Aasli et al., 2025; Mahmoudy et al., 2025).

Figure 9 illustrates the connection between 
adsorption capacity and the cumulative impact 

Figure 8. Correlation between predicted and actual adsorption results of BK

Figure 9. Impact of independent variables on adsorption performance
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of time of contact, adsorbent mass, pH, and dye 
concentration for BK. Regarding contact time, at 
around 120 minutes, the adsorption capacity ap-
pears mostly unchanged with subsequent increas-
es, which means that the system quickly reaches 
equilibrium. In other words, increasing contact 
time past this point will not yield significant-
ly increased dye uptake. Conversely, there is an 
observable negative correlation between quanti-
ty of adsorbent and adsorption capacity per unit 
mass. Adding more activated biochar will lower 
individual efficiency, potentially due to overlap-
ping of adsorption sites or limited pollutant mol-
ecules compared to surface area. The pH of the 
solution maintained steady performance, close 
to neutrality. At higher pH, a slight decrease in 
adsorption efficiency appears, signifying that the 
activated biochar adsorption abilities are greatest 
in a near-neutral setting. Increasing the initial dye 
concentration increases the potential for adsorp-
tion capacity, as greater initial dye concentrations 
likely increase the driving force for the adsorp-
tion (Ben Ali et al., 2025).

Results of isotherm modelling

The study of the association between and the 
MB adsorbate was conducted through the ap-
plication of several adsorption isotherm models, 
namely Langmuir, Freundlich, and Sips (Almasi 
et al., 2017). The results derived Insights into the 

sorption mechanisms can be drawn from these 
models, as well as the surface attributes and ad-
sorption affinities. The results are summarized in 
Figure 10 and Table 5. The results from the Table 
5 suggest that of the error values calculated for 
each model, the Sips model best describes the re-
moval of methylene blue using activated biochar. 
Among these, the Sips model yields the lowest 
sum of squared errors (SSE = 164.04), slightly 
outperforming the Freundlich model (SSE = 
188.11), and substantially better than the Lang-
muir model (SSE = 849.78). This suggests that 
the Sips model provides the most accurate statis-
tical representation of the experimental data.

The Sips model, also known as the Lang-
muir–Freundlich model, is an isotherm equation 
widely used to describe adsorption on heteroge-
neous surfaces. It combines the characteristics of 
the Langmuir model, which assumes adsorption 
occurs as a monolayer on uniform sites, and the 
Freundlich model, which better represents ad-
sorption on energetically non-uniform surfaces 
and accounts for multilayer adsorption. Due to 
this hybrid nature, the Sips model is particularly 
well-suited for representing complex adsorption 
phenomena on porous or functionalized materi-
als, as is the case in this study.

According to the results obtained for the acti-
vated biochar (BK), the heterogeneity parameter 
nS​, equal to 0.31, indicates a high degree of surface 
heterogeneity. The closer this value is to zero, the 

Figure 10. Non-linear fitting of MB adsorption isotherms ([MB] = 60 ppm, V = 50 ml, m = 0.6g/L, pH = 8)
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more energetically diverse the adsorption sites 
are, which confirms the disordered or irregular 
nature of the biochar’s surface. Furthermore, the 
estimated maximum adsorption capacity (qm​) is 

remarkably high, reaching 349.90 mg/g, which 
reflects a strong affinity of the activated biochar 
for methylene blue. The Sips constant KS​, with a 
value of 0.0012 L/mg, indicates a relatively weak 
interaction between the adsorbent and the adsor-
bate at low concentrations. Figure 7 provides a 
visual comparison between the experimental ad-
sorption data and the isotherm models. It clearly 
shows that both the Sips model closely follow the 
experimental trend, whereas the Langmuir model 
deviates more significantly. This visual confirma-
tion reinforces the conclusion drawn from statis-
tical metrics (Baari et al., 2025; Mechati et al., 
2023; Shikuku and Jemutai-Kimosop, 2020b).

Results compiled in Table 6 clearly show 
that the activated biochar synthesized in the 
present study possesses a much greater ability 
to adsorb MB than many other adsorbent mate-
rials previously reported in the literature. This 

Table 5. Isotherm adsorption conditions 
Models Parameters BK

Langmuir

qm (mg.g-1) 140.47

KL(L.mg-1) 0.068

SSE 849.78

Freundlich

n 4.25

KF (mg/g) (mg/L)-1/n 40.44

SSE 188.11

Sips

nS 0.31

qm (mg.g-1) 349.90

KS (L/mg) 0.0012

SEE 164.04

Table 6. Literature-based comparison of methylene blue uptake by different adsorbents
Adsorbents pH Mass (g/L) Qmax (mg/g) Ref

Activated carbon by KOH from urban sludge 8 0.06 81.04 (Ben Ali et al., 2024)

KOH activated biomass waste 8 0.8 136.5 (Jawad et al., 2021)

Activated carbon by Zncl2 from rice husk 8 12 9.73 (Sharma et al., 2011)

Activated carbon of spathodea campanulate byH3PO4 90 2 86.207 (Dimbo et al., 2024)

Activated agriculture waste by KOH 8 0.03 140.47 In this Study

Figure 11. Equilibrium adsorption isotherm of MB ([MB] = 60 ppm, V = 50 ml, mass = 0.6g/L, pH = 8)
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Table 7. Kinetic parameters and intra-particle diffusion 
for MB adsorption onto BK

Models Parameters BK

Pseudo-first-order

K1 (min-1) 0.026

qe,exp 126.36

qe,th 112.35

SSE 32.5

Pseudo-second-order

K2 (min-1) 0.00016

qe,exp 157.5

qe,th 125.26

SSE 105.34

Intra-particle diffusion
Kd (mg.g-1min-0.5) 6.40

C 44.09

comparative evaluation is primarily based on the 
maximum experimental adsorption capacity, and 
takes into account similar experimental condi-
tions, particularly in terms of pH and the amount 
of adsorbent used. 

Results of kinetic behaviour and intraparticle 
mass transfer

Exploration of adsorption kinetics enhances 
our understanding of the influence of reaction 
time on adsorption, notably for determining the 
order of the rate constant. This information is nec-
essary for designing and modelling the adsorption 
process, and kinetic parameters are considered 
important. This research focuses on the adsorp-
tion of MB on activated carbon at a temperature 
equal to 298 K (Figure 11).

According to the updated results displayed 
in Table 7 and visualized in Figure 11, the pseu-
do-first-order model yielded a rate constant K1 = 
0.026 min−1, with a theoretical adsorption capac-
ity (qe,th) of 112.35 mg/g. This value is fairly simi-
lar to the experimental result adsorption capacity 
(qe,exp = 126.36 mg\g), suggesting a reasonable fit. 
Furthermore, the sum of squared errors (SSE = 
32.5) supports a moderate concordance between 
models and experimental data.

In contrast, the pseudo-second-order model, 
which typically assumes chemisorption playing a 
dominant role as the rate-limiting stage, yielded 
a lower rate constant (K2​ = 0.00016 min−1) and a 
higher SSE of 105.34. Despite its higher theoreti-
cal adsorption capacity (qe,th = 125.26  mg/g) and 
experimental value (qe,exp = 157.5 mg\g), the great-
er deviation indicated by the SSE suggests a weak-
er fit compared to the pseudo-first-order model in 

this specific case (Saha and Grappe, 2017). Table 
7 demonstrates that the activated biochar had an 
intraparticle diffusion constant (Kd) of 6.40 mg·g-

1·min-0.5 indicating that it took place relatively fast 
through the pores of the biochar, and additionally, 
BK had a higher diffusion constant (El-Habacha et 
al., 2023; Pholosi et al., 2020).

CONCLUSIONS

This study examines the possibility of trans-
forming agricultural waste into activated carbon 
by thermochemical treatment to create a porous 
material capable of removing organic pollutants 
from wastewater, especially dyes from the tex-
tile industry. The adsorbents obtained at different 
stages (agricultural waste, biochar, and BK) Were 
extensively analyzed using multiple characteriza-
tion techniques confirmed a significant increase 
in specific surface area and pore volume, reaching 
up to 108.022 m2/g after KOH activation. The cen-
tral composite design methodology was applied 
for the optimization of adsorption parameters. 
Kinetic modeling revealed that the experimental 
data showed a good fit with the pseudo-first-order 
model. for BK. Regarding adsorption isotherms, 
the Sips model provided a good fit. Chemical 
activation with KOH proved to be a key step in 
enhancing adsorption performance due to its con-
siderable impact on the material’s pore structure.
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