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Introduction
Environmental pollution is widely recognized as a 
significant global challenge. Among industrial pollutants, 
dyes are particularly harmful and extensively used in 
various industries, including textiles, food production, 
pharmaceuticals, cosmetics, paper manufacturing, leather 
processing, printing, and tanning (1,2). Approximately 
700 000 tons of nearly 10 000 types of dyes and pigments 
are produced annually worldwide. These synthetic dyes 
can be classified based on their molecular structure, 
application, or solubility. For example, acid, basic, direct, 

mordant, and reactive dyes are categorized as soluble 
dyes, whereas azo, disperse, sulfur, and vat dyes are 
considered insoluble dyes. Among these, azo dyes are the 
most extensively produced, accounting for approximately 
70% of global dye production and representing the most 
widely used dye type worldwide (3,4).

Dyes in industrial effluents pose serious environmental 
and health hazards. They reduce sunlight penetration, 
impair visibility, and trigger eutrophication, disrupting 
photosynthesis in aquatic ecosystems and leading to 
ecological imbalances. Additionally, many dyes and 
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Abstract
Background: Removing dyes from wastewater is crucial for environmental protection and public 
health. Dyes used in various industries can be toxic and persistent, posing threats to aquatic ecosystems 
and human health. 
Methods: This study examined the efficiency of beech wood-derived activated carbon (BW-AC) in 
removing Acid Red 18 (AR18) and Methylene Blue (MB) dyes. A batch adsorption procedure was 
used to investigate the impacts of various operational variables, including pH, contact time, adsorbent 
dosage, and initial dye concentration.
Results: Changes in pH did not significantly affect removal efficiency. However, increasing contact 
time and adsorbent dosage notably enhanced removal rates, achieving nearly complete removal after 
180 minutes. Various statistical metrics were used to identify the best-fitting model, including the 
corrected Akaike information criterion (AICc) and Bayesian information criterion (BIC). The general 
order kinetic model provided the best fit to the experimental data based on its AICc values (range: -45.42 
to 12.435) and BIC values (range: -48.16 to 6.67) for AR18. For MB dye, the ranges were -5.81 to 7.057 
for AICc and -9.58 to 3.282 for BIC. Regarding the adsorption isotherms, the correlation capabilities 
of the models, as assessed by AICc and BIC, were ranked as follows for AR18: Freundlich, Liu, and 
Langmuir; while for MB dye, the ranking was Langmuir, Liu, and Freundlich. 
Conclusion: The results demonstrate that BW-AC is a highly promising adsorbent for dye removal 
from aqueous solutions, offering a sustainable, environmentally friendly, and cost-effective solution for 
water and industrial wastewater treatment.
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their degradation products are toxic, carcinogenic, and 
mutagenic, contaminating water sources and potentially 
causing allergic reactions, dermatitis, and skin irritation 
in humans (5-8).

Among the various synthetic dyes, Acid Red 18 (AR18) 
and Methylene Blue (MB) are widely used in industrial 
applications. AR18, an azo dye containing sulfonic groups 
(-SO₃H) and azo (-N = N-) bonds, is largely employed in 
textile dyeing (wool, silk, and polyamide fibers) due to 
its solubility, stability, and affordability (9,10). It is also 
used in leather, paper, plastics, wood, pharmaceuticals, 
cosmetics, and food products. MB, a cationic dye, appears 
as a greenish-blue crystalline solid and is known for its 
applications in textiles, plastics, leather, and medicine 
(as a staining agent and therapeutic compound) (11-13). 
Despite their industrial importance, both dyes and their 
intermediate degradation products exhibit high toxicity, 
carcinogenicity, and mutagenicity, threatening aquatic 
life and human health (14,15).

Given these risks, effective wastewater treatment 
is crucial. Several physical, chemical, and biological 
methods have been explored for dye removal, including 
adsorption, chemical oxidation, membrane filtration, 
electrocoagulation, and biological treatments (16). 
Among them, adsorption has gained prominence due 
to its simplicity, cost-effectiveness, reusability, and 
high efficiency in removing persistent dye compounds. 
While other techniques—such as reverse osmosis (RO), 
nanofiltration (NF), and microfiltration (MF)—achieve 
high dye removal rates (~90%), they suffer from pore 
blockage, membrane fouling, and operational challenges. 
Similarly, advanced oxidation processes (AOPs), including 
photocatalysis and Fenton oxidation, generate reactive 
radicals for dye degradation but often require high-
energy consumption and potentially toxic by-products. 
Biological methods such as activated sludge processes 
(ASPs), membrane bioreactor (MBR), sequencing batch 
reactor (SBR), and moving bed biofilm reactor (MBBR) 
have shown effective removal efficiencies. However, they 
often require large operational spaces, prolonged retention 
times, and face challenges in degrading recalcitrant dye 
components (17-21). 

A comprehensive review by Dutta (21), analyzing 
dye removal methods from 1948 to 2020, revealed that 
adsorption is the most widely used method, accounting 
for 57.7% of reported cases, followed by photocatalysis 
(15.7%), Fenton processes (7.7%), coagulation and 
flocculation (5.4%), nanofiltration (3.2%), and ozonation 
(3%). The remaining percentage was attributed to other 
less commonly utilized techniques. These findings 
highlight adsorption as the predominant and preferred 
method for treating dye-contaminated wastewater.

Various adsorbents have been evaluated for dye removal, 
including activated carbon, bagasse ash, rice husk ash, 
cashew nut shell, plum kernel, rambutan peel, coconut 

shell, magnesium chloride, and chitosan (11,22,23). 
Among them, activated carbon is widely regarded as 
the most effective due to its high porosity, large surface 
area, and exceptional adsorption properties. However, 
high production and regeneration costs often limit its 
large-scale applications (24-26). Additionally, many 
commercially available activated carbons are derived 
from non-renewable sources or require costly activation 
processes, making them economically unsustainable (27).

To address this challenge, the present study investigated 
the use of beech wood residues—a locally available, low-
cost biomass—to produce activated carbon (BW-AC). 
This approach not only reduces production costs but 
also repurposes an abundant forestry byproduct into 
a sustainable and efficient adsorbent for dye removal. 
Unlike conventional activated carbons, BW-AC is a 
sustainable, eco-friendly, and practical alternative for 
dye removal. Furthermore, the integration of Bayesian 
statistical methods for model selection ensures a rigorous 
evaluation of adsorption kinetics and isotherms. Thus, 
this study provides a scientifically robust, economically 
feasible, and environmentally sustainable solution for 
wastewater treatment.

Materials and Methods
Reagents and solutions 
In this study, Acid Red 18 (AR18), also known as Ponceau 
4R, Cochineal Red A, or New Coccine, was purchased 
from Alvan Sabet Company (Hamedan, Iran). Methylene 
Blue (MB), commonly referred to as basic blue 9 and 
alternatively known as methylthionine chloride, Aizen 
methylene blue, and Chromosmon, was obtained from 
Sigma Aldrich. Both dyes were used without additional 
purification due to their high laboratory-grade purity 
( ≥ 88%). The key physicochemical properties of AR18 
and MB are summarized in Table 1.

Preparation of beech wood activated carbon (BW-AC)
Beech wood waste was collected from beech-rich regions 
of Ardabil province, Iran. The wood was thoroughly 
washed with distilled water to remove impurities, and 
then dried in an oven at 110°C for 2 hours. After drying, 
it was ground and sieved to obtain uniform particle sizes. 
The sieved wood particles were soaked in 85% phosphoric 
acid at room temperature for 24 hours to initiate chemical 
activation. The acid-treated wood was then separated via 
filtration and washed repeatedly with distilled water to 
remove residual acid.

For the production of activated carbon, a pre-designed, 
sealed steel reactor equipped with unidirectional nozzles 
was used to facilitate nitrogen gas introduction and 
the expulsion of volatile gases generated during high-
temperature processing. Before the experiment, the 
reactor was thoroughly cleaned, and the acid-treated 
wood was carefully loaded, ensuring all seals were securely 
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closed. To establish an oxygen-free environment, nitrogen 
gas was introduced through one nozzle, while excess gas 
was vented through the opposing nozzle. The reactor was 
then placed in a furnace and heated to 650 °C for 2 hours 
to conduct pyrolysis under controlled conditions.

Following thermal activation, the carbonized material 
was cooled and washed repeatedly with distilled water 
until the rinse water reached a neutral pH. The resulting 
activated carbon was dried at 105 °C for 24 hours and 
sieved to obtain 595-841 µm particles. The prepared BW-
AC was stored in an airtight container for subsequent use 
(18). The BET analysis showed that BW-AC had a specific 
surface area of 453 m² g-1.

Adsorption experiments
A batch adsorption procedure using PET laboratory 
bottles containing 50-100 mL of dye solution was 
employed to investigate the adsorption of AR18 and MB. 
Initially, a 1000 mg L-1 stock solution was prepared by 
dissolving precise amounts of AR18 and MB in distilled 
water, which was then diluted to obtain working solutions 
of desired concentrations. The following key operational 
parameters were systematically evaluated.

Effect of pH
The influence of pH on AR18 and MB adsorption was 
investigated over a pH range of 3, 5, 7, 9, 11, and the 
natural pH of the solution. Experiments were conducted 
using an adsorbent dosage of 1 g L-1, a contact time of 2 
h, and an initial dye concentration of 100 mg L-1 at room 
temperature. The pH of the solutions was adjusted using 
0.1 M HCl or 0.1 M NaOH before adding the adsorbent.

Effect of contact time
To explore the impact of contact time on the adsorption 
of AR18 and MB dyes, it was varied from 5 to 180 minutes. 
These experiments were carried out under the natural pH 
conditions of the dye solutions, with an adsorbent dosage 
of 1 g L-1, and initial dye concentrations of 50 and 100 mg 
L-1. All other experimental parameters remained constant.

Effect of adsorbent dosage
The role of adsorbent dosage in AR18 and MB adsorption 

was assessed by testing various dosages (0.5, 0.75, 
1, 1.25, 1.5, 1.75, 2, and 2.5 g L-1). Experiments were 
performed at room temperature, natural pH, an initial 
dye concentration of 100 mg L-1, and a contact time of 3 
hours, while keeping all other conditions unchanged.

Effect of initial dye concentration
To examine the effect of initial dye concentration, it 
was varied from 5 to 250 mg L-1. These experiments 
were conducted at room temperature, under natural pH 
conditions, with an adsorbent dosage of 1.5 g L-1 and a 
contact time of 3 hours. 

Throughout the adsorption tests, the solutions were 
continuously agitated using a magnetic stirrer or an 
incubator shaker at 250 rpm to ensure uniform mixing. 
Parallel blank experiments (without BW-AC) were 
performed under identical conditions to account for 
potential dye adsorption onto the reaction vessels and 
to assess the influence of other factors. All adsorption 
experiments were conducted in triplicate, and mean 
values were reported for reliability.

Unary and binary adsorption of dyes from real water 
samples
This study also investigated AR18 and MB adsorption from 
real water samples to evaluate the influence of naturally 
occurring ions and organic/inorganic compounds. The 
adsorption experiments were conducted using seawater, 
well water, and tap water, with distilled water serving 
as the control to establish a baseline for adsorption 
performance. The adsorbent dosage was 1.5 g L-1, and the 
initial dye concentration was maintained at 100 mg L-1. 
To simulate real-world conditions, the natural pH of each 
water sample was maintained. Adsorption studies were 
performed both individually (unary system) for each dye 
and simultaneously (binary system) to evaluate potential 
competitive adsorption effects. All other experimental 
conditions remained unchanged.

Adsorption kinetics
Adsorption kinetics experiments are essential for 
understanding the speed, pathways, and primary 

Table 1. Characteristics of the dyes used in this study (10,28,29)

Dye name Molecular weight (g mol-1) Chemical formula Charge property Water solubility Chemical structure

Acid Red 18 604.48 C₂₀H₁₁N₂Na₃O₁₀S₃ Anionic Soluble (40 g L-1 )

Methylene Blue 319.85 C₁₆H₁₈N₃SCl Cationic Soluble (50 g L-1)
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mechanisms involved in dye adsorption. They play a 
crucial role in determining the factors that influence 
reaction rates and the mechanisms controlling the 
adsorption process, such as chemical reactions or 
diffusion mechanisms (30). Data obtained from studying 
the effect of contact time were utilized to investigate the 
adsorption kinetics.

The kinetic behaviors of the adsorption process were 
analyzed using the nonlinear equations for the pseudo-
first order (PFO), pseudo-second-order (PSO), general-
order (GOK), and intraparticle diffusion models, as 
represented by Equations 1-4, respectively (31-35):
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In these equations, t, qt, and qe represent the contact 
time (min), the quantity of dye molecules adsorbed 
at a particular time t (mg g−1), and the quantity of dye 
molecules adsorbed upon reaching equilibrium (mg g−1), 
respectively. The symbols kf, ks, and kN denote the pseudo-
first-order rate constant (min−1), the pseudo-second order 
rate constant (g mg−1 min−1), and the general order rate 
constant (min−1 (g mg−1)n−1), respectively; n represents 
the order of kinetic adsorption, which may be an 
integral or fractional number. Moreover, the parameters 
kid (mg g−1 h−0.5) and C (mg g-1) are key components of 
the intraparticle diffusion model for adsorption. The 
kid parameter represents the adsorption rate constant, 
reflecting the rate at which AR18 or MB diffuses into the 
pores of the BW-AC particles. The parameter C relates to 
the boundary layer thickness that affects the adsorption 
process. The values of kid and C can be directly obtained 
from the slope and intercept of the plot qt versus t0.5, 
respectively.

Adsorption isotherm experiments
The study of adsorption isotherms is crucial for gaining 
insights into the mechanisms of the adsorption process 
and determining the maximum adsorption capacity 
(36). The experimental data derived from analyzing the 
influence of initial dye concentration were employed to 
evaluate the adsorption isotherms. The experiments were 
conducted under optimal conditions determined in earlier 
tests. The experimental data were fitted to the nonlinear 
equations for the Langmuir (37), Freundlich (38), and Liu 
(39) isotherm models (Equations 5-7).
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In these equations, qe, Ce, and Qmax represent the 
quantity of dye adsorbed at the equilibrium time (mg 
g-1), the equilibrium concentration of dye (mg L-1), and 
the maximum adsorption capacity of the adsorbent (mg 
g-1), respectively. KL, KF, and Kg stand for the Langmuir 
equilibrium constant (L mg-1), the Freundlich equilibrium 
constant [mg g-1 × (mg L-1) -1/nF], and the Liu equilibrium 
constant (L mg-1), respectively. Moreover, nF and nL 
indicate the dimensionless exponents linked to the 
Freundlich and Liu models, respectively.

Determination of final dye concentration
A UV-Vis spectrophotometer (model DR5000, Hach 
Company, USA) was used to measure dye concentrations. 
Calibration curves were established using standard 
solutions to correlate absorbance values with dye 
concentrations. The absorbance of each standard solution 
was measured at 509 nm for AR18 and 665 nm for MB 
(40,41).

Following each experimental run, samples were 
filtered using 0.22-μm membrane filters to remove 
adsorbent particles before analysis. Removal efficiency 
and adsorption capacities at time t (qt, mg g-1) and 
equilibrium (qe, mg g-1) were respectively calculated using 
the following equations:
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In this context, C0 and Ce (mg L-1) represent the initial 
and equilibrium concentrations of AR18 and MB dyes in 
the solution. The variable M (g) is the BW-AC adsorbent 
dosage, while V (L) indicates the volume of the solution. 
Additionally, Ct (mg L-1) refers to the concentration of 
AR18 and MB dyes at time t, and qt (mg g-1) represents the 
adsorption capacity of AR18 and MB dyes at time t.

Model selection criteria 
A nonlinear approach was adopted to analyze kinetics and 
isotherms data using the Levenberg-Marquardt algorithm 
and the Simplex method in OriginPro 2018 software. The 
coefficient of determination (R²) has been widely used 
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for comparing and selecting the best-fitted model in 
adsorption kinetics and isotherm studies. However, R2 
has notable limitations, particularly its failure to account 
for the number of parameters in a model, which often 
leads to a preference for more complex models with a 
higher number of parameters. As a result, it is regarded as 
an inadequate criterion for model selection (42).

A more robust approach for evaluating model 
goodness-of-fit, which incorporates the number of 
parameters, is the information criteria (ICs). The use 
of ICs for model selection is beneficial due to their 
straightforward interpretation and applicability to both 
nested and non-nested models. When comparing models 
fitted to the same dataset, the model with the lowest or 
most negative value is typically identified as the best fit 
(42). Even at low noise levels in the data, R2 and the chi-
square test, which are also recognized as criteria for model 
selection, correctly identified the appropriate model only 
28%–43% of the time, exhibiting a strong preference for 
highly parameterized models. In contrast, information-
based criteria such as the Akaike information criterion 
(AIC) and Bayesian information criteria (BIC) correctly 
selected the appropriate model 80% of the time under 
the same conditions, despite a slight bias towards models 
with fewer parameters (43,44). Therefore, AIC and BIC 
are recommended as the preferred criteria for comparing 
nonlinear models (44).

The AIC, introduced by Hirotugu Akaike (45), serves 
as a comparative indicator of model fit, assessing the 
quality of fit provided by a statistical model. This criterion 
is grounded in the concept of information theory 
and quantifies the relative information loss incurred 
when a specific model is employed to represent a real-
world phenomenon. Akaike established a connection 
between predictions derived from the Kullback–Leibler 
information measure and the maximized support 
function, facilitating a more integrated approach to model 
selection and analysis of complex datasets. However, the 
effectiveness of AIC may diminish when the number of 
parameters significantly exceeds the sample size, as noted 
by Sugiura (46) and Sakamoto et al (47). To address 
this issue, Sugiura (46) introduced a second-order 
modification of the AIC, known as the corrected Akaike 
information criterion (AICc). Burnham and Anderson 
(48) recommend using the AICc when the ratio of sample 
size to the number of parameters (n/p) is small (e.g., when 
n/p < 40). When this ratio is sufficiently large, both AIC 
and AICc are expected to yield similar results (49).

The BIC is another statistical approach grounded in 
information theory, distinguished by its more stringent 
penalty on the number of parameters included in the 
model compared to AIC (50,51). BIC is a widely used 
metric for model selection. When comparing two models 
using BIC, the difference in BIC values (∆BIC) can 
provide valuable insights into their relative fit. According 

to the established guidelines, if the difference between 
the BIC values of two models (∆BIC) is less than 2, 
the models are generally interpreted as not differing 
significantly in their fit to the data. This suggests that the 
models can be regarded as equally well fitted. Conversely, 
when ∆BIC ≥ 10, the model with the lowest BIC value 
is considered to be definitively the best-fitted model, 
indicating very strong evidence in favor of that model. In 
cases where 2 < ∆BIC < 6, the model with the lower BIC 
value is regarded as a potential best-fitted model. When 
6 < ∆BIC < 10, there is a strong likelihood that the model 
with the lower BIC value is indeed the best-fitted model 
(52-54). 

Alongside traditional statistical criteria, including 
standard deviation (SD), coefficient of determination (R²), 
and adjusted coefficient of determination (R²adj), the AIC 
and BIC were used, as detailed in the existing literature 
(54-57), to select and rank the optimal models for the 
kinetics and isotherm data analyzed in this research. The 
mathematical expressions for R2, R2

adj, SD, AIC, and BIC 
are provided in the following equations (Eqs. 11-15). The 
results related to these model selection criteria are detailed 
in the Results and Discussion sections.
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In the above-mentioned equations, qi,exp represents 
the individual experimental q value, while qi,model is the 
individual theoretical q value predicted by the model. 

expq is the average of all experimental q values measured; 
n indicates the total number of experiments conducted; 
p refers to the number of parameters in the fitted model; 
and RSS stands for residual sum of squares (53,55).

Results
Effect of pH on dye adsorption
This study investigated the effect of solution pH on 
the removal efficiency of AR18 and MB using BW-AC 
adsorbent under varying pH conditions. The results, 
shown in Figure 1 (A and B), indicate that the removal 
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efficiency of both dyes at an initial concentration of 
100 mg L-1 was minimally influenced by changes in pH. 
For AR18, the highest removal efficiency (> 99.9%) was 
observed in the acidic pH range of 3-5, while the lowest 
removal efficiency (91%) occurred at pH 11. In contrast, 
the removal efficiency of MB dye increased from 92% at 
pH 3 to 99.9% at pH 11. Given the negligible variations in 
dye removal efficiency across the examined pH range and 
considering that natural pH conditions more accurately 
reflect real-world scenarios, the natural pH of the 
solution was selected as the optimal pH for subsequent 
experiments.

Effect of contact time and kinetic studies
The kinetics of AR18 and MB dye removal were evaluated 
using various kinetic models, as illustrated in Figure 2 (A-
H), and their parameters are summarized in Table 2. BW-
AC demonstrated rapid adsorption rates for both dyes. At 
an initial concentration of 50 mg L-1, the removal efficiency 
reached 98.6% for AR18 and 91.53% for MB within the 
first 5 minutes. However, at a higher initial concentration 
of 100 mg L-1, the removal rates decreased to 65.11% for 
AR18 and 83.6% for MB under the same conditions. After 
180 minutes, the total removal rates reached 100% for 
AR18 and 99.24% for MB at 50 mg L-1, while at 100 mg L-1, 
the removal efficiencies were 89% for AR18 and 94% for 
MB. The system approached equilibrium after 20 minutes 
for the 50 mg L-1 concentration and after 60 minutes for 
the 100 mg L-1 concentration, regardless of the dye type. 
Among the kinetic models analyzed, the GOK model 
provided the best fit to the experimental data, as indicated 
by the lowest AICc and BIC values (Table 2).

Effect of adsorbent dosage
The effect of BW-AC dosage (0.5-2.5 g L-1) on dye removal 
efficiency and adsorption capacity (qe), is illustrated in 
Figure 3. Increasing the adsorbent dosage enhanced dye 

removal efficiency up to 1.5 g L-1, beyond which it plateaued. 
For AR18, the removal efficiency increased from 75% to 
100%, while for MB, it increased from 71.5% to 99.7%.

Effect of initial dye concentration and adsorption 
isotherms
The dye removal efficiency decreased with increasing 
initial dye concentration, as shown in Figure 4 (A-D). 
For AR18, the removal efficiency decreased from 100% 
to 81.37%, while for MB, it decreased from 99.3% to 70% 
as the initial dye concentration increased from 5 to 250 
mg L-1. A more significant reduction in removal efficiency 
was observed at concentrations above 175 mg L-1. On 
the other hand, the adsorption capacity (qe) increased 
significantly with higher initial dye concentrations. 
For AR18, it increased from 3.33 to 136 mg g-1, and for 
MB, it increased from 3.22 to 116.5 mg g-1, as the initial 
concentration increased from 5 to 250 mg L-1. These results 
highlight the strong dependence of adsorption capacity 
on the initial dye concentration. Nonlinear isotherm 
analyses showed that the Freundlich model best described 
AR18 adsorption, while the Langmuir model was more 
accurate for MB adsorption. The isotherm parameters 
and statistical comparisons are detailed in Table 3.

Unary and binary adsorption of dyes from real water 
samples
The experimental design aimed to assess the impact of 
complex water matrices on the adsorption process and to 
compare the results with those obtained in distilled water, 
thereby providing insights into the practical applicability 
of the adsorbent in diverse aqueous environments. The 
experimental results revealed exceptional adsorption 
efficiency for both AR18 and MB across all tested water 
samples. In both unary and binary adsorption systems, 
the removal percentages consistently exceeded 99%, as 
shown in Figure 5.

Figure 1. Effect of pH on the adsorption of AR18 and MB dyes onto BW-AC adsorbent. Experimental conditions: initial dye concentration = 100 mg L−1, room 
temperature, adsorbent dosage = 1 g L-1, and contact time = 2 h
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Figure 2. Kinetic models for the adsorption of AR18 (A and B) and MB (C and D), and intraparticle diffusion models for AR18 (E and F) and MB (G and H) 
at room temperature. Experimental conditions: adsorbent dosage = 1 g L−1; dye concentrations = 50 and 100 mg L−1, and natural pH of solution
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Discussion
Effect of pH on dye adsorption
The pH of a solution plays a critical role in dye 
adsorption by influencing electrostatic interactions 
between the adsorbent and the adsorbate. Variations in 
pH can significantly alter the surface characteristics of 
the adsorbent, impacting its acidic or basic nature and, 
consequently, its adsorption capacity (58). For AR18, an 
anionic dye, adsorption onto BW-AC is primarily driven 
by electrostatic interactions. At lower pH levels, the 
protonation of functional groups on the surface of BW-
AC enhances AR18 adsorption due to increased positive 
charges. In contrast, at alkaline pH, the presence of OH- 
ions and the negative charges on both the adsorbent 

and AR18 molecules lead to repulsive forces, reducing 
adsorption efficiency. Although adsorption persisted 
under alkaline conditions, it was slightly diminished 
due to weaker electrostatic attraction. Additional 
mechanisms, such as van der Waals and dispersive forces, 
also contributed to the adsorption process (59).

Previous studies have demonstrated that the optimal 
pH for removing anionic direct dyes using activated 
carbon is pH 3 or lower. Namasivayam and Kavitha (60) 
confirmed the suitability of acidic pH for the adsorption 
of Congo Red, an anionic azo dye, on activated carbon 
derived from coir pith, an agricultural solid waste. Our 
findings suggest that the adsorption of AR18 onto BW-
AC remains relatively constant across different pH 
values. This indicates that the adsorbent may possess 
high stability and reliable performance across a broad 
pH spectrum, potentially attributable to its structural 
or chemical composition. This insight is particularly 
relevant for industrial applications where pH fluctuations 
are common, necessitating the use of adsorbents that 
retain their effectiveness under varying pH conditions. In 
contrast, MB, a cationic dye, exhibits the opposite behavior. 
Its removal efficiency increases with pH, reaching 99.9% 
at pH 11. This is due to the higher presence of OH- ions 
at higher pH levels, which decreases the protonation of 
the BW-AC surface. As a result, the surface becomes more 
negatively charged, enhancing the electrostatic attraction 
to positively charged MB ions (61,62).

Effect of contact time and kinetic studies
The adsorption kinetics of AR18 and MB dyes at the 
adsorbent-solution interface were evaluated using kinetic 
models (Equations 1–4). The analyses aimed to elucidate 
the adsorption mechanisms, estimate removal rates, 
determine equilibrium times, identify rate-controlling 
diffusion steps, and assess the role of chemisorption in the 
adsorption process (42).

Figure 2 (A-H) shows that adsorption rates depend on 

Table 2. Parameters of the fitted models for the adsorption of AR18 
and MB dyes (Experimental conditions: room temperature; adsorbent 
dosage = 1 g L−1; dye concentrations = 50 and 100 mg L−1, and natural pH 
of solution)

Kinetic parameter
AR18 MB

50 mg L-1 100 mg L-1 50 mg L-1 100 mg L-1

Pseudo-first order

qe (mg g-1) 49.85 85.21 48.84 91.058

kf (min-1) 0.895 0.236 0.53 0.477

R2
adj 0.9997 0.97 0.995 0.992

SD (mg g-1) 0.25 4.153 0.93 2.39

RSS 0.68951 189.74 8.76 56.94

AICc -29.52 43.52 5.23 27.68

BIC -30.48 42.55 3.68 26.14

t1/2 (min) 0.775 2.94 1.31 1.452

t0.95 (min) 3.35 12.7 5.65 6.28

Pseudo-second order

qe (mg g-1) 50.005 89.12 49.58 93

Ks (min-1) 0.214 0.0053 0.0425 0.0162

R2adj 0.99989 0.996 0.998 0.998

SD (mg g-1) 0.147 1.46 0.509 1.158

RSS 0.23808 23.43 2.588 13.41

AICc -43.34 16.325 -9.41 10.33

BIC -44.31 15.353 -10.95 8.79

t1/2 (min) 0.094 2.136 0.475 0.662

t0.95 (min) 1.77 40.59 9.016 12.574

General order

qe (mg g-1) 50.405 93.39 50.02 97.16

KN (min-1) 0.043 2.63 × 10-4 0.0153 1.019 × 10-4

N 3.69 4.516 2.44 3.52

R2adj 0.9999 0.998 0.999 0.999

SD (mg g-1) 0.12 1.115 0.5 0.875

RSS 0.14537 12.45 2.359 6.89

AICc -45.42 12.435 -5.81 7.057

BIC -48.16 6.67 -9.58 3.282

t1/2 (min) 0.00123 1.77 0.28 0.18

t0.95 (min) 0.72 143.32 12 72.323

Figure 3. Effect of adsorbent dosage on the adsorption of AR18 and MB 
dyes. Experimental conditions: natural pH, room temperature, contact 
time = 180 min, and initial dye concentration = 100 mg L−1
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dye concentration, with equilibrium being achieved faster 
at lower concentrations. The initial rapid adsorption is 
attributed to the abundance of available adsorption sites, 
which gradually become occupied, slowing the process 
over time. Nonlinear fitting of kinetic models revealed 
that the GOK model provided the best fit for both dyes, 
as indicated by the lowest AICc and BIC values, except for 
MB at 50 mg L-1. For instance, at 50 mg L-1AR18, the AICc 
values for the PFO, PSO, and GOK models were -29.52, 
-43.34, and -45.42, respectively, with corresponding 
BIC values of -30.48, -44.31, and -48.16, respectively. A 
comparison of PFO with PSO indicates that PSO is 1004 
times more likely to be correct than PFO. Additionally, 
the lower BIC value of PSO further supports its accuracy, 
with a BIC difference greater than 10, establishing a strong 
preference for PSO over the PFO model. 

In contrast, at 50 mg L-1, a comparison of PSO with 
GOK indicates that GOK is 2.83 times more likely to be 
correct than PSO based on AICc values. The lower BIC 
value of GOK also suggests that it is the most accurate and 
best-fitted model. For MB at 50 mg L-1, the comparison 
between PSO and GOK reveals that PSO is 6 times more 
likely to be correct based on the AICc value. However, 
as their ∆BIC is less than 2, this comparison remains 

inconclusive. For more detailed comparisons and 
additional information on the evaluated kinetic models, 
please refer to Table 2. Statistical analyses such as SD, 
R2

adj, AICc, and BIC confirm that the GOK model overall 
provides the best fit to the experimental data.

Table 2 also includes half-life (t1/2) and time to 95% 
saturation (t0.95) values, which represent the time required 
to achieve 50% and 95% of the maximum adsorption 
capacity, respectively. These parameters facilitate the 
comparison of kinetic models regardless of their rate 
constants and units. Given that the GOK was identified as 
the optimal kinetic model for this study, its t1/2 for AR18 
adsorption onto BW-AC ranged from 0.00123 to 1.77 
min, while t0.95 varied from 0.72 to 143.32 min. For MB, t1/2 
and t0.95 ranged from 0.18 to 0.28 min and 12 to 72.32 min, 
respectively. These results suggest that higher adsorption 
capacities require longer equilibrium times. Given that the 
isotherm experiments were conducted at various initial 
concentrations up to 250 mg L-1, a contact time of 180 
minutes was used for adsorption equilibrium experiments 
to ensure that all examined dye concentrations achieved 
an equilibrium state. It can be concluded that the batch 
system may function effectively for approximately 20-30 
min at concentrations below 100 mg L-1 before requiring 

Figure 4. Adsorption of AR18 (A) and MB (B) as a function of initial dye concentration, with corresponding isotherm models for AR18 (C) and MB (D) using 
BW-AC adsorbent. Experimental conditions: room temperature; adsorbent dosage = 1.5 g L−1; contact time = 180 min, and natural pH of the dye solution
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regeneration (Figure 2 (A-D)).
To gain a deeper understanding of the impact of 

mass transfer resistance on the adsorption process, the 
intraparticle diffusion model was used. The plots of the 
amount of AR18 and MB adsorbed (qt) against the square 
root of time (t0.5) exhibited a distinctly two-linear behavior 
for an initial dye concentration of 50 mg L-1. In contrast, 
at a dye concentration of 100 mg L-1, a three-segment 
behavior was observed. Figure 2 (E-H) indicates that the 
adsorption process involves multiple rate-controlling 
steps, with each linear segment of the plot corresponding 
to a specific phase of the adsorption process (63,64). 
The initial linear segment, which represents the fastest 
adsorption stage, is associated with external surface 
adsorption, driven by the movement of dye molecules 
from the bulk solution to the external surface of the 
BW-AC adsorbent. The subsequent linear segment 
represents a delayed process attributed to intraparticle 
diffusion, involving the migration of dye molecules 
from the external surface into the internal pores of the 
BW-AC adsorbent. The third linear section, observed 

after reaching equilibrium, describes the diffusion of 
dye molecules through smaller pores within the BW-AC 
adsorbent. This phase highlights the continued movement 
of dye molecules as they navigate through the finer pore 
structures, contributing to the overall adsorption process. 
This multi-linearity behavior suggests that both external 
mass transfer and intraparticle diffusion mechanisms 
influenced the overall adsorption process (65,66).

Effect of adsorbent dosage
Adsorbent dosage is a critical factor in the adsorption 
process, as it directly influences adsorption capacity by 
determining the available surface area and active sites. 
Increasing the dosage enhances the adsorption rate 
by providing more surface area and active sites for dye 
molecules (63,66). Conversely, as the adsorbent dosage 
increased, the adsorption capacity (qe) for both dyes 
decreased, reducing from 149.7 to 40 mg g-1 for AR18 and 
from 143 to 39.86 mg g-1 for MB. This inverse relationship 
can be attributed to two main reasons: first, at a constant 
dye concentration, an increase in the adsorbent dosage 
results in the unsaturation of adsorption sites. Second, 
at higher adsorbent dosages, particle aggregation occurs, 
which diminishes the effective adsorption capacity and 
increases the diffusional path length (67). As shown in 
Figure 3, beyond a BW-AC dosage of 1.5 g L-1, the removal 
efficiency did not significantly change. Therefore, this 
value was chosen as the optimal adsorbent dosage for 
subsequent experiments.

Effect of initial dye concentration and adsorption 
isotherms
Based on the investigated dye concentrations (5-250 mg 
L-1), it can be concluded that the adsorbent dosage of 1.5 
g L-1 effectively removes both dyes at concentrations up to 
175 mg L-1, establishing this as the optimal concentration 

Table 3. Isotherm parameters for the adsorption of AR18 and MB dyes 
using BW-AC adsorbent (Experimental conditions: adsorbent dosage = 1.5 
g L−1, contact time = 180 min, and natural pH of solutions)

Isotherm parameter
Investigated dye

AR18 MB

Langmuir

Qmax (mg g-1) 109.94 114.75

KL (L mg-1) 27.2 0.721

R2
adj 0.854 0.964

SD 18.95 8.51

RSS 3951.5 796.61

AICc 83 62.167

BIC 82 61.195

Freundlich

Kf [mg g-1 (mg L-1)-1/nf] 85.49 43.175

nf 7.79 3.72

R2
adj 0.94 0.845

SD 12.41 17.64

RSS 1694.55 3423.28

AICc 72 81.121

BIC 71 80.149

Liu

Qmax (mg g-1) 741.35 115.83

Kg(L mg-1) 1.044 × 10-5 0.693

nL 0.153 0.97

R2
adj 0.93 0.96

SD 13 8.915

RSS 1691.48 794.74

AICc 76.3 66.47

BIC 73.55 63.73

Figure 5. Adsorption of dyes from real water samples. Experimental 
conditions: natural pH; room temperature; contact time = 180 min, BW-
AC dosage = 1.5 g L-1, and initial dye concentration = 100 mg L−1)
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range for practical applications. As illustrated in Figure 4, 
the removal efficiency slightly decreased with increasing 
initial dye concentration, with a more obvious decline 
at higher concentrations. This behavior is attributed 
to the availability of sufficient adsorption sites at lower 
concentrations, enabling complete dye removal. At higher 
concentrations, however, the active sites on the adsorbent 
become saturated, leading to equilibrium and reduced 
adsorption efficiency (68). 

Despite the decrease in removal efficiency, the 
adsorption capacity (qe) of BW-AC increased significantly 
at higher initial dye concentrations. For AR18, qe increased 
from 3.33 to 136 mg g-1, while for MB, it increased from 
3.22 to 116.5 mg g-1. This trend is driven by the enhanced 
concentration gradient at higher dye concentrations, 
which provides a stronger driving force for mass transfer 
and promotes greater dye uptake (69).

Adsorption isotherms are valuable tools for describing 
the distribution of adsorbate molecules between the 
liquid and solid phases when the system reaches an 
equilibrium state. Isotherm models provide insights into 
the interactions between the adsorbent and adsorbate, 
helping to understand the mechanisms of adsorption 
and the efficiency of the adsorbent material (55,64). 
In the present study, nonlinear forms of the Langmuir, 
Freundlich, and Liu isotherm models were employed to 
investigate the adsorption isotherms.

The statistical parameters related to the fitted models 
are presented in Table 3. The correlation capability of the 
models, assessed using the AICc and BIC, is ranked as 
follows: Freundlich, Liu, and Langmuir for AR18 dye; while 
for MB dye, the ranking is Langmuir, Liu, and Freundlich. 
The AICc values for the Langmuir and Freundlich models 
for AR18 dye were 83 and 72, respectively, indicating that 
the Freundlich model is 245.53 times more likely to be the 
best-fitted model compared to the Langmuir model. The 
BIC values for these models were 82 and 71, respectively. 
A BIC difference greater than 10 provides a decisive 
conclusion that the Freundlich model is indeed a better fit 
than the Langmuir model. For the comparison between 
the Freundlich and Liu models, the AICc values were 72 
and 76.3, respectively, confirming that the Freundlich 
model is 8.63 times more likely to be the correct and best 
fit compared to the Liu model. The corresponding BIC 
values were 71 and 73.55, supporting the validity of the 
Freundlich model.

For MB dye, the AICc values were 62.167, 81.121, and 
66.47 for the Langmuir, Freundlich, and Liu models, 
respectively. The Langmuir model for MB has the lowest 
AICc value, indicating a higher probability of being 
correct. Specifically, this model is 13055.1 times more 
likely to be correct compared to the Freundlich model 
and 8.6 times more likely than the Liu model. The BIC 
values for these models were 61.195, 80.149, and 63.73, 
respectively, which confirms a very strong support for 

the Langmuir model compared to the Freundlich model 
and a positive support compared to the Liu model. For 
MB dye, the maximum adsorption capacity predicted by 
the Langmuir model was 114.75 mg g-1, which aligns well 
with the experimental data, indicating the reliability of the 
model in predicting adsorption behavior.

Additionally, the higher R2
adj and lower SD values for 

the Freundlich model suggest that it is the most suitable 
choice for fitting the isotherm data for the adsorption of 
AR18 onto BW-AC. In contrast, the Langmuir model 
demonstrated the highest R2

adj and the lowest SD values 
for MB dye, indicating its superior accuracy compared to 
the other models for this system.

Unary and binary adsorption of dyes from real water 
samples
Figure 5 illustrates the adsorption performance of BW-
AC in unary and binary systems across different water 
samples. The results indicate that the adsorbent exhibits 
a strong affinity for both dyes, with minimal interference 
from naturally occurring water constituents. The similar 
removal percentages observed for distilled water, seawater, 
well water, and tap water suggest that the adsorption 
process is not significantly affected by the ionic strength 
or composition of the water matrix. Furthermore, the 
binary adsorption experiments revealed no substantial 
competitive effects between AR18 and MB, as their 
removal percentages remained consistently high when 
adsorbed simultaneously. This demonstrates that the 
applied adsorbent dosage provides sufficient active sites 
to effectively adsorb both dyes without a notable decline 
in efficiency. These findings are particularly relevant 
for practical applications, highlighting the potential of 
BW-AC to treat dye-contaminated water across diverse 
environments, including industrial wastewater and 
natural water bodies.

Conclusion
In this study, BW-AC was prepared and evaluated for its 
effectiveness in adsorbing two commonly used dyes: AR18 
and MB. Nearly complete dye removal was achieved with 
an adsorbent dosage ≥ 1.5 g L-1. Bayesian analysis identified 
the general order kinetic model as the most suitable, 
with rapid adsorption half-lives (t1/2: 0.00123–1.77 min 
for AR18; 0.18–0.28 min for MB) and equilibrium times 
(t₀.₉₅: 0.72–143.32 min for AR18; 12–72.32 min for MB). 
Isotherm studies favored the Freundlich model for AR18 
and the Langmuir model for MB. 

Overall, BW-AC demonstrated high adsorption 
efficiency across various water matrices, confirming its 
potential as a low-cost, sustainable, and environmentally 
friendly adsorbent for the removal of dyes from 
contaminated effluents.
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