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Abstract
Wastewater contaminated with synthetic dyes poses significant environmental and health risks, and cost-effective solutions 
are urgently needed. Conventional adsorbents are often costly and exhibit limited efficiency, fostering an increasing pursuit 
for sustainable and economically viable alternatives. This study investigates the use of biochars derived from wheat straw 
(WSP), oil seed rape straw (OSR), and Miscanthus straw (MSP) for the removal of Reactive Black 5 dye from water. The 
novelty of this work lies in combining agricultural biochars with advanced data-driven approaches—including generalized 
linear modeling, machine learning (Random Forest, Gradient Boosting), and Monte Carlo simulations—together with eco-
toxicological validation, to bridge experimental results with predictive modeling. Biochars produced at 550 °C and 700 °C 
were evaluated through batch adsorption experiments, FT-IR and SEM/EDS analyses, equilibrium and isotherm modeling, 
desorption and regeneration capabilities, and real effluent application. WSP700 achieved the highest removal efficiency 
(94%) at 75 g L−1, with adsorption most effective at pH 5. Although higher dosages improved removal, adsorption capac-
ity decreased due to site aggregation. Random Forest provided the best fit for capturing non-linear behavior, whereas 
cross-validation and external interpolation revealed that Gradient Boosting and linear/penalized regressions offered better 
generalization performance. Regeneration tests showed 70% desorption efficiency after seven cycles, and ecotoxicologi-
cal assays revealed a marked EC50 increase (1.131 → 2.204), indicating reduced environmental risk. Overall, the results 
highlight the potential of WSP and OSR biochars as efficient, regenerable, and environmentally safe adsorbents for dye 
removal in wastewater treatment, supporting the development of sustainable circular-economy strategies.
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Abbreviations
ANOVA	� Analysis of variance
ARE	� Average relative error
BET	� Brunauer–Emmett–Teller
DoE	� Design of experiments
EC50	� Half maximal effective concentration
FT-IR	� Fourier-Transform Infrared Spectroscopy
GB	� Gradient Boosting
ICP OES	� Inductively coupled plasma optical emission 

spectroscopy
IDLE	� Integrated development and learning 

environment
IS	� Isotherm
LOOCV	� Leave-one-out cross-validation
MC	� Monte Carlo
MSP	� Miscanthus Straw
OFAT	� One-factor-at-a-time
OLS	� Ordinary least squares
OSR	� Oil seed rape straw
PFO	� Pseudo-first order
PSO	� Pseudo-second order
PZC	� Point of zero charge
q	� Adsorption capacity
qm, qmax	� Maximum adsorption capacity
RB5	� Reactive Black 5
RE	� Real effluent
RF	� Random forest

R	� Removal efficiency
RSM	� Response surface methodologies
SEM/EDS	� Scanning electron microscopy/Energy disper-

sive X-ray spectroscopy
SSA	� Specific surface area
SS	� Synthetic solution
TRE	� Treated real effluent
TSS	� Treated synthetic solution
TU	� Toxic unit
URE	� Untreated real effluent
USS	� Untreated synthetic solution
WLS	� Weighted least squares
WSP	� Wheat straw

Introduction

One of the most significant issues associated with water 
pollution caused by the textile, plastics, leather and food 
industries, among others, is the release of aqueous effluents 
containing dyes. The dyes commonly used in these indus-
tries are resistant to biodegradation, photodegradation, and 
the effects of oxidizing agents. The presence of these dyes in 
water bodies can have a substantial negative impact on the 
photosynthesis of aquatic plants by reducing sunlight pen-
etration. Furthermore, they can be toxic to fish, algae, and 
aquatic invertebrates due to the presence of metal substitu-
ents, chloride, aromatics, among others (Yagub et al. 2014; 
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Krishna Moorthy et al. 2021; Alaguprathana and Poonko-
thai 2021; Sari and Sari 2021).

It is estimated that around 10,000 types of dyes are pro-
duced on an industrial scale to meet the demands of the con-
sumer market (Singh et al. 2020). Approximately 30% of the 
dyes produced are used in the textile industry (Dallago et al. 
2005). Only a small amount of dye released as industrial 
effluent can have consequences for the aquatic environment, 
interfering with the absorption of light by plant and animal 
inhabitants, which may accumulate or even be transported 
to water treatment plants, contributing to the contamination 
of springs and water distributed to the population (Guaratini 
and Zanoni 2000).

Accurately estimate the number of various dyes released 
into the environment is a difficult task (Lee and Pavlostathis 
2004). Most dyes not only pose a threat to aquatic organ-
isms but also have detrimental effects on human health due 
to their carcinogenic, mutagenic and teratogenic proper-
ties, and respiratory toxicity (Luan et al. 2016). Azo dyes 
are recognized as the primary chemical class in the dyeing 
industry, constituting approximately 50 to 65% of commer-
cial formulations. These dyes find application not only in 
textiles, but also in the pharmaceutical, food and cosmetic 
industries (Nigam et al. 1996; Oliveira 2005).

Among them, Reactive Black 5 (RB5) is one of the most 
widely used representatives. This sulfonated vinyl dye, 

characterized by azo groups as chromophores, has high sta-
bility and is known for its strong biological toxicity (Feng et 
al. 2022; Prabhakar et al. 2024). Once discharged into water 
bodies, RB5 can accumulate in aquatic organisms through 
the food chain, disrupting metabolic functions and, in severe 
cases, leading to mortality (Feng et al. 2022).

Several studies have sought efficient methods for remov-
ing RB5 from aqueous solutions, exploring materials such 
as magnetic carbons from rubber seed husks (Mokue Mafo 
et al. 2025), rice husk ash and powdered activated carbon 
(Cavalcante et al. 2024), clay and K2CO3-modified sludge 
biochar (Arif et al. 2025), as well as coagulation processes 
(El Idrissi et al. 2024). The chemical structure of RB5 is 
presented in Table 1 along with selected physicochemical 
properties, including molecular weight, solubility, and acid 
dissociation constants, which influence its environmental 
behavior and removal efficiency.

Given the widespread use and environmental persistence 
of RB5 and other azo dyes, it becomes essential to develop 
efficient treatment strategies for their removal from efflu-
ents. Conventional methods applied in industry include bio-
logical oxidation (activated sludge), flocculation, chemical 
precipitation and adsorption using activated carbon. Among 
these methods, the adsorption treatment approach holds 
great promise as it is both simple and effective in remov-
ing dyes and organic compounds from aqueous effluents (da 

Table 1  Information about RB5 with its chemical structure and selected physicochemical properties. Data from (​h​t​t​p​s​:​​​/​​/​p​u​b​c​h​​e​​m​.​​n​c​b​​​i​.​n​​​l​m​​.​n​​i​​h​.​​g​​
o​v​/​​c​o​m​​p​o​​​u​​n​d​​​​/​C​.​​I​.​​-​R​e​a​​c​t​i​v​e​​-​B​l​a​c​k​-​5; Cavalcante et al. 2024)

Chemical structure of RB5 (synonyms: Remazol Black 
B, Remazol Black GF)

Selected physicochemical properties

Nature Anionic

Dimension (nm) 1.59 × 2.55

Molecular weight (g mol-1) 991.8

pKa1

pKa2

3.8

6.9

Water solubility (g L-1) 550

Hydrogen bond donor count 2

Hydrogen bond acceptor count 24
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process. In addition, several parameters, including dose, ini-
tial concentration, pH, contact time, and temperature have 
been identified as crucial factors influencing the adsorption 
process (Sun et al. 2013).

In light of the aforementioned considerations, this study 
proposes the application of the adsorption technique to 
evaluate the ability of six standard biochars, derived from 
three different biomasses and obtained at two pyrolytic tem-
peratures (550 °C and 700 °C), to remove the anionic dye 
RB5 from aqueous solutions. The effects of initial RB5 con-
centration, pH, and adsorbent dosage are discussed consid-
ering a detailed approach based on design of experiments 
(DoE) and response surface methodologies (RSM). Several 
mathematical models were tested against experimental data, 
including the Equilibrium modeling was also performed, as 
well as kinetic studies.

Ecotoxicological assessments with Daphnia similis as the 
model organism were conducted to evaluate the potential 
toxicity of RB5 in synthetic and real effluent solutions. The 
samples obtained before and after the adsorption tests were 
analyzed using Fourier-Transform Infrared Spectroscopy 
(FT-IR), Scanning Electron Microscopy/Energy Dispersive 
X-Ray Spectroscopy (SEM/EDS), and Brunauer–Emmett–
Teller (BET) techniques. Finally, the practical applications 
of the standard biochars were demonstrated through coex-
isting ions completion in real effluent testing and desorp-
tion-regeneration experiments in synthetic solutions under 
the use of Inductively Coupled Plasma Optical Emission 
Spectroscopy (ICP OES) analytical measurements.

Materials and Methods

Reagents and Solutions

All solutions were prepared with analytical grade reagents 
and high purity water, with a resistivity of 18.2 MΩ.cm 
(Easypure system, model D7031, Barnstead Thermolyne, 
Iowa, USA). The dye solutions used in the adsorption tests 
were prepared from the respective stock solutions of RB5 
(Sigma-Aldrich Co., San Luis, USA).

All glassware and polypropylene flasks used for the prep-
aration and storage of samples and analytical solutions were 
cleaned as follows: after sequential washing with running 
water and deionized water, the glassware was immersed 
in a 10% HNO3 bath (v/v) for 24 h. Afterwards, they were 
rinsed at least three times with ultrapure water. All materials 
were properly stored in decontaminated and covered plastic 
boxes.

Fontoura et al. 2017). The process of adsorption involves 
mass transfer from a liquid phase to a solid phase and pres-
ents significant industrial value due to its combination of 
low cost and high removal rates. Additionally, in certain 
instances, it allows for the recovery of the dye without com-
promising its chemical identity, making it a non-destructive 
process.

The most commonly used and efficient adsorbent cur-
rently available is activated carbon, which is used world-
wide to remove various pollutants from water (Faria et al. 
2004; Nakagawa et al. 2004; Chen et al. 2007). However, 
its high cost limits its use, particularly in developing coun-
tries. Therefore, it is essential to explore low-cost adsor-
bent materials to ensure the sustainability of the treatment 
process (Soares 1998). Among the promising alternatives, 
biochar—a carbon-rich solid obtained from the thermal 
decomposition of biomass—has emerged as a renewable 
and sustainable option.

The specific properties of biochar, including large spe-
cific surface area (SSA), porous structure, surface rich in 
functional groups and mineral components, make it possible 
to use it as a suitable adsorbent to remove pollutants from 
aqueous solutions. Compared to activated carbon, biochar 
can be an efficient and low-cost adsorbent, since its produc-
tion requires lower temperatures and energy and no addi-
tional activation step (Cao et al. 2009; Zheng et al. 2010; 
Karakoyun et al. 2011; Lu et al. 2012; Ahmad et al. 2012). 
Another advantage is the abundance and low cost of its pre-
cursors, mainly agricultural biomass and solid wastes (Shen 
et al. 2012; Yao et al. 2012; Xu et al. 2013; Qian and Chen 
2013). Thus, the conversion of biomass into biochar and its 
use as an adsorbent becomes an advantageous solution, both 
in terms of waste management and environmental sustain-
ability (Cao et al. 2009; Zheng et al. 2010).

Numerous studies have demonstrated the excellent abil-
ity of different types of biochar to remove contaminants 
(heavy metals, organic pollutants, etc.) from aqueous solu-
tions, often achieving performances comparable or even 
superior to commercial activated carbon (Karakoyun et al. 
2011; Xue et al. 2012; Zhang et al. 2012; Yang et al. 2014). 
Additional investigations have confirmed its efficiency for 
removing various classes of organic contaminants, includ-
ing dyes, pesticides, herbicides, and antibiotics (Zhang et al. 
2013; Mohan et al. 2014). The utilization of agro-industrial 
waste for biochar production therefore represents an appeal-
ing approach, as it transforms waste materials into products 
with enhanced added value (Kalderis et al. 2014).

The adsorption of organic contaminants by biochar 
showed better data fit with the Langmuir or Freundlich mod-
els (Zhang et al. 2013; Mohan et al. 2014). The adsorption 
efficiency of biochar is strongly influenced by its intrinsic 
properties, which are largely contingent upon the production 
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biochar onto RB5 adsorption capacity using a 50  mg L−1 
nominal RB5 initial concentration solution, with no pH 
adjustment, and varying the biochars’ doses as follows: 1, 
5, 10, 25, 50, 75 and 100 g L−1. The doses were obtained by 
independently adding 0.10 g, 0.50 g, 1 g, 2.5 g, 5 g and 10 g 
of each biochar to 100 mL of the 50 mg L−1 RB5 solution.

Effect of the pH

The evaluation of the pH effect on the adsorption of RB5 is 
very important because the pH of the MB solutions can not 
only affect the degree of ionization and speciation of RB5 
itself, but also affect the adsorbent’s surface charge. This 
effect was tested by adjusting the initial dye solutions to dif-
ferent pH values ranging from 3 to 12 using 0.1 mol L−1 
HNO3 and 0.1 mol L−1 NaOH solutions. The pH of the RB5 
solution is 7 after preparation and before any pH adjustment.

A previous study demonstrated that the pH at the point of 
zero charge (PZC) for the selected standard biochars were 
above 8.7 (Neusatz Guilhen et al. 2022), indicating that the 
anionic dye solution must be adjusted at < 8.7 pH values to 
achieve a better performance since the surface of the bio-
chars are positively charged when pH < pHPZC. The experi-
ments were conducted using a 50 mg L−1 RB5 solution and 
the biochar dose selected from the previous experiment.

Two-Level Factorial Design

A number of factors such as initial concentration, pH and 
dose can influence the adsorption process. However, test-
ing each of these parameters separately is time consuming, 
demands intensive labor, and do not allow insights about the 
effects on their interactions. Thus, factorial designs are use-
ful tools since they provide empirical models that take into 
account not only the individual effects of each variable, but 
also their interactions and magnitude effects (Amini et al. 
2008; Watanabe et al. 2022).

Instead of conducting a series of independent studies, 
the experiments are comprised in a DoE. A common DoE is 
based on the n = 2 k equation, where n is the total of experi-
ments, and k is the number of variables, i.e., all input fac-
tors set at two-levels each, which are defined as “high” and 
“low” levels. To determine the importance of each process 
variable in terms of maximizing RB5 removal, a full facto-
rial design was set up considering the solution’s initial con-
centration (Ci), pH, and the biosorbents dose (M), as shown 
in Table 2.

The effect of the variables was evaluated using a 23 fac-
torial design (eight experimental conditions), performed 
in duplicates (total of 16 experimental runs), and assessed 
according to each parameter’s low and high levels, repre-
sented by (-1) and (+ 1), respectively. The DoE, as well as 

Biochars

The standard biochars were supplied by the Biochar 
Research Center (UK Biochar Research Centre). They con-
sist of biochars produced from oil seed rape straw, wheat 
straw and Miscanthus straw at two different temperatures, 
550°C (OSR550, WSP550 and MSP550, respectively) and 
700°C (OSR700, WSP700 and MSP700, respectively).

Adsorption Experiments

The adsorption tests were carried out in triplicate, using the 
batch technique. As some biochars were presented in the 
form of pellets, a previous grinding step were carried out 
in a knife mill to ensure that the tests are carried out with 
the same fraction. Therefore, after grinding, a granulometric 
separation was carried out on a 60-mesh sieve to select the 
fraction equivalent to particles with 250 µm.

All experiments were conducted in 100 mL beakers with 
a stirring rate of 130 rpm at room temperature (25 ± 2 °C). 
Subsequently, the mixture was subjected to centrifugation at 
3,500 rpm for 15 min, after which the concentration of resid-
ual dye in solution was quantified by UV–VIS spectroscopy 
(Pharmacia Biotech Ultrospec 3000, Upsala, Sweden). The 
spectra were recorded at λmax = 598 nm. The one-factor-at-a-
time (OFAT) experiments were conducted to investigate the 
effects of varying adsorbent doses and pH, followed by the 
application of a DoE method. Both OFAT and DoE experi-
ments were performed for a duration of 24 h. The calibra-
tion curve for RB5 was obtained using six points in a range 
of 0–100 mg L−1.

The adsorption capacity of each biochar was calculated 
according to Eq. (1):

q = C0 − Ct

V
m� (1)

where q is the RB5 uptake (mg g−1), C0 is the initial con-
centration of RB5 in solution (mg L−1), C is the equilibrium 
concentration in solution (mg L−1) in a given time t, V is the 
volume of solution (L), and m is the mass of the biochar (g).

The extraction efficiency or retention percentage (R) was 
determined according to the following equation:

R (%) = 100Co − Ct

C0
� (2)

Effect of the Dose

The adsorbent’s dose is deeply associated to its adsorption 
capacity for a given concentration of adsorbate. Experi-
ments were performed to evaluate the dose effect of each 
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efficiency for OSR700 (%), and Y4 represents the adsorption 
capacity for the OSR700 (mg g−1).

Statistical Analysis

The statistical analysis of the experimental design was per-
formed using a quadratic RSM including linear, quadratic, 
and two-way interaction terms for the coded variables (dose, 
pH, and initial concentration, C0). The models were fitted 
separately for each biochar (WSP700 and OSR700) and 
for each response variable (Y1 and Y2) using the ordinary 
least squares (OLS) method. Weighted least squares (WLS) 
regressions were additionally to include the standard devia-
tions from replicated experiments, using the inverse of the 
variance (1/σ2) as weights to account for heteroscedasticity.

Type-II ANOVA tables were generated to assess the sta-
tistical significance of each model term, with corresponding 
p-values and degrees of freedom. The goodness-of-fit met-
rics (R2, adjusted R2, AIC, BIC) and normality/homosce-
dasticity tests (Shapiro–Wilk and Breusch–Pagan) were 
computed for each model. Formal definitions of R2, adjusted 
R2, AIC, BIC are provided in Text S2 (Supplementary Infor-
mation). Model assumptions were further evaluated by 
visual inspection of the residual plots (residuals vs. fitted 
values). These analyses were also performed in Python (ver-
sion 3.12.7) using the statsmodels, numpy, pandas, matplot-
lib, and scipy libraries.

Machine Learning Workflow

Models were built separately for each biochar (no pooling 
and no one-hot encoding). Inputs were dose (g L−1), pH, and 
C0 (mg L−1). Responses were Y1 = q (mg g−1) and Y2 = R (%). 
For linear and penalized models, we used a quadratic main-
effects design with all pairwise interactions: X = {Dose, pH, 
C0, Dose2, pH2, C0

2, Dose × pH, Dose × C0, pH × C0}.
Predictors were standardized to zero mean and unit vari-

ance only for penalized models. We fitted OLS with inter-
cept (statsmodels) and Ridge (α = 1.0), Lasso (α = 0.1), and 
Elastic Net (α = 0.1, l1_ratio = 0.5) using scikit-learn. For 
tree ensembles (Random Forest, Gradient Boosting) we 
used the three original inputs (Dose, pH, C0) without feature 
engineering, scikit-learn defaults, and random_state = 42. 
Fitting was performed per biochar using all DoE runs of 
that biochar.

Exploratory stress tests were implemented using the 
Monte Carlo (MC) method as a sensitivity check; these 
were not used for model selection or metrics. 10,000 sce-
narios were generated for each biochar by independently 
sampling each input from a normal distribution (µ, σ) fit-
ted to the biochar's data and truncated at zero for feasibil-
ity. Additionally, engineered features were recomputed and 

the statistical analysis, were processed using Python (ver-
sion 3.12.7) and the Jupyter notebook as the Integrated 
Development and Learning Environment (IDLE) with the 
packages Pandas (v2.2.3) for data manipulation, NumPy 
(v1.26.4) for numerical operations, Statsmodels (v0.14.4) 
for fitting regression models and statistical analysis, and 
Matplotlib (v3.9.2) for generating high-resolution 3D visu-
alizations and exporting figures. The matrix of the full facto-
rial design of each test with their respective real and coded 
values are presented in Table 3. The Analysis of Variance 
(ANOVA) of data was carried out at a 95% confidence level 
to evaluate the interactions of the independent variables 
and the main effects on the removal percentage of RB5 and 
adsorption capability.

The effect of each factor and its interactions were evalu-
ated and the result of the full factorial design is described as 
an adjusted linear equation that comprises the value of the 
outcome as a function of the factors and their interactions, 
as follows:

Y = β0 + β1A + β2B + β3C + β4AB

+ β5AC + β6BC + β7ABC
� (3)

where Y is the outcome, β0 represents the intercept, βi is 
the regression coefficient related to the interactions, and the 
main variables “A” is the initial concentration (mg L−1), “B” 
is the pH value, and “C” is the adsorbent dose (g L−1). Vari-
ables A, B, and C, each, represent the main effect, referring 
to the primary variables of interest. Variables AB, AC, BC, 
and ABC represent the interaction effects.

Four response variables were evaluated: Y1 stands for 
RB5 removal efficiency for WSP700 (%), Y2 is the adsorp-
tion capacity for WSP700 (mg g−1), Y3 is the RB5 removal 

Table 2  Real and coded variables for Ci, pH, and M
Variables Factor code Low level 

(-1)
Middle level 
(0)

High 
level 
(+ 1)

M (g L−1) A 5 7.5 10
pH B 5 6 7
C0 (mg L−1) C 25 50 75

Table 3  Matrix of the full two-level factorial design
Test M (g L−1) pH Ci, RB5 (mg L−1)
0 7.5 (0) 6 (0) 50 (0)
1 5 (-1) 5 (-1) 25 (-1)
2 10 (+ 1) 5 (-1) 25 (-1)
3 5 (-1) 7 (+ 1) 25 (-1)
4 10 (+ 1) 7 (+ 1) 25 (-1)
5 5 (-1) 5 (-1) 75 (+ 1)
6 10 (+ 1) 5 (-1) 75 (+ 1)
7 5 (-1) 7 (+ 1) 75 (+ 1)
8 10 (+ 1) 7 (+ 1) 75 (+ 1)
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equation that shows the transmission of the adsorbate from 
the solution phase to the adsorbent phase at the equilibrium 
conditions. Langmuir, Freundlich and Temkin isotherms 
were used to evaluate the experimental results. The lin-
earized Freundlich adsorption isotherm is mathematically 
described as follows (Senturk et al. 2009):

log (qe) = log (Kf ) + 1
n

log(Ce)� (6)

where KF and n constants indicate adsorption capacity and 
adsorption intensity (L g−1), respectively, and Ce is the equi-
librium concentration (mg L−1). Lower fractional values of 
n [0 < n < 1] suggests that weak adsorptive forces are effec-
tive on the surface of the sorbent;

Langmuir adsorption model describes the monolayer 
adsorption of the adsorbate on a homogeneous adsorbent 
surface which linear form can be described as (Tuzen et al. 
2009):

Ce

qe
= 1

KLqm
+ Ce

qm
� (7)

where qe is the adsorption capacity at the equilibrium (mg 
g−1), qm or qmax is the maximum adsorption capacity cal-
culated from the Langmuir model (mg g−1), Ce is the equi-
librium concentration (mg L−1) and KL is the Langmuir 
constant related to the energy of adsorption (L mg−1).

The Temkin isotherm model assumes that the adsorption 
heat of all molecules decreases linearly with the increase 
in coverage of the adsorbent surface, and that adsorption is 
characterized by a uniform distribution of binding energies, 
up to a maximum binding energy. The linear form of the 
Temkin isotherm is represented by the following equation 
(Behnamfard and Salarirad 2009):

qe = RT

b
lnKT + RT

b
lnCe� (8)

where KT is the equilibrium binding constant (L mg−1), cor-
responding to the maximum binding energy, b is related 
to the adsorption heat, R is the universal gas constant 
(8.314 J K−1 mol−1) and T is the temperature (K). Plotting 
qe versus ln(Ce) results in a straight line of slope RT b−1 and 
intercept (RT ln KT) b−1.

The applicability of the isotherm equation to describe the 
adsorption process was assessed by three statistical metrics: 
the correlation coefficient: R2, normalized standard devia-
tion (NSD), and average relative error (ARE) values. R2 
was selected because it is the most widely used criterion 
for assessing the goodness of fit between experimental and 
predicted data. However, R2 alone may not fully capture 

prediction distributions summarized. For OLS, we also 
reported a zero-bounded variant (negative predictions were 
set to 0).

Generalization performance was quantified within the 
DoE by leave-one-out cross-validation (LOOCV) on the 
DoE runs. We report RMSE and R2 on the left-out folds, 
together with the apparent (training) fit. For interpolation, 
we predicted only OFAT points whose (Dose, pH, C0) fall 
inside the DoE min–max envelope for the same biochar 
(denoted OFAT-in); these data were never used for fitting. We 
report external-in RMSE and R2 when n ≥ 3, and otherwise 
discuss them qualitatively. For physical plausibility, predic-
tions used in metrics and figures were clipped to Y1 ≥ 0 and 
0 ≤ Y2 ≤ 100. For each biochar–response, the model shown 
in figures was the one with the lowest LOOCV RMSE (ties 
broken by higher LOOCV R2). We restrict interpretation to 
the DoE domain.

These analyses were also implemented in Python (stats-
models, scikit-learn, matplotlib) with random_state = 42 for 
stochastic procedures. Formal definitions of RMSE are pro-
vided in Text S2 (Supplementary Information).

Kinetic Study – Effect of Contact Time

Adsorption kinetics provides insight into the reaction rate 
and the sorption mechanism involving mass transfer, diffu-
sion and reaction on the adsorbent surface during adsorption 
(Krstić 2021). After the experimental design optimization, 
contact time was examined from 5 min to 24 h. The pseudo-
first order (PFO) equation can be written as follows (Sen-
turk et al. 2009):

ln (qe − q) = ln (qe) − k1t� (4)

where, qe is the amount of RB5 adsorbed at equilibrium (mg 
g−1), qt is the amount of RB5 adsorbed at time t (mg g−1), 
and k1 (min−1) is the PFO rate constant. The pseudo-second 
order (PSO) model is described as following (Behnamfard 
and Salarirad 2009):

t

q
= 1

k2q2
e

+ 1
qe

t� (5)

where k2 (g mg−1 min−1) is the rate constant of the second-
order equation.

Isotherm Study

Equilibrium experiments were conducted to determine the 
equilibrium isotherms for each biochar in the optimal oper-
ating conditions, in terms of initial concentration, pH and 
adsorbent dose. The adsorption isotherm is described by an 
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Characterization

Quantitative Analysis by ICP OES

ICP OES analyses were conducted to evaluate the effect of 
coexisting ions present in the real effluent. The following 
elements were evaluated: sodium (Na), magnesium (Mg), 
calcium (Ca), potassium (K), strontium (Sr), and barium 
(Ba). The determination was performed using a Perki-
nElmer Optima 7000 DV spectrometer (PerkinElmer Inc., 
Waltham, MA, USA). The concentration ranges used for the 
calibration curve were as follows: Na (0.5–2.0 mg L−1), Mg 
(0.01–0.1 mg L−1), Ca (0.1–1.0 mg L−1), K (0.01–0.1 mg 
L−1), Sr (0.001–0.01 mg L−1), and Ba (0.001–0.01 mg L−1).

Specific Surface Area Analysis

SSA analysis was performed using a Micromeritics ASAP 
2020 Plus (Micromeritics Instrument Corp, Norcross, GA, 
USA). The operational parameters included the use of nitro-
gen as the adsorptive gas at a bath temperature of -196.41 °C. 
The sample mass used was 1.0610 g, with warm free space 
and cold free space measurements of 22.7517 cm3 and 
70.5731 cm3, respectively. The equilibration interval was 
set to 20  s, and automatic degassing was applied prior to 
analysis. The ambient temperature during the procedure was 
22 °C. The procedure involved degassing the sample before 
analysis and measuring nitrogen adsorption and desorption 
isotherms to calculate the SSA using the BET model.

SEM/EDS Analysis

SEM images of the biosorbents were obtained with a Hitachi 
TM-3000 (Tokyo, Japan) tabletop microscope. Energy-dis-
persive X-ray spectroscopy (EDS) data was also collected 
with this equipment, with a tungsten source and accelera-
tion voltages of 5 and 15 kV and electron beam resolution 
of 30 nm. Images were obtained with magnification from 
500 to 1500 times. SEM allowed morphological compari-
son between both raw biosorbents and their loaded ver-
sions, considering that the adsorption process was carried 
out under optimized conditions (C0 = 300  mg L−1; pH = 5; 
M = 7.5 g L−1; contact time = 480 min).

FT-IR Analysis

FT-IR was performed using a PerkinElmer FT-IR/NIR Fron-
tier spectrometer (PerkinElmer Inc., Watham, MA, USA). 
Biochar samples were prepared as pellets using potassium 
bromide (Sigma-Aldrich, Merck KGaA, St. Louis, MO, 
USA) at a ratio of 1 mg of biochar to 400 mg of KBr. The 
analyses were conducted in the spectral range of 4000 to 

systematic deviations, so complementary error-based met-
rics were also applied. ARE provides a measure of the rela-
tive deviation between experimental and model-predicted 
values, while NSD evaluates the dispersion of these devia-
tions in a normalized form, allowing comparison across 
datasets with different magnitudes. The combined use of 
these three metrics ensures a more robust and reliable evalu-
ation of model performance. The isotherm study was per-
formed under several RB5 initial concentration values (1, 5, 
10, 25, 50, 75, 100, 200, and 500 mg L−1) at the equilibrium 
time previously selected.

Dye desorption and biochar regeneration capacity.
Three desorption tests were conducted in parallel with 

three different solutions: HCl 0.01 mol L−1, Na2CO3 0.01 
mol L−1 and NaOH 0.01 mol L−1. The biochar loaded with 
the RB5 dye at the equilibrium concentration was placed in 
contact with each desorption medium under constant agita-
tion at 130 rpm. The desorbed RB5 was registered at six 
intervals: 15, 30, 45, 60, 75, and 90 min. The desorption 
efficiency can be calculated as:

Desorption (%) = Cdes

(Cads + C0)
100� (9)

where Cdes (mg L−1) is the desorbed dye concentration and 
Cads (mg L−1) is the adsorbed dye post-adsorption process.

Once the best desorption medium has been selected, the 
biochar was used to remove the same concentration of RB5 
and the loss of efficiency was recorded for each cycle. The 
reusability of the biochar is a value-adding factor, associated 
with the recovery of the adsorbent (Ahmad et al. 2022). At 
each cycle, the same desorption medium was used to remove 
the adsorbed RB5 from the biochar. The experiments were 
interrupted when the removal efficiency dropped to half, 
i.e., when the material reaches its maximum reusability.

Real Effluent Application – Effect of Coexisting 
Compounds

Once the optimal conditions (optimized parameters) have 
been obtained, an assay with a real sample was performed. 
The real dye effluent was supplied by Instituto SENAI Cor-
antes (São Paulo, Brazil), consisting of a mixture of dyes 
(Text S1) in which the RB5 is present in a concentration 
of 106 mg L−1, total organic carbon = 82 mg L−1, and at pH 
11. The removal of RB5 was calculated and the impact of 
coexisting dyes was evaluated concerning the efficiency of 
RB5 removal.
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2021). Toxic unit (TU) was calculated as TU = 100/EC50 
(Ríos et al. 2017).

Results and Discussion

Effect of the Dose

The tests were performed using an RB5 solution with an 
initial concentration of 48 mg L−1 (nominally 50 mg L−1), 
prepared in a 100 mL volumetric flask and, at this stage, no 
pH adjustment. The responses q (mg g−1) and R (%) were 
calculated for six different doses and the results are dis-
played in Fig. 1.

The effect of the adsorbent dose on the adsorption of RB5 
indicated that the removal rate increases with higher dose of 
biochar. This increase was more accentuated in the initial 
points and remained almost steady for dose higher than 25 
g L−1. The initial increase in the removal efficiency can be 
attributed to the number of adsorption sites available, which 
increased with the adsorbent dose.

400 cm−1 with a resolution of 4 cm−1, and a total of 20 scans 
were performed.

Acute Toxicity Test

The acute effects of the samples were evaluated using 
Daphnia similis (Claus 1876; Silva et al. 2023) prior to and 
following treatment with WSP700 biochar. The tests were 
conducted using four distinct solutions. The following four 
solutions were utilized in the experiment: untreated real 
effluent (URE), treated real effluent (TRE), untreated syn-
thetic solution (USS), and treated synthetic solution (TSS).

The exposure conditions and data analysis were con-
ducted in accordance with the standards set forth in ABNT 
NBR 12.713 (ABNT 2009, p. 12). In brief, neonates (aged 
between 6 and 24 h) were randomly assigned to five concen-
trations and a negative control. All tests were conducted in 
a controlled chamber at 20 ± 0.5°C and a 16:8 h light:dark 
cycle. The organisms were not fed during the experiments. 
After 48 h of exposure, immobile neonates were recorded. 
The half maximal effective concentrations (EC50) were esti-
mated with the R-package “morse” (Baudrot and Charles 

Fig. 1  Adsorption capacity (qe) and removal efficiency (R) for the six biochars using different dose
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The dose of 1 g L−1 was insufficient to provide enough 
sites for RB5 adsorption, whereas higher dose (> 25 g L−1) 
presented lower adsorption capacities as a consequence of 
partial aggregation, which occurs when a bigger amount of 
biochar is used, decreasing active sites (RUBIN et al. 2006). 
Based on these results, pH effect was assessed by selecting a 
uniform dose of 5 g L−1 for all biochars, except for MSP550, 
for which a dose of 10 g L−1 was selected.

Effect of pH

pH plays an important role in dye removal. The effect of 
solution pH was evaluated by varying the pH of the RB5 
solutions from 3 to 12 (Fig. 2). The findings corroborated 
the prevailing hypothesis that pH values exceeding 8.7 
(pH > pHPZC) would impede the efficacy of the anionic 
dye RB5 removal process, i.e., a gradual reduction in the 
adsorption capacity was observed as the pH of the solution 
increased.

The highest adsorption capacities were achieved for 
WSP700 (6.08 mg g−1) and OSR700 (5.48 mg g−1) at pH 5, 

After the sites got saturated, the amount of RB5 removal 
reached its maximum at 75 g L−1 for WSP550 (85.55%) and 
WSP700 (94.41%), at 50 g L−1 for OSR550 (84.03%) and 
75 g L−1 for OSR700 (94.96%), at 50 g L−1 for MSP550 
(88.17%) and MSP700 (91.27%). The measurements 
obtained for a higher dose of 100 g L−1 were adversely 
affected because the centrifugation process was not suffi-
cient to separate the supernatant from the biochar.

On the other hand, the total adsorbed amount of RB5 
(qexp) decreased as the adsorbent dose increased. This could 
be attributed to the aggregation or overlap of the biochar 
adsorption sites, due primarily to the overcrowding of the 
biochar particles, decreasing the total surface area avail-
able (Kuo et al. 2008; Rodrigues et al. 2011). In general, the 
maximum adsorption capacity (qmax) was obtained using a 
5 g L−1 dose for most of the biochars, except for MSP550, 
for which the maximum capacity was achieved using 10 
g L−1 (1.58 mg g−1). Among the tested biochars, WSP700 
achieved the highest adsorption capacity (3.80 mg g−1), fol-
lowed by OSR700 (3.24 mg g−1), OSR550 (2.76 mg g−1), 
MSP700 (1.32 mg g−1) and WSP550 (1.99 mg g−1).

Fig. 2  Experimental adsorption capacity (qexp) and removal efficiency for the six biochars under different pH conditions
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The Pareto graphs and surface plots in Fig. 3 highlight 
the relative importance of the experimental factors on RB5 
adsorption by WSP700 and OSR700 biochars, as well as 
their interactions. These results provide mechanistic insight 
into how each variable influences dye removal efficiency, 
directly supporting the study objective of identifying optimal 
operating conditions for sustainable adsorbent application.

For WSP700 (Fig. 3a–b), C0 was the most influential fac-
tor, exerting a positive effect on adsorption capacity. This 
suggests that WSP700 possesses a relatively high density of 
active sites that can accommodate increasing dye concentra-
tions before saturation occurs (Chowdhury et al. 2011; Abdu 
et al. 2024). The increase in C0 is known to enhance the con-
centration gradient between the liquid and solid phases, pro-
viding the driving force needed to overcome mass transfer 
resistance at the interface (Chowdhury et al. 2011; Goswami 
et al. 2022). As a result, adsorption capacity tends to rise 
with higher initial concentrations until the available active 
sites of the adsorbent are progressively saturated, at which 
point further increases in C0 do not proportionally enhance 
uptake.

In contrast, the adsorbent dose showed a negative effect, 
likely due to particle aggregation at higher loadings, which 
reduces the effective surface area available for adsorption. 
The curvature of the quadratic terms further emphasizes that 
adsorption performance depends on the balance between 
these parameters. Importantly, the contour and surface plots 
do not reveal a true optimum within the experimental design 
space but instead indicate a clear directional trend: increas-
ing adsorbent dose and maintaining a moderate C0 would 
move the system toward higher adsorption capacities. This 
observation highlights the relevance of complementing 
DoE/RSM with isotherm experiments at a low WSP700 
dose and increasing values of C0 to capture the actual maxi-
mum performance of WSP700.

In the case of OSR700 (Fig. 3c–d), the adsorption behav-
ior was more strongly governed by the quadratic effects of 
all three variables, resulting in a well-defined curvature in 
the response surface. Here, the central point of the design 
space lies within the region of highest adsorption capacity, 
meaning that the chosen experimental conditions effectively 
encompassed a local optimum. From a practical perspective, 
this underscores that OSR700 performance is sensitive to 
nonlinear interactions among pH, C0, and dose, but once the 
system is tuned near the optimum, stable adsorption perfor-
mance can be expected. For the other Pareto plots, contour 
plots, and 3D surface response curves, refer to Figs. S1-S4.

The strong interaction between factors and dominance 
of squared terms is supported by recent adsorption studies 
where factors such as pH, pollutant concentration, biochar 
dose, interact in response surface designs to define optimal 
dye removal (Guy et al. 2022; Rubio-Clemente et al. 2023). 

followed by MSP700 also at pH 5 (3.52 mg g−1), OSR550 
at pH 6 and 8 (3.24 mg g−1 and 3.36 mg g−1, respectively), 
WSP550 at pH 5, 6 and 8 (3.11 mg g−1, 3.09 mg g−1 and 
3.02 mg g−1, respectively), and MSP550 at pH 6 (1.91 mg 
g−1), although at pH 5 it had a similar performance (1.89 mg 
g−1). The pH 5 level could be selected for most of the bio-
chars, except for OSR550, which demonstrated a superior 
response at pH 6 and 8.

Reactive dye anions and biochars surfaces undergo 
electrostatic attraction which result in the enhancement 
of RB5 adsorption at lower pH values (pH < pHPZC = 8.7) 
(Vijayaraghavan and Yun 2008a). From these preliminary 
batch study with the OFAT method, pH 5 was identified to 
be practical and optimum for RB5 adsorption onto all of 
the biochars, except OSR550, for which case, a pH value 
between 6 and 8 could be applied. As a result, further exper-
iments were conducted considering this pH range.

Full factorial experimental design for RB5 removal by 
biochar.

A full factorial design was set up for WSP700 and 
OSR700, considering the dose of each biosorbent (M), C0, 
and the pH of the dye solution, as shown in Table 4.

Considering WSP700, the highest adsorption capac-
ity was achieved using the test nº 5 (5.77  mg  g−1). Simi-
larly, for Y2, the optimal removal percentage occurred for 
the test nº 2 (93.05%). For OSR700, the results indicated a 
peak adsorption capacity at the experimental condition nº 0 
(5.27 mg g−1), while the best removal percentage was found 
for test nº 2 (95.89%).

Table 4  Design matrix for RB5 adsorption by WSP700 and OSR700. 
Y1 stands for adsorption capacity and Y2 stands for removal percentage
Test M (g 

L−1)
pH C0 (mg 

L−1)
Y1 (mg 
g−1)

Y2 (%)

WSP700
0 7.5 (0) 6 (0) 50 (0) 4.51 ± 0.01 67.34 ± 0.17
1 5 (-1) 5 (-1) 25 (-1) 3.93 ± 0.03 80.88 ± 0.54
2 10 (+ 1) 5 (-1) 25 (-1) 2.26 ± 0.07 93.05 ± 2.86
3 5 (-1) 7 (+ 1) 25 (-1) 3.63 ± 0.03 73.32 ± 0.56
4 10 (+ 1) 7 (+ 1) 25 (-1) 1.91 ± 0.10 77.22 ± 4.06
5 5 (-1) 5 (-1) 75 (+ 1) 5.77 ± 0.11 37.56 ± 0.71
6 10 (+ 1) 5 (-1) 75 (+ 1) 4.44 ± 0.04 57.73 ± 0.55
7 5 (-1) 7 (+ 1) 75 (+ 1) 5.32 ± 0.10 35.17 ± 0.64
8 10 (+ 1) 7 (+ 1) 75 (+ 1) 4.24 ± 0.12 56.08 ± 1.57
OSR700
0 7.5 (0) 5 (0) 50 (0) 5.27 ± 0.11 73.76 ± 1.56
1 5 (-1) 4 (-1) 25 (-1) 3.76 ± 0.05 77.27 ± 1.11
2 10 (+ 1) 4 (-1) 25 (-1) 2.33 ± 0.01 95.89 ± 0.33
3 5 (-1) 6 (+ 1) 25 (-1) 3.38 ± 0.05 75.45 ± 1.13
4 10 (+ 1) 6 (+ 1) 25 (-1) 1.67 ± 0.05 74.32 ± 2.45
5 5 (-1) 4 (-1) 75 (+ 1) 3.06 ± 0.07 19.72 ± 0.42
6 10 (+ 1) 4 (-1) 75 (+ 1) 2.98 ± 0.06 38.33 ± 0.76
7 5 (-1) 6 (+ 1) 75 (+ 1) 4.86 ± 0.18 32.16 ± 1.19
8 10 (+ 1) 6 (+ 1) 75 (+ 1) 3.93 ± 0.10 52.07 ± 1.29
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Although linear models are commonly employed in DoE 
and RSM, it is imperative to evaluate their efficacy in com-
parison to alternative models. As illustrated in Figs. S9-S12, 
the linear model demonstrated a near-perfect correlation 
with the experimental data, which may suggest the possi-
bility of overfitting. In contrast, the Random Forest (RF) 
model demonstrated satisfactory predictive ability, although 
it did not precisely adhere to the ideal fit line. To assess the 
efficacy of both models, a MC simulation was conducted 
with the full equations shown in Table 5, but also for RF, 
as shown in Fig. 4. For gradient boosting (GB), refer to the 
Supplementary Material, Fig. S13.

The predicted Y1 distributions, as illustrated in Fig.  4a 
and b, demonstrate notable discrepancies between the linear 
and RF models. The linear model displays a skewed dis-
tribution, with a higher frequency of values between 4 and 
5.5 mg g−1, whereas the RF model exhibits a narrower range 
of predicted values, with a less skewed distribution that 

Biochar design systems in which quadratic and interaction 
terms are considered can significantly improve model fits 
and better predict maxima.

Taken together, these results demonstrated that while 
WSP700 showed robust performance across a broader con-
centration range with C0 and adsorbent dose as the main 
drivers, OSR700 exhibited a more delicate balance where 
interaction effects are crucial. These differences highlight 
how feedstock origin and pyrolysis conditions translate 
into distinct adsorption behaviors, underlining the impor-
tance of tailoring operational conditions to each material. 
The empirical models obtained (Table 5) provide a predic-
tive framework that can guide the preliminary design of 
biochar-based adsorption systems for RB5-contaminated 
water. For detailed ANOVA tables, p-values, and residual 
plots, see Tables S1–S32 and Figs. S5–S8 in the Supple-
mentary Material.

Fig. 3  a Pareto plot from qexp,WSP700 regarding RB5 removal, with the 
most significant effects labeled (green bars: positive effect, red bars: 
negative effect); b Contour plot of the major interaction (A:C) regard-
ing WSP700 adsorption capacity of RB5; c Pareto plot from qexp,OSR700 

regarding RB5 removal, with the most significant effects labeled; d 
Contour plot of the major interaction (A:B) regarding OSR700 adsorp-
tion capacity of RB5 (green bars: positive effect, red bars: negative 
effect)
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aligns more closely with the experimental range than that 
observed in the linear model. For all predictions, including 
both materials and response variables, as well as the MC 
tests, refer to the Supplementary Material (Figs. S9–S17).

The linear model's capacity for extrapolation beyond the 
experimental range renders it a valuable tool for identifying 
exceptional materials (Kauwe et al. 2020). Nonetheless, the 
assumption of linearity frequently engenders inherent issues 
in models when confronted with multicollinearity or nonlin-
ear data, in addition to the hypothesis of independence with 
respect to predictors (De Araujo et al. 2025). This extrapola-
tion can also result in implausible values, such as negative 
adsorption capacities. In contrast, the RF model exhibits a 
more constrained range of predicted values, rendering it less 
susceptible to unrealistic predictions and more consistent 
with the experimental data range.

Figure 4c-d depict the distribution of predicted Y1 val-
ues for WSP700 in relation to dose and C0. The top 25% of 
values are indicated in red, with the yellow fill representing 
the highest predicted values. The linear model's prediction 
map for Y1 and WSP700, as illustrated in Fig. 4c, appears 
to encompass a considerably broad dose range, from 2.5 to 
10 g L−1. In contrast, for RF (Fig. 4d), these values are con-
centrated at lower doses and higher C0 values, suggesting 
that working with doses between 4 and 5.5 g L−1 and C0 val-
ues above 60 mg L−1 can achieve the highest RB5 adsorp-
tion capacities for WSP700. GB shows a greater degree 
of experimental variability at the 25% higher values, even 
reaching zero values for the dose, which is not a realistic 
outcome (Fig. S13).

These differences further corroborate the potential for 
overfitting discussed earlier. While the linear model can 
serve as a benchmark when aiming for optimized param-
eter values, RF is more suitable for avoiding overfitting 
and operating within a more restricted, realistic prediction 
range. We emphasize that MC does not validate models; it 
stress-tests them within the assumed input variability. MC is 
informative (stress-testing) rather than confirmatory.

Model Validation and Scope

Given the limited number of experimental conditions per 
biochar in the DoE, highly flexible machine learning algo-
rithms are prone to overfitting, yielding over-optimistic 
apparent fits and poor generalization to unseen data. While 
large datasets can mitigate this risk, that is not the case in 
this particular study. Generalization within the experimental 
domain was quantified by LOOCV on the DoE and by an 
external interpolation check using only OFAT points that lie 
inside the DoE envelope (min–max in Dose, pH, C0) for 
the same biochar (see Table S33). For WSP700, four OFAT 
points met this in-domain criterion and were retained for 
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Methodologically, these issues would be best addressed 
by augmenting the DoE (additional central/edge points) or, 
alternatively, by pooling across related feedstocks/tempera-
tures via hierarchical modeling—both beyond the scope of 
the present study, which keeps models per biochar.

Overall, within the constraints of the dataset, simple 
linear/penalized models trained on DoE generalize best to 
in-domain conditions and provide transparent response sur-
faces. Ensemble models show no consistent advantage at n 
≈ 10. The OFAT-in check supports the use of DoE-trained 
linear baselines and a nonlinear model for WSP700’s Y1, 
and highlights the scope of inference as interpolation within 
the DoE envelope rather than extrapolation.

Kinetic Study – Effect of Contact Time

The kinetic study of RB5 dye removal using two different 
biochars, WSP700 and OSR700, was analyzed using both 
PFO and PSO kinetic models (Fig. 5). The equilibrium was 
reached within 480 min for both adsorbents.

The parameter values are presented in Table  6. For 
WSP700, the PFO model yielded a qe value of 5.56 mg g−1 
with a rate constant k1 of 0.0087 min−1 and an R2 of 0.96, 
indicating a good fit to the experimental data. The PSO 

external testing; for OSR700, only two OFAT points were 
in-domain, which is insufficient for a stable estimate of 
external R2 and RMSE, so these values are reported qualita-
tively (see Table S34).

For Y1 (q, mg g−1), GB achieved the lowest LOOCV 
RMSE and showed consistent interpolation on OFAT-in for 
WSP700, indicating mild nonlinearity within the DoE. For 
Y2 (R, %), linear/penalized models outperformed ensem-
bles, providing stable generalization with fewer degrees of 
freedom. In WSP700, the best model (selected by lowest 
LOOCV RMSE) yielded high LOOCV performance for 
Y1 (R2 = 0.94, RMSE = 0.30) and moderate-to-high perfor-
mance for Y2 (R2 = 0.82, RMSE = 7.85%), consistent with 
parity plots (Fig. S18). In OSR700, LOOCV performance 
for Y2 was moderate (R2 = 0.65, RMSE = 14.25%), whereas 
Y1 showed limited generalization (positive LOOCV R2 only 
for GB; R2 = 0.57, RMSE = 0.70). This pattern reflects the 
sparse design (nine runs) and the stronger leverage of indi-
vidual points on Y1.

Three factors likely contribute to the weaker gener-
alization for OSR700 Y1: (i) high leverage under small-n 
LOOCV; (ii) response curvature for q not fully captured 
by quadratic terms within the available span; and (iii) 
measurement noise, which inflates evaluation variance. 

Fig.  4  Modeling of RB5 adsorption with WSP700 as the adsorbent. 
Distribution of data outputs by applying Monte Carlo simulation with 
the models from a linear regression, b random forest; Distribution of 

predicted Y1 values by applying wide ranges for Dose and C0 with the 
c linear regression, d random forest
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equilibrium in 480 min, which underscore their practical 
applicability in treatment processes.

Overall, the kinetic data suggest that both biochars fol-
low the PSO model more closely, implying that chemisorp-
tion is the dominant mechanism for RB5 dye removal. This 
suggests that adsorption involves valence forces through 
electron sharing or exchange between dye molecules and 
surface functional groups such as hydroxyl, carboxyl, and 
aromatic π-electrons. In addition to this chemical interac-
tion, electrostatic attraction also plays an important role. The 
pH-dependent adsorption behavior supports this dual mech-
anism: under acidic to neutral conditions (pH < pHPZC = 8.7), 
protonation of the biochar surface enhances electrostatic 
attraction with the anionic sulfonate groups of RB5. Similar 
results were reported by Hamzeh et al. (2012), who demon-
strated that adsorption of reactive dyes on lignocellulosic 
sorbents occurs through the combined action of electro-
static attraction and chemical bonding with the adsorbent 
functional groups. Although the PSO model adequately 
described the adsorption kinetics observed in this study, its 
applicability has limitations. The model may show poor pre-
dictivity in some systems. For instance, in systems where 
mass transfer is rate-limiting, such as when external film 
diffusion or intraparticle diffusion dominates, the PSO 
model may not accurately describe the initial adsorption 
rates. Similarly, for heterogeneous sorbent surfaces with 
multiple adsorption sites of varying affinities, the single-site 
assumption inherent to the PSO model can lead to devia-
tions from experimental data. Additionally, under very high 
or very low solute concentrations, the linearization of the 
PSO model may fail, reducing predictive accuracy (Hubbe 
et al. 2019). Therefore, while the PSO model is a useful and 
widely applied tool for describing batch adsorption kinetics, 
its reliability should be evaluated on a case-by-case basis, 
considering sorbent properties and experimental conditions.

The superior performance of WSP700 compared to 
OSR700 in terms of both adsorption capacity and rate 

model provided a higher qe value of 6.10 mg g−1 and a rate 
constant k2 of 0.0021 g mg−1 min−1 with an R2 of 0.98, sug-
gesting an even better fit.

The higher R2 value for the PSO model compared to the 
PFO model implies that the adsorption process for WSP700 
is better described by the PSO model. This suggests that the 
rate-limiting step is likely chemisorption, involving valence 
forces through sharing or exchange of electrons between the 
adsorbent and the adsorbate.

For OSR700, the PFO model resulted in a qe value of 
3.88 mg g−1 and a k1 of 0.0082 min−1 with an R2 of 0.97, 
indicating a good correlation with the experimental data. 
The PSO model showed a qe value of 4.37 mg g−1 and a k2 
of 0.0023 g mg−1 min−1 with an R2 of 0.98. Similar to the 
WSP700 material, the PSO model provided a superior fit 
for the OSR700, as evidenced by the higher R2 value com-
pared to PFO. This suggests that chemisorption is also the 
predominant mechanism for the adsorption of RB5 dye onto 
the OSR700.

When comparing the two biochars, WSP700 exhib-
its a higher adsorption capacity (qe) than OSR700 in both 
kinetic models. This suggests that WSP700 is more effec-
tive in removing RB5 dye from aqueous solutions. The rate 
constants for both models are slightly higher for WSP700 
than for OSR700, indicating a marginally faster adsorption 
process for WSP700. Both materials reached adsorption 

Table 6  Kinetic parameters calculated for RB5 removal for WSP700 
and OSR700
Material Model Parameter Value R2

WSP700 PFO qe (mg g−1)
k1 (min−1)

5.56
0.0087

0.96

PSO qe (mg g−1)
k2 (g mg−1 min−1)

6.10
0.0021

0.98

OSR700 PFO qe (mg g−1)
k1 (min−1)

3.88
0.0082

0.97

PSO qe (mg g−1)
k2 (g mg−1 min−1)

4.37
0.0023

0.98

Fig. 5  Kinetic models of RB5 
adsorption onto WSP700 and 
OSR700 (Eqs. 4 and 5)
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suggests that the Langmuir model better represents the 
adsorption process for both adsorbents.

The SSA values for WSP700 (11 m2 g−1) and OSR700 
(5 m2  g−1) directly correlate with their respective adsorp-
tion capacities, as WSP700's higher SSA likely provides 
more active sites for adsorption, facilitating the interaction 
between the biochar surface and dye molecules. This is con-
sistent with the Langmuir model's prediction, which indi-
cate a higher qmax for WSP700 (6.74 mg g−1) compared to 
OSR700 (5.37 mg g−1), highlighting its superior effective-
ness in RB5 adsorption.

The comparison between WSP700 and OSR700 shows 
that WSP700 has a higher qmax for RB5 than OSR700, indi-
cating that WSP700 is more effective in adsorbing RB5. 
The Langmuir constants KL for both materials are relatively 
similar, indicating similar adsorption energies.

Desorption-Regeneration Experiments

The results of the desorption experiments are presented in 
Fig.  7. This test was specifically applied to WSP700, as 
it demonstrated the best performance in the adsorption of 
RB5. Given WSP700’s high adsorption efficiency, under-
standing its desorption behavior was crucial to evaluate its 
potential for regeneration and reuse in multiple adsorption–
desorption cycles.

As can be seen in Fig. 7a, Na2CO3 was the best desorp-
tion medium, since it was able to achieve a higher desorp-
tion efficiency when compared to other solutions within 
the same time intervals, indicating that Na2CO3 is more 

constants highlights its potential as a more efficient 
adsorbent for RB5 dye removal in wastewater treatment 
applications.

Isotherm Studies

The adsorption data for RB5 onto WSP700 and OSR700 
were analyzed using Langmuir and Freundlich isotherm 
models to evaluate the adsorption capacity and adsorption 
phenomenon. The results are displayed in Fig.  6 and the 
parameters are described in Table 7.

The high R2 values for both materials indicate a strong fit 
to the Langmuir model, suggesting that the RB5 adsorption 
onto these adsorbents predominantly occurs as monolayer 
adsorption on homogeneous sites.

The Freundlich model also supports the occurrence of 
adsorption on heterogeneous surfaces, albeit with a less pre-
cise fit (lower R2 values) than the Langmuir model. This 

Table  7  Parameters calculated by using the Langmuir and Freun-
dlich adsorption isotherm models for RB5 adsorption on WSP700 
and OSR700, along with the corresponding correlation coefficients 
obtained for each model
Material Models Parameters
WSP700 Langmuir qmax

KL

6.74
0.09

R2 0.944

Freundlich n
KF

4.26
1.76

0.751

OSR700 Langmuir qmax
KL

5.37
0.09

R2 0.999

Freundlich n
KF

5.68
1.96

0.931

Fig. 6  Non-linear isotherms of WSP700 and OSR700 during RB5 adsorption
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as follows: Na (1.694), Mg (0.081), Ca (0.557), K (0.054), 
Sr (0.003), and Ba (0.002). Although the presence of these 
coexisting ions could theoretically affect the adsorption, it 
is important to note that RB5 is an anionic dye. As an anion, 
it does not directly compete with the cations in the effluent 
for adsorption sites. Additionally, the cations were found in 
very low concentrations, which will likely have no observ-
able effect on RB5 adsorption onto WSP700.

It is worth mentioning, however, that higher concentra-
tions of cations could potentially alter the electrostatic inter-
actions between the dye and the adsorbent’s surface. Given 
that the real effluent has a pH of 10, the biochar’s surface 
would be negatively charged. In such conditions, an increase 
in ionic strength due to higher cation concentrations could 
reduce electrostatic repulsion between negatively charged 
species, thereby enhancing adsorption (Aranda-García et 
al. 2020). Furthermore, the cations (Na⁺, Mg2+, Ca2+, etc.) 
found in the real effluent, even at low concentrations, may 
have modulated the ionic strength of the medium (Fu et al. 
2023).

This modulation can reduce electrostatic repulsion for the 
cations by forming a neutralizing layer around the biochar, 
decreasing the repulsion between RB5 and the negatively 
charged surface of WSP700. Thus, the effect of coexisting 
ions is not always detrimental; under certain circumstances, 
their presence could positively influence the adsorption pro-
cess by mitigating electrostatic repulsion and facilitating the 
interaction between the dye and the adsorbent.

effective at breaking the adsorbate-adsorbent bonds com-
pared to the other solutions. This suggests that Na2CO3 has 
a stronger interaction with the active sites on the adsorbent 
surface, facilitating the release of the adsorbed species more 
efficiently. Additionally, its higher desorption efficiency 
implies that it could be a preferred choice for the regenera-
tion of WSP700 in repeated adsorption–desorption cycles, 
potentially enhancing the material’s reusability and cost-
effectiveness in practical applications.

The results of regeneration experiments are shown in 
Fig. 7b. The experiments were conducted over seven cycles, 
demonstrating that a removal efficiency above 70% was still 
achievable by the final cycle. This highlights the economic 
and practical potential of WSP700 biochar as an adsorbent 
for RB, with adequate renewability for multiple uses. In the 
first cycle, the removal efficiency was 92.04%, followed by 
85.69% in the second, 81.51% in the third, 81.40% in the 
fourth, 77.57% in the fifth, 73.07% in the sixth, and 70.37% 
in the seventh. This reflects a reduction in removal effi-
ciency of approximately 23.54% from the first to the last 
cycle, indicating strong regeneration capability across mul-
tiple cycles with minimal performance loss.

Effect of Coexisting Ions

The results of the ICP OES analysis for the real effluent, 
detailing the major elements, show the presence of sodium 
(Na), magnesium (Mg), calcium (Ca), potassium (K), stron-
tium (Sr), and barium (Ba), with concentrations in mg L−1 

Fig. 7  a Desorption efficiency of different desorption media. b Regeneration results over seven cycles by employing Na2CO3 as the desorption 
medium
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of studies employing real effluent solutions and including 
desorption evaluations, underscoring the practical relevance 
of the present findings.

SEM/EDS Analysis

The morphological characteristics of WSP700 before and 
after the adsorption process were examined using SEM 
(Fig. 8). Figures 8a, b illustrates the SEM image of pristine 
WSP700 biochar before adsorption of RB5, which structure 
exhibited a smooth, porous surface, with striations, typical 
of carbon-based adsorbents. This porous morphology likely 
results from the breakdown of lignocellulosic biomass at 
elevated temperatures during pyrolysis, causing the evapo-
ration of volatile compounds and the formation of pores, as 
reported in similar studies (Arafat Hossain et al. 2017; Kong 
and Liu 2021; Zhang et al. 2023). The presence of these 
pores provides an extensive surface area, favorable for the 
adsorption of pollutants.

After adsorption of the synthetic dye solution (Fig. 8c, 
d), significant changes in the surface morphology were 
observed. The biochar's surface became more heteroge-
neous and coarser, exhibiting a rough microstructure while 
retaining its porous structure, which provides ample binding 
sites for dye molecules.

FT-IR Analysis

The comparative FT-IR spectra of WSP550 and WSP700 
biochars are presented in Fig. 9a, followed by the spectra of 
WSP700 before and after the adsorption of RB5, as shown 
in Fig. 9b.

The FT-IR analysis of WSP550 and WSP700 highlights 
smooth changes in functional group intensities and compo-
sitions due to the difference in the pyrolysis temperature at 
which each of these biochars was obtained. The broad band 
between 3500 cm−1 and 3300 cm−1 associated with O–H of 
hydroxyl functional phenolic groups, including hydrogen 
bonding due to adsorbed water, exhibited a marked reduc-
tion in WSP700, indicating the loss of hydroxyl groups and 
residual moisture as pyrolysis progressed (Vaghela et al. 
2023; Ćwieląg-Piasecka et al. 2023). Similarly, peaks in the 
aliphatic C–H stretching region (3040–2850 cm−1), promi-
nent in WSP550, were nearly imperceptible in WSP700, 
reflecting the thermal degradation of aliphatic structures 
derived from cellulose, hemicellulose, and lignin (Elnour et 
al. 2019). These observations are consistent with the pro-
gressive volatilization and decomposition of organic com-
pounds at higher temperatures.

Further structural modifications were evident in the aro-
matic and polysaccharide-associated regions. An intense 
band at 1580  cm−1, related to the vibrations of aromatic 

Real Effluent Application

The optimized parameters for the adsorption process were 
applied to a real RB5 effluent sample to evaluate the effect of 
coexisting ions in a mixed solution. For this test, the adsorp-
tion experiment was conducted directly on the real effluent 
without pH adjustment, which was initially measured at 10. 
This setup aimed to assess the adsorption performance of 
WSP700 as an adsorbent for RB5 under actual effluent con-
ditions, leveraging the optimized parameters determined for 
maximum efficiency.

Simultaneously, a simulated RB5 solution was prepared 
at approximately 100 mg L−1, matching the concentration 
found in the real effluent. This parallel test allowed for direct 
comparison between the adsorption efficiency in real efflu-
ent and in a controlled, single-component solution. Nota-
bly, in the real effluent, the adsorption capacity of WSP700 
was calculated to be 7.76 mg g−1, with a corresponding 
RB5 removal efficiency of 32.65%, similar to the behavior 
observed in the synthetic solution (under same experimen-
tal conditions), indicating that the adsorption performance 
is not significantly influenced by the additional constitu-
ents present in the real effluent. This finding suggests that 
WSP700 is resilient to potential competitive adsorption 
effects from other ions and compounds typically present in 
industrial dye effluents, making it a promising adsorbent for 
practical applications in wastewater treatment.

Although WSP700 exhibited relatively moderate qmax 
(Langmuir = 9.45 mg g−1) compared to chemically modified 
adsorbents and activated carbons reported in the literature, 
this observation can be explained by the experimental con-
ditions, the intrinsic material properties (BET ≈ 11 m2 g−1), 
and the complexity of the real effluent tested. Many of the 
highest qmax values are reported for highly functionalized 
materials (e.g., crosslinked chitosan) or microporous car-
bons, which are not directly comparable to non-activated 
biochars derived from agricultural residues. Moreover, the 
dose effect observed in our experiments—where q decreased 
at high doses due to particle aggregation—suggests that 
removal efficiency under realistic operating conditions is a 
more practical indicator of performance than qmax alone. In 
this respect, WSP700 demonstrated high removal efficiency 
(94% at 75 g L−1 in synthetic solution) and good reusabil-
ity (≈70% after seven cycles). Combined with its low pro-
duction cost and sustainability, these features highlight the 
potential of WSP700 as a low-cost adsorbent for pre-treat-
ment or polishing stages, with room for further improve-
ment through physical or chemical activation.

A comparison between our results and those reported in 
the literature is presented in Table 8, which compiles qmax 
and other relevant parameters such as equilibrium times and 
desorption efficiencies. This table highlights the scarcity 
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Material qmax 
(mg 
g-1)

R (%) Eq. time Kinetics Isotherm References Desorption

WSP700 6.74 
(SS-
IS), 
7.76 
(RE)

93.05 (DoE), 
32.65 (RE)

480 min (SE) PSO (SE) Langmuir 
(SE)

This study 70.37% after 
seven cycles 
Na2CO3 
0.01 mol L-1

OSR700 5.37 
(SS-IS)

95.89 (DoE) 480 min (SE) PSO (SE) Langmuir 
(SE)

Modified natural zeolite 0.0691 - 300 min PSO Langmuir (Lestari et al. 
2023)

No

Clay residue 0.98 - 5 min - Langmuir (Silva et al. 
2018)

No

Brazilian pine-fruit shells 
(Araucaria angustifolia)

74.6 55.6 (simulated 
dye mixture 
effluent at pH 
2.0)

12 h Avrami Sips (Cardoso et 
al. 2011)

No

Activated carbon derived 
from the Brazilian pine-
fruit shells (Araucaria 
angustifolia)

446.2 94.3 (simulated 
dye mixture 
effluent at pH 
5.8)

4 h Avrami Sips

Leclercia adecarboxylata 278.40 97.4 60 min PSO Hill (Şen et al. 
2025)

No

Templated 
crosslinked-chitosan

2941 - - PSO Langmuir (Chen and 
Huang 2010)

Yes

Microporous activated 
carbon felt

21 - 110 h Intra-
particle 
diffusion

Khan and 
Langmuir–
Freundlich

(Donnaperna 
et al. 2009)

No

GLA-crosslinked-chitosan, 
homogeneous coupling, 
using NaOH

1680 - - PSO Langmuir (Chen and 
Chen 2009)

58% desorp-
tion efficiency 
after first cycle 
using NaOH at 
pH 12

Chitosan/amino resin and 
chitosan bearing both amine 
and quaternary ammonium 
chloride moieties (two 
resins)

625–
932

- 50 min PSO Langmuir (Elwakeel 
2009)

96–97% 
desorption 
efficiency for 
3 cycles using 
NH4OH/
NH4Cl (pH 
10) buffer

Acid-treated biomass of 
brown seaweed Laminaria 
sp.

101.5 72.7 (up-flow 
packed column)

3 h PSO Langmuir (Vijayaragha-
van and Yun 
2008b)

97.7% desorp-
tion efficiency 
using NaOH 
0.01 M

Live activated sludge 134.8 82.3 30 min PSO Sips (Aksu and 
Akın 2010)

No
Dried activated sludge 126.5 78.0 30 min PSO Sips
NaOH-treated activated 
sludge

123.1 69.0 30 min PSO Sips

Sugar beet pulp carbon 80 14.6 (real 
wastewater)

180 min PSO Langmuir (Dursun et al. 
2013)

No

Dried-orange peel 62.4 31.4 (max) 2–4 h PSO Langmuir (Karaman and 
Aksu 2020)

No
Chemically modified orange 
peel

84.4 38.5 (max) 2–4 h PSO Langmuir

Cotton plant stalk 35.7 54.9 (Ci = 25 mg 
L-1)

3–5 h PSO Langmuir (Tunç et al. 
2009)

No

Cotton plant hull 50.9 79.6 (Ci = 25 mg 
L-1)

3–5 h PSO Langmuir

Green coconut mesocarp 2.93 - 1 h - Langmuir (Leal et al. 
2010)

No

Table 8  Comparison of maximum adsorption capacities (qmax) in the literature considering other bio-based and commercial adsorbents used for 
RB5 removal. SS: synthetic solution, RE: real effluent, IS: isotherm. Unless otherwise indicated, assume that SS is the solution used
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1084–1100 cm−1 band confirm the breakdown of polysac-
charides and aliphatic chains (Qayyum et al. 2012). These 
spectral transformations underscore the increased aromatic-
ity and carbonization of the biochar as pyrolysis temperature 

C = C and C = O groups of conjugated ketones and quinones 
(Manna et al. 2020), diminished in WSP700, suggesting a 
transition toward more condensed and thermally stable aro-
matic structures. The absence of the C–H bending peak at 
1375 cm−1 and the reduced intensity of C–O stretching in the 

Fig. 8  SEM images for WSP700 biochar a, b before adsorption; c, d after RB5 adsorption with the synthetic solution

 

Material qmax 
(mg 
g-1)

R (%) Eq. time Kinetics Isotherm References Desorption

Rhizopus arrhizus 588.2 90.2—53.4 
(Ci = 17.7 – 
428.9 mg L-1, 
25 ºC)

30–
120 min Ci = 80—400 mg 
L-1)

PSO Freundlich (Aksu and 
Tezer 2000)

No

Lewatit MonoPlus MP 62 796.1 75.2 24 h - Langmuir (Wawrzkie-
wicz and 
Hubicki 
2011)

95% desorp-
tion efficiency 
using 1 M 
KSCN in 
40–60% 
methanol, 1 M

Bacterial cellulose 17.5 92 80 min PSO Langmuir (Leal et al. 
2021)

No

Canola stalks 32.8 93.6 (dose of 
10 g L-1, pH 3)

30 min PSO Langmuir (Ashori et al. 
2012)

No

Bagasse 7.51 - 15 min PSO Langmuir (Ziapour et 
al. 2016)

No

Table 8  (continued) 
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arise from the tendency of nonpolar regions of the dye and 
biochar to aggregate in water, minimizing contact with the 
aqueous medium, while van der Waals forces result from 
weak, non-specific attractions between closely approaching 
molecules, further aiding retention of RB5.

As discussed, although the PSO model fits the kinetic 
data, its applicability has limitations, particularly for hetero-
geneous surfaces or systems where mass transfer is signifi-
cant. In this study, the adsorption mechanism appears to be 
dominated by electrostatic interactions between the nega-
tively charged sulfonate groups of RB5 and the positively 

rises, aligning with literature findings on the thermal degra-
dation pathways of biomass components.

Regarding Fig.  9b, the bands around 2920  cm−1 and 
2850 cm−1, associated with C–H stretching vibrations from 
aliphatic groups (Aichour et al. 2019) diminished after the 
adsorption of RB5, indicating that these groups, present 
in the dye alone, may be involved in its interaction with 
the biochar during the adsorption process, mainly through 
hydrophobic interactions and van der Waals forces (Wang 
et al. 2024; Liu et al. 2025; Gupta et al. 2025), which help 
stabilize the dye on the surface. Hydrophobic interactions 

Fig. 9  a Comparative FT-IR spectra of WSP550 and WSP700 biochars; b FT-IR spectrum of WSP700 biochar before and after adsorption of RB5
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our study demonstrated greater acute toxicity towards D. 
magna. Similarly, Verma (2008) reported EC50-48 h values 
of 55.32 mg L−1 and 46.84 mg L−1 for D. magna exposed 
Remazol Parrot Green and Remazol Golden Yellow, respec-
tively. For three dye industry effluents (D1, D2, D3), EC50 
values were 14.12%, 15.52%, and 29.69%, indicating sig-
nificant toxicity. Textile mill effluents (T1, T2, T3) exhibited 
EC50 values of > 100%, 62.97%, and 63.04%, suggesting a 
comparatively lower toxicity than dye effluents.

Garcia et al., (2021) compared the toxicity of reactive 
dye RR239 and real textile effluents using different test 
organisms. Their study highlighted marked differences in 
toxicity between synthetic dyes and actual effluents. While 
Vibrio fischeri showed an EC50 of 10.14 ± 1.76 mg L−1 for 
RR239, Daphnia similis exhibited a significantly higher 
EC50 of 389.42 ± 3.77 mg L−1. In tests using Biomphalaria 
glabrata, the EC50 for adult snails was 517.19 mg L−1, while 
embryo EC50 values ranged from 116.41 mg L−1 (gastrula 
stage) to 124.14 mg L−1 (blastula stage). However, for real 
effluents, EC50 values for all tested organisms were below 
15%, emphasizing the substantial toxicity of untreated tex-
tile wastewater.

Conclusions

This study evaluates the performance of WSP700 and 
OSR700 biochars for RB5 dye removal from synthetic and 
real textile effluents. WSP700 demonstrated superior adsorp-
tion capacity and faster kinetics compared to OSR700, fol-
lowing PSO kinetics, which indicates chemisorption as the 
dominant mechanism. The adsorption process was well-
described by the Langmuir isotherm, suggesting monolayer 
adsorption, with WSP700 showing a higher qmax. Desorp-
tion tests revealed effective regeneration using Na2CO3, 
with only a slight reduction in efficiency after seven cycles. 
Coexisting ions in real effluent did not significantly affect 
RB5 adsorption, and WSP700 maintained its performance 
in both synthetic and real effluents, achieving a 32.65% 
removal efficiency in real effluent application. SEM and 
FT-IR analyses confirmed surface changes post-adsorption, 
highlighting interactions between the dye and biochar. Eco-
toxicological testing showed a reduction in toxicity, further 
supporting WSP700’s potential as an effective, sustainable, 
and reusable adsorbent for dye-contaminated wastewater 
treatment.

Despite these promising results, some limitations should 
be acknowledged. The adsorption capacities observed are 
moderate compared to commercial activated carbons, and 
equilibrium times were relatively long (up to 480  min), 
which may limit large-scale applications. In addition, the 
study was conducted under controlled laboratory conditions, 

charged sites on the biochar surface, particularly under 
acidic to neutral conditions. These interactions explain the 
pH-dependent adsorption behavior, while the physical inter-
actions from C–H groups support dye retention by promot-
ing close contact with the adsorbent surface.

Ecotoxicological Results

The cladoceran Daphnia similis was utilized to establish a 
toxicity relationship between pre- and post-treatment sam-
ples for a pivotal model organism in ecotoxicology. This 
microcrustacean plays a fundamental role in the aquatic 
food chain (Altshuler et al. 2011) and its use in acute tox-
icity tests is standardized by several protocols (e.g. ABNT 
2022; OECD 2012).

The synthetic solution prepared with RB5 alone exhib-
ited an EC50-48 h of 69.10 mg L−1 (95% CI: 61.92–73.76 mg 
L−1) for Daphnia similis (Fig. S19-S21). After treatment, 
the survival rate of Daphnia exposed to 100% of the treated 
sample (concentration of 60  mg L−1) was 55%. In dilute 
samples (10% of the treated effluent), the residual RB5 
concentration was approximately 8.4  mg L−1, which is 
below the EC50 determined for the synthetic solution. For 
the textile effluent samples containing the reactive dye, the 
EC50-48 h values‒both before and after biochar treatment‒are 
presented in Table 9.

The differences observed in ecotoxicity outcomes 
between synthetic and real effluent samples can be attrib-
uted to the presence of a variety of auxiliary substances used 
during the dyeing process. These include humectants, deter-
gents, stabilizers, and bleaching agents (Text S1), which are 
known to contribute to the overall toxicity of the effluent. 
Despite the differences between real and synthetic matrices, 
the results clearly indicate a reduction in toxicity after treat-
ment, as evidenced by an increase in EC50 values and a cor-
responding decrease in the TU index. This demonstrates the 
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(0.798–1.266)
87.26

TRE 2.151
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The confidence interval was set at 95%. URE untreated real effluent, 
TRE treated real effluent, TU toxic unit
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and long-term performance in continuous flow systems 
remains to be evaluated. Future studies should focus on scal-
ing-up, surface modification strategies to enhance adsorp-
tion capacity, and the assessment of adsorption performance 
in effluents containing a wider variety of competing pollut-
ants. Integrating biochar with hybrid treatment technologies 
could also provide synergistic effects, improving both effi-
ciency and operational feasibility.
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