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Abstract

With high productivity and easy adaptation to diverse ecosystems, elephant grass (Pennisetum purpureum Schum) shows strong
potential for biomass production. The aim of this study was to evaluate the efficiency and adsorptive capacity of activated carbon
derived from elephant grass, applying the Plackett-Burman methodology to analyze the methylene blue adsorption test. The
independent variables considered include temperature (20, 25, and 30 °C), carbon mass (0.3, 0.6, and 0.9 g), solution pH (6.5,
7.5, and 8.5), adsorption time (7, 14, and 21 min), dye concentration (20, 60, and 100 mg/L™"), agitation speed (71, 119, and
167 rpm), and carbon particle diameter (0.45, 1.23, and 2 mm). The experimental responses for dye removal efficiency were all
above 98.91%, with a maximum adsorption capacity of 9.99 mg/g, indicating its potential for dye removal. Response surface
methodology was employed to optimize the adsorption process, yielding a statistical model with a coefficient of determination
(R?) of 99.4%. The yield of the adsorbent material was approximately 30% of the dry matter. These findings highlight the
potential of elephant grass as a sustainable source for producing adsorbents.
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Practical Application: Activated charcoal has several practical applications in both medicine and industry. In the medical field,
it is used to detoxify cases of poisoning and in the treatment of wounds. In industry, it plays a crucial role in the purification
of water, gases, and food. Among its most common uses are incorporation into household water filters, face masks, and as an

adsorbent for the removal of odors and impurities in industrial and beverage production processes.

1 INTRODUCTION

Elephant grass (Pennisetum purpureum Schum) stands out for
its resistance, adapting to adverse conditions such as high tempe-
ratures and low availability of water, nitrogen, or carbon dioxide
(Barbazelli et al., 2025; Silveira Junior et al., 2022). The grass can be
harvested up to four times a year, and it provides a high biomass
yield, producing between 25 and 35 oven-dry tons per hectare
annually (Flores etal., 2013; Samson et al., 2005). Furthermore, ele-
phant grass biochar is effective in removing nitrate ions, making it
aviable option for water decontamination (Adesemuyi et al., 2020).

Activated carbons are fundamental in the food industry,
ensuring the quality and safety of products through the adsorp-
tion of impurities, odors, and contaminants. However, despite its
remarkable adsorption capacity, attributed to its high porosity
and wide surface area, activated carbon is associated with high
investment costs. This has encouraged the search for low-cost
alternative materials that can enhance their effectiveness, as
indicated by Pedroza et al. (2023). To evaluate the adsorption

capacity of elephant grass biochar and its effectiveness in remo-
ving methylene blue (MB) dye, an experiment was conducted
(Gregor et al., 2024) to identify the independent variables that
most significantly impact the quality of the produced biochar.
The central composite face-centered design (CCF) was applied
to determine the optimal operating ranges for each process
variable (Mateus et al., 2001; Pessoti et al., 2020).

1.1 Relevance of the work

The importance of elephant grass activated carbon in ad-
sorption stems from its vast internal surface area and high
porosity, characteristics that make it a highly effective adsorbent
in the removal of a wide variety of impurities. This includes or-
ganic molecules, contaminants, and substances responsible for
odor, taste, and color in media such as water. Such adsorption
capacity gives elephant grass activated carbon versatility, low
cost, and sustainability, making it essential in treatment and
purification processes.
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2 MATERIAL AND METHODS

2.1 Biomass preparation

Samples of elephant grass (P. purpureum Schum) BRS Capiagu
were collected from the experimental unit of EMBRAPA Fisheries
and Aquaculture in Tocantins, approximately 180 days after plant-
ing. After collection, the material was oven-dried at 85 °C for 72
hours and stored in containers for subsequent analysis.

2.2 Mass loss kinetics

The experiments were carried out in a drying oven, model
SL-100, at a temperature of 50 °C. The biomass was heated in a
porcelain crucible. The heating times adopted in this study were
1,2,3,5,6,and 7 hours. After heating for a given time interval, the
crucible was cooled in a desiccator and weighed on an analytical
balance. Following the mass loss kinetics procedures, the mass loss
rate was calculated in mg/g*h (Pedroza et al., 2021).

2.3 Biomass pyrolysis process and charcoal yield

The thermal conversion was carried out in a fixed-bed stainless
steel reactor measuring 60 cm in length and 5.0 cm in external
diameter. The reactor was heated by a reclining split furnace (FLY-
EVER brand, model FE50RPN, line 05/50) and operated in batch
mode. Theinert carrier gas used in the reaction was steam, heated to
133°Cinanautoclave at a pressure of 2 kgf/cm? The pyrolysis of the
material was carried out in four experiments: (a) temperature of 400
°C with a heating rate of 20 °C/min, (b) temperature of 400 °C with
aheating rate of 30 °C/min, (c) temperature of 500 °C with a heating
rate of 20 °C/min, and (d) temperature of 500 °C with a heating rate
of 30 °C/min. Subsequently, the material was activated at 600 °C.

2.4 Brunauer, Emmett and Teller surface area analysis

A 0.5 g sample of biochar of experiment (a), prepared at an
initial temperature of 400 °C with a heating rate of 20 °C/min
and subsequently activated at 600 °C, was subjected to surface
area and porosimetry system analysis using a Micromeritics
ASAP 2010 instrument to determine the specific N,-BET surface
area and pore size distribution. The standard diameter range
used was 0.35-300 nm for pores and 0.01-3.000 m?/g for sur-
face area. The treatment temperature ranged from 30 to 350 °C.

2.5 Adsorption capacity and dye removal efficiency

In the experiments, the charcoal from experiment (a) was
used. The aqueous solution applied in the adsorption test was
the cationic dye MB. In all tests, a standard volume of 30 mL of
solution was used, with the samples placed on an orbital shaker
table (Shaker TE 141), and the adsorption time adopted accor-
ding to the experimental designs. After the adsorption test, the
samples were filtered through analytical paper, and the resulting
absorbance was determined using a double-beam spectropho-
tometer (PERKIN ELMER, LAMBDA 750) at 650 nm.

2.6 Statistical analysis: Experimental design—Plackett-Burman

An experimental design was carried out to examine the
effects of seven independent variables, or factors, on the MB

dye adsorption test, as presented in Table 1. This analysis was
conducted using a variable screening design.

An experimental design was applied using the Plackett-
Burman (PB) matrix (Plackett & Burman, 1946; Rodrigues &
Iemma, 2014), with 12 tests and 3 replications at the central
point, totaling 15 experiments. The following responses were
considered in this experimental design: (a) removal efficiency
(%) and (b) adsorption capacity or ratio (mg/g).

2.7 Optimization design—Central composite face-centered
design

In the optimization design (CCF), the two independent variables
that had the greatest effects in the PB design, adsorbent mass and
dye concentration, were applied to the adsorption test. The other five
variables that did not show significant effects in the PB design were
kept constant in this new design: (a) temperature at 20 °C, (b) dye
solution pH at 7.5, (c) adsorption time of 7 min, (d) agitation speed
of 71 rpm, and (e) activated carbon particle diameter of 0.45 mm.

The experimental matrix and result analysis were performed
using Protimiza Experimental Design Software (Plackett & Bur-
man, 1946; Rodrigues & Iemma, 2014). The models produced
were validated through analysis of variance (ANOVA) and found
to be reliable at a 95% confidence level (p < .05). The response
surface methodology applied statistical models to predict ad-
justment experiments and determine the optimal value of the
response variables. The independent variables used in this study
and their respective levels employed in the optimization design
(CCF) were carbon mass (x,) with levels of 0.3, 0.6, 0.9 g and
MB concentration (x,) with levels of 20, 60, 100 mg/L.

3 RESULTS AND DISCUSSION

3.1 Mass loss kinetics

The raw material was subjected to a kinetic mass loss analy-
sis in an oven at 50 °C. Based on the experimental data, a linear
increase in material loss was observed during the first hours of
drying. It was estimated that the maximum point of mass loss

Table 1. Independent variables used in this study and their respective
levels employed in the experimental design of the adsorption tests.

Levels

Factors Units

(-1 0 (+1)
Temperature (x,) ‘C 20 25 30
Carbon mass (x,) g 0.3 0.6 0.9
Solution pH (x,) (=) 6.5 7.5 8.5
Adsorption time (x,) min 7 14 21
Dye concentration (x,) mg/L 20 60 100
Agitation speed (x,) rpm 71 119 167
Activated carbon mm 0.45 123 )

particle diameter (x,)

Source: Author, 2025.
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occurred at 5.9 hours, and was 37%. The reduction of water
content in the biomass is essential for performing pyrolysis, as
it decreases the activation energy required for the reactions oc-
curring during the process. As indicated by Pedroza et al. (2021),
during the first hours of the experiments, residues generally lose
almost 50% of their initial mass, and after 20 hours the samples
contain less than 50% of the original material. This shows that
elephant grass has an advantage in terms of mass loss, retain-
ing 63% of the starting material and stabilizing after 5.9 hours,
which demonstrates the potential of this biomass for pyrolysis.

3.2 Yield of activated carbon from Elephant Grass

In the study by Irfan et al. (2016), the pyrolysis of halophyte
grass (Achnatherum splendens L.) at 700 °C resulted in a biochar
yield of 24% relative to dry matter. The reduction in biochar yield
was attributed to the thermal degradation of cellulose, hemicel-
lulose, and lignin into syngas and bio-oil at the high pyrolysis
temperature. In contrast, Ferreira et al. (2019), who investigated
the agronomic potential of biochar produced from elephant grass
(P. purpureum Schum) biomass pyrolyzed at 600 °C, reported
a biochar yield of 25.6% by weight. It is well established that
pyrolysis conditions and the type of reactor employed are key
factors influencing both the yield and quality of biochar.

The pyrolysis conditions evaluated in this study did not
significantly affect biochar yield, which ranged from 28.9 to
30.5%, resulting in an average yield of 30% relative to dry matter.
This value is higher than those reported by Irfan et al. (2016)
and Ferreira et al. (2019), demonstrating its potential for bio-
char production. Considering the average yield of the activated
carbons in this study and analyzing the mass loss of elephant
grass, it can be concluded that one metric ton of fresh elephant
grass would produce approximately 189 kg of activated carbon,
as illustrated in Figure 1.

3.3 Brunauer, Emmett and Teller surface area analysis

Table 2 presents the porosity results of elephant grass bio-
char analyzed in this study, comparing them with elephant grass
biomass from the previous study by Barbazelli et al. (2025). A
sixfold increase in Brunauer, Emmett and Teller (BET) sur-
face area, a fivefold increase in Langmuir surface area, and
nearly a fivefold increase in pore volume were observed for
biochar compared to the original elephant grass, highlighting the

Source: Author, 2025.

Figure 1. Estimated yield of activated carbon from elephant grass.
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potential of biochar. Based on the results shown in Table 3, there
is a predominance of mesopores (with sizes between 2 and 50
nm), although there is a trend toward micropores (smaller than
2 nm), as defined by IUPAC (International Union of Pure and
Applied Chemistry).

In the study by Irfan et al. (2016), the BET surface area of the
raw material, halophyte grass, was 2.01 m?/g, while the biochar
produced at 700 °C exhibited a BET surface area of 5.24 m?/g.
These results highlight the superiority of the biochar produced in
the present work as an adsorbent compared to the raw biomass.

Chun et al. (2004) reported that the surface area of biochar
produced at 600 °C is greater than that of biochar produced at
700 °C, suggesting that the fine pore structure may be damaged
at higher temperatures. According to Ain et al. (2021), biochar
from Parthenium hysterophorus produced at different pyrolysis
temperatures of 300, 450, and 600 °C showed an increase in sur-
face area as the pyrolysis temperature rose from 300 °C to 600 °C,
increasing from 0.25 m*/g to 0.70 m*/g, along with an increase in
the total pore volume from 1.96 x 10~* cm®/g to 4.62 x 10~ cm®/g.
This increase may be attributed to the progressive degradation
of hemicellulose, cellulose, and lignin, as well as the formation
of channel-like structures during pyrolysis. Irfan et al. (2016)
also reported an increase in pore volume from 0.85 to 1.44 m*/g
with the rise in pyrolysis temperature from 300 °C to 700 °C in
biochar prepared from a halophyte. Imam and Capareda (2012)
observed that high pyrolysis temperatures cause extensive de-
volatilization of the material, resulting in the generation of

Table 2. Results and comparison between elephant grass biomass and
biochar.

Components Biochar* Biomass®
BET surface area (m” g ') 7.48 1.19
Langmuir surface area (m”> g™') 9.92 1.85
Micropore area (m> g™) 4.17

Pore volume (cm® g™') 0.0089 0.0019
Micropore volume (cm® g™*) 0.0019

Pore size (nm) 4.84 6.35

Source: *Organized by the authors (2025); *Barbazelli et al. (2025).
BET: Brunauer, Emmett and Teller.
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additional pore volume and higher surface area in the sample,
accompanied by enhanced adsorption activity.

3.4 Statistical analysis: Experimental design—
Plackett-Burman

The experimental design responses (Table 3) for dye remo-
val efficiency (Y ) were all above 98.91%, reaching a maximum
value 0f 99.90% in experiment 9. The experiments that demons-
trated the highest adsorption capacity (Y,) were associated
with higher dye concentration (100 mg/L) and lower amounts
of activated carbon (0.3 g). These conditions were observed in
experiments 8, 9, and 10, which removed the largest amount of
dye per unit mass of adsorbent, achieving 9.99 mg/g.

In the study by Irfan et al. (2016), the pyrolysis of halophyte
grass (A. splendens L.) was conducted at three different tem-
peratures (300, 500, and 700 °C), resulting in MB adsorption
capacities of 2.35, 2.61, and 2.60 mg/g for the biochars pro-
duced at these temperatures, respectively. The biochar samples
exhibited nearly similar MB adsorption capacities, indicating
that pyrolysis temperature did not significantly influence this
property. In contrast, the elephant grass biochar from the present
study, in experiments 8, 9, and 10, demonstrated an adsorption
capacity (Y,) of 9.99 mg/g, far exceeding the values reported
by Irfan et al. (2016), highlighting the potential of the biochar
investigated in this work. The MB adsorption capacities were
positively correlated with cation exchange capacity, indicating
electrostatic interactions between the biochar surface and MB
(Giileg et al., 2022; Irfan et al., 2016; Wang et al., 2023).

When analyzing the MB adsorption capacity of raw ele-
phant grass material, a value of 2.9 mg/g was found, very close
to the 2.8 mg/g reported by Irfan et al. (2016). Mustapha et al.
(2023) also investigated the adsorption capacity of raw elephant
grass under different conditions, observing adsorption kinetics

ranging from 2.028 to 3.356 mg/g, with the pseudo-second-
-order equation providing an excellent fit to the experimental
data on MB adsorption, as evidenced by high linear regression
coefficient (R?) values. These findings are consistent with other
studies, such as those by Ghosh et al. (2019), Jawad et al. (2018),
and Uddin et al. (2017). The results of experiments 8, 9, and 10
(adsorption capacity (Y,) of 9.99 mg/g) confirm that elephant
grass biochar has a superior adsorption potential compared to
the raw material. This is attributed to its high specific surface
area and the presence of a highly porous structure.

In the analysis of removal efficiency (Y, ), the dye concentra-
tion emerged as the only factor with statistical significance in the
test (Table 4). With a positive effect of 0.6 (p = .0007), the results
indicate that increasing dye concentration enhances the removal
of this chemical species during the adsorption process. Since
the other variables did not show statistical significance at the
95% confidence level, it is possible to operate within any range
of these variables, aiming to optimize process costs and time.
In the evaluation of adsorption capacity (Y,), among the factors
analyzed, activated carbon mass (x,) and dye concentration (x,)
were the only factors with p-values lower than .0015 (Table 4).
The other factors showed p-values above the significance level of
0.05. The effect of dye concentration was positive, with a value
of 5.3, indicating that the transition from the lowest (-) to the
highest (+) level within this design promoted an increase in
the adsorption capacity of the carbon. On the other hand, the
carbon mass factor showed a negative effect of -4, suggesting
that increasing the mass of carbon used in the adsorption test
resulted in a reduced adsorption capacity for the dye examined.

The data obtained from the experimental design of the
MB adsorption test revealed that the variables temperature,
solution pH, adsorption time, agitation speed, and activated
carbon particle diameter did not show statistical significance

Table 3. Plackett-Burman design results—methylene blue adsorption tests.

Tests X, X, X, X, X, X, X, Y, Y,
°C g (-) min mg/L rpm mm % mg/g

1 30 0.3 8.5 7 20 71 2 99.46 1.99
2 30 0.9 6.5 21 20 71 0.45 99.40 0.66
3 20 0.9 8.5 7 100 71 0.45 99.90 3.33
4 30 0.3 8.5 21 20 167 0.45 99.06 1.98
5 30 0.9 6.5 21 100 71 2 99.83 3.33
6 30 0.9 8.5 7 100 167 0.45 99.81 3.33
7 20 0.9 8.5 21 20 167 2 98.91 0.66
8 20 0.3 8.5 21 100 71 2 99.87 9.99
9 20 0.3 6.5 21 100 167 0.45 99.90 9.99
10 30 0.3 6.5 100 167 2 99.87 9.99
11 20 0.9 6.5 20 167 2 99.51 0.66
12 20 0.3 6.5 20 71 0.45 99.25 1.98
13 25 0.6 7.5 14 60 119 1.225 99.66 2.99
14 25 0.6 7.5 14 60 119 1.225 99.78 2.99
15 25 0.6 7.5 14 60 119 1.225 99.80 2.99

Variables: (x,) temperature, (x,) activated carbon mass, (x,) solution pH, (x,) adsorption time, (x,) dye concentration, (x,) agitation speed, (x,) activated carbon particle diameter;

Design responses: (Y,) removal efficiency and (Y,) adsorption capacity.
Source: Author, 2025.
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with respect to dye removal efficiency or adsorption capacity.
Therefore, to optimize the process and reduce both cost and
processing time, the test was conducted using lower agitation
speeds and a shorter adsorption time.

3.5 Optimization Design— Central composite face-
centered design

Table 5 details the factor levels used and the 11 experiments
conducted, highlighting the responses in terms of removal effi-
ciency and adsorption capacity. The results obtained for removal
efficiency (Y,) were higher than 88.35%, indicating the potential
of this biochar as an adsorbent for chemical dyes. Meanwhile,
adsorption capacity (Y,) ranged from 0.61 to 9.6 mg/g.

The statistical models of the design responses, Equation 1
and 2, describe the relationship between the factors influencing
removal efficiency (Y,) and adsorption capacity (Y,) within
the studied range. Removal efficiency (Y,) showed a calculated

F-value (F_) of 11.3 and a tabulated F-value (F ) of 4.46, with
the generated linear model (Y,) presenting a coefficient of de-
termination (R?) of 74%. As for maximum adsorption capacity
(Y,), the calculated F-value (F_) was 233.6 and the tabulated
F-value (F,,) was 4.53, with the generated linear model (Y,)
presenting a coefficient of determination (R?) of 99.4%.

Y; =97.02 + 2.86 x5 - 2.53 x5° (D
and
Y, =2.91-1.92x +0.95 x> + 2.40 x5 - 1.27 31, ()

In these models, a positive sign (+) indicates a positive effect,
while a negative sign (-) indicates a negative effect. It is evident that
dye concentration (x,) has a positive influence on the amount adsor-
bed, meaning that as dye concentration increases, higher values are
observed for both Y, and Y,. For both removal efficiency (Y,) and
maximum adsorption capacity (Y,), the calculated F-values (F_)
were higher than the tabulated F-values (F, ), suggesting that the

Table 4. Regression coeflicients for removal efficiency (%) and adsorption capacity (mg/g) in the methylene blue test.

Y, Y,
Factors -1 0 1 Removal efficiency (%) Adsorption capacity (mg/g)
Effect p-value Effect p-value

Mean 99.6 0 4 0
Curvature 0.4 1351 -2 2641
Temperature (x,) 20 25 30 0 .8792 -0.9 2674
Carbon mass (x,) 0.3 0.6 0.9 0 9326 -4 .0015
Solution pH (Xs) 6.5 7.5 8.5 -0.1 2344 -0.9 2674
Adsorption time (x,) 7 14 21 -0.1 .1938 0.9 2674
Dye concentration (x,) 20 60 100 0.6 .0007 53 .0003
Agitation speed (Xs) 71 119 167 -0.1 2956 0.9 2674
Particle diameter (x.) 0.45 1.225 2 0 .8264 0.9 2658

P <.05 (95%CI). Y : removal efficiency; Y,: adsorption capacity.
Source: Author, 2025.

Table 5. Central composite face-centered design results—methylene blue adsorption test.

x,—Carbon mass

x,—Methylene blue Y,—Removal Y,—Adsorption

Tests X, X, concentration efficiency capacity
g mg/L % mg/g
1 -1 -1 0.3 20 94.54 1.89
2 1 -1 0.9 20 92.00 0.61
3 -1 1 0.3 100 96.00 9.60
4 1 1 0.9 100 97.37 3.25
5 -1 0 0.3 60 97.51 5.85
6 1 0 0.9 60 96.62 1.93
7 0 -1 0.6 20 88.35 0.88
8 0 1 0.6 100 98.71 4.94
9 0 0 0.6 60 97.33 2.92
10 0 0 0.6 60 96.86 291
11 0 0 0.6 60 96.79 2.90

minimum and maximum.

Source: Author, 2025.
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models are statistically significant with respect to the accuracy
of the results. The linear model generated for Y, presented a
coefficient of determination (R?) of 99.4%, demonstrating that
the regression model has an excellent fit and is highly reliable.

The MB concentration variable (x,) has a significant influen-
ce on removal efficiency (Y ). This indicates that increasing dye
concentration leads to greater removal of this chemical species
during the adsorption process. Through optimization, the ideal
experimental conditions were identified to maximize removal
efficiency using elephant grass biochar: (a) fixing the adsorbent
mass at 0.6 g and (b) adjusting dye concentration to 84 mg/L.

The Pareto diagram presented in Figure 2A illustrates the
significant effect of the variables carbon mass (x,) and dye
concentration (x,) on adsorption capacity (Y,), showing that
these variables exert a substantial influence on the adsorption
potential of the activated carbon. The response surface analysis
of biochar adsorption capacity, with respect to carbon mass and
MB dye concentration, as shown in Figure 2B, revealed that
maximum adsorption capacity is achieved at low levels of carbon
mass and high dye concentrations. Through optimization using
response surface methodology (RSM), the ideal experimental
conditions for the adsorption capacity of elephant grass biochar
were established. The maximum adsorption capacity values were
obtained under the following conditions: (a) adsorbent mass
ranging from 0.3 to 0.6 g and (b) dye concentration between 60
and 100 mg/L, as highlighted in the red region of the surface.

As observed, an increase in MB concentration results in a
higher adsorption capacity, whereas as the carbon mass increa-
ses, the adsorption capacity of the biochar decreases. Notably,
adsorption capacity and carbon mass exhibit opposite trends,
suggesting that careful control of operational parameters in
biochar production is necessary to achieve the optimal quality
of the product. According to Mustapha et al. (2023), adsorption
capacity increases with the increment of adsorbate concentra-
tion at a contact time of 30 minutes. This can be attributed to
the increase in the total surface area available for mass transfer
and the greater availability of adsorption sites. Throughout the

adsorption reaction, the adsorption sites remained unsaturated,
which may be explained by the aggregation of adsorbent parti-
cles at higher concentrations. Such aggregation would lead to a
reduction in the total surface area available for dye adsorption
and to an increase in the diffusion path length (Dogan et al.,
2009; Mustapha et al., 2023).

This is supported by Yusof et al. (2020), who observed
that when more adsorbent is added to a solution, the initial
removal capacity increases due to the greater number of avai-
lable “active sites” However, there is a point at which adding
more adsorbent no longer improves removal efficiency. Thus,
once a specific amount of adsorbent is reached, the removal
rate stabilizes (Souza Borges et al., 2025; Yusof et al., 2020).
Therefore, determining the optimal biochar dosage is a crucial
aspect in experimental studies. The use of CCF as a statistical
tool made it possible to determine the optimized condition for
the decision-making process.

4 CONCLUSIONS

The results of this study show that elephant grass activated
charcoal can be considered an economically and environmen-
tally sustainable option for dye removal, due to its high pro-
ductivity, low cost, and high adsorptive capacity comparable
to commercial activated carbon.

In the experimental design, MB concentration and carbon
mass were identified as significant variables in biomass pyrolysis.
Dye removal efficiencies (Y,) exceeded 98.91, reaching up to
99.90%. The maximum adsorption capacity (Y,) was approxi-
mately 9.99 mg/g, underscoring its effectiveness in dye removal.
The study also employed the CCF, and the statistical model ge-
nerated presented a coeflicient of determination (R?) of 99.4%,
highlighting its accuracy and reliability in predicting maximum
adsorption capacity. The optimal experimental conditions deter-
mined by RSM were: (a) adsorbent mass between 0.3 and 0.6 g
and (b) dye concentration between 60 and 100 mg/L, resulting
in a maximum adsorption capacity of 9.60 mg/g.

Source: Author, 2025.

Figure 2. (A) Pareto diagram of adsorption capacity, (B) response surfaces for adsorption capacity.
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