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oval from aqueous solution:
adsorption studies, Box–Behnken optimization,
safety, and reuse in methanol oxidation

Samar M. Mahgoub,a Abdullah S. Alawam,b Ahmed A. Allam,b M. Ramadan Mahmoud,c

Asmaa Elrafey,d Ahmed Hashem Abdelmohsene and Rehab Mahmoud *f

The discharge of toxic crystal violet (CV) dye poses significant environmental and health risks, necessitating

sustainable treatment solutions. This study presents sulfuric acid-functionalized activated carbon derived

from frankincense (SAC) as a high-performance adsorbent for CV removal. Characterization revealed

a mesoporous structure with a high surface area of 842.97 m2 g−1, adorned with functional groups that

facilitate CV binding. Process optimization via Box–Behnken design achieved an exceptional adsorption

capacity of 638.51 mg g−1 at pH 8, with a 0.075 g dose and 60 min contact time, following the

Langmuir–Freundlich isotherm model. A pivotal finding from in vitro cytotoxicity assessment (HepG2

cells) was the effective detoxification of CV, where the half-maximal cytotoxic concentration (CC50)

increased dramatically from 84.7 mg mL−1 (untreated CV) to >1000 mg mL−1 (SAC-treated solution).

Embodying circular economy principles, the spent adsorbent was successfully repurposed as an

electrocatalyst for methanol oxidation, yielding a current density of 22.40 mA cm−2. The process

demonstrated economic viability at a low manufacturing cost of $0.06438 g−1 SAC and excelled in

green chemistry metrics (Eco-Scale: 90/100). This work underscores the dual utility of SAC as

a sustainable, safe, and reusable material for advanced wastewater treatment and energy conversion

applications.
1 Introduction

Rapid industrialization and urbanization have signicantly
increased the discharge of hazardous pollutants into aquatic
environments, prominently synthetic dyes, which pose severe
environmental and health risks.1,2 Among these dyes, crystal
violet (CV), a triphenylmethane compound widely used in
leather, textile, and paper manufacturing, is especially con-
cerning due to its persistence, toxicity, and resistance to
biodegradation.3–5 Even at low concentrations, CV inhibits
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photosynthesis, induces oxidative stress, and causes toxicity to
aquatic life, leading to biodiversity loss and ecosystem disrup-
tion.4,5 Furthermore, chronic exposure to CV in humans can
result in mutagenic, carcinogenic, and teratogenic effects
through ingestion, inhalation, or dermal contact.6–9 Hence,
effective removal of CV from wastewater is critical for environ-
mental protection and public health.

Several approaches have been employed to remove dyes,
including chemical precipitation,10 membrane ltration,11 and
advanced oxidation processes.12 However, these methods can be
limited by high costs, secondary pollution, or operational
complexity. Adsorption using activated carbon (AC) has
garnered attention as an efficient, economical, and environ-
mentally friendly alternative.13–15 The quest for sustainable
adsorbents has shied attention towards lignocellulosic
biomass precursors. Frankincense (Boswellia spp.), a natural
resin, represents a promising, abundant, and low-cost
precursor for AC production.16–20 We hypothesize that subject-
ing frankincense powder to a simple one-step calcination
process, coupled with simultaneous functionalization using
sulfuric acid, will yield a novel activated carbon (SAC) with
a high surface area, developed porosity, and abundant surface
functional groups. These characteristics are critical for
enhancing its adsorption affinity and capacity for cationic dyes
like CV.21–26 Furthermore, many adsorption studies focus solely
RSC Adv., 2025, 15, 44373–44391 | 44373
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on removal efficiency, oen neglecting the subsequent biolog-
ical safety of the treated effluent and the fate of the spent
adsorbent, which can pose a secondary waste problem. We
propose that the SAC we synthesize will not only effectively
remove CV but also signicantly detoxify the solution,
a hypothesis we will test using in vitro cytotoxicity assays.
Moreover, embracing a circular economy model, we hypothe-
size that the spent CV-laden adsorbent (SAC/CV) can be repur-
posed as a valuable resource rather than discarded. Specically,
we will investigate its potential application as an electrocatalyst
for the methanol oxidation reaction (MOR), adding a valuable
second life to the material and enhancing the overall sustain-
ability of the process.27–30

Therefore, the present study is systematically designed to: (i)
synthesize and comprehensively characterize sulfuric acid-
functionalized activated carbon from frankincense powder
(SAC); (ii) evaluate its performance in the adsorption of CV dye
from aqueous solutions, optimizing key parameters such as pH,
adsorbent dose, contact time, and initial concentration using
Response Surface Methodology (RSM); (iii) analyze the adsorp-
tion kinetics, isotherms, and thermodynamics to elucidate the
underlying mechanism; (iv) assess the biological safety of the
SAC-treated water using HepG2 cell lines to conrm detoxi-
cation; and (v) explore the innovative valorization of the spent
adsorbent by evaluating its electrocatalytic performance in
methanol oxidation. This integrated approach aims to present
SAC as a sustainable, high-performance, and multifunctional
material that advances environmental remediation while
contributing to energy-related applications. Table 1 summa-
rizes recent adsorbents for CV removal, contextualizing the
superior performance of SAC within current literature.

2 Materials and methods
2.1 Chemicals and reagents

Frankincense was purchased from Kush Aroma Exports in
Kannauj, India. Merck (Darmstadt, Germany) furnished crystal
violet, 37% hydrochloric acid, acid (H2SO4), base (NaOH), and
distilled water. The samples were analysed using a Thermo
Fisher Scientic Evolution 350 UV-Vis Spectrophotometer. The
American Type Culture Collection (Manassas, VA, USA)
provided HepG2 human hepatocellular carcinoma cells (ATCC®
HB-8065™) for biological safety testing. Sigma-Aldrich supplied
Dulbecco's Modied Eagle Medium (DMEM), fetal bovine
Table 1 Adsorbents for CV removal reported in earlier open literature s

Adsorbent pH
Adsorbent mas
(g L−1)

SAC 8.00 0.075
Bentonite-alginate composite 8.00 0.50
Sodium dodecyl sulfate (SDS) 8.00 0.20
Charred rice husk (CRH) 10.00 0.025
Xanthate rice husk (XRH) 10.00 0.025
TLAC/Chitosan composite 9.00 0.40
Fr-fMWCNT-Fe3O4 6 0.05
Fr-fMWCNT 6 0.04

44374 | RSC Adv., 2025, 15, 44373–44391
serum (FBS), penicillin-streptomycin solution, and 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
reagent. Gibco provided phosphate-buffered saline (PBS) and
a trypsin-EDTA solution.

2.2 Preparation of sulfuric acid-functionalized activated
carbon derived from frankincense powder

Two grams of frankincense powder was rst mixed with 1 mL of
concentrated sulfuric acid. The mixture was then calcined in
a muffle furnace at a high temperature of 800 °C for a xed
period of 30 minutes. Aer calcination, the resulting material
was washed repeatedly with distilled water until the pH reached
nearly 7 to remove residual acid and impurities. Aer washing,
the sample is typically ltered or centrifuged to separate the
solids before drying. The washed SAC was dried at 100 °C. The
resulting SAC is ground to a ner consistency for better
uniformity and performance. To achieve reproducibility, we
used consistent amounts of frankincense and acid, xed the
experimental conditions such as temperature/time for calcina-
tion, and washed the samples to conrm the reproducibility of
the SAC batches (Fig. 1). In addition to batch preparation,
monitoring key factors such as the temperature homogeneity of
the material used with the acid inside the furnace is essential.
Every batch of characterization data was compared across
batches to assess variation.37–39

2.3 Material characterization

The adsorbent material was characterized using a PANalytical X-
ray diffractometer (Empyrean, Almelo, The Netherlands) with
Cu-Ka radiation (wavelength of 0.154 nm, I = 35 mA, scanning
rate of 8° min−1, V= 40 kV). The crystallinity and structure were
determined by scanning from 5° to 80° (2q) at 8° min−1. The
functional groups were analysed using FTIR spectroscopy with
a Bruker Vertex 70 spectrometer using the KBr pellet procedure
(Berlin, Germany). To detect chemical bonding on the sample
surface, measurements were taken between 400 and 4000 cm−1.
The SCVs' morphology was examined using eld-emission
scanning electron microscopy (FESEM) on a ZEISS Sigma 500
VP system (Jena, Germany). This high-resolution microscope
obtains full views of surface patterns and topography,
producing in clear, high-contrast images suitable for analyzing
the SCV's microstructure. The CV concentrations were deter-
mined with a SHIMADZU UV-2600 UV-VIS spectrophotometer
tudies

s Equilibrium
time

qmax (mg g−1)
for CV Reference

60 min 638.51 This work
— 601.93 31
60 min — 32
60 min 62.85 33

90.02 34
40 min 500 35
25 min 500 36
30 min 439 36

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of the process for preparing activated carbon from frankincense.
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(Kyoto City, Japan). The pH of the solution was measured with
an automatic surface pH meter (Adwa-AD1030, Szeged, Hun-
gary). Nitrogen adsorption–desorption isotherms were calcu-
lated using a TriStar 3020 system (Micromeritics, Norcross, GA,
USA), including the Brunauer–Emmett–Teller surface area, pore
volume, and pore diameter.
2.4 Adsorption study

Adsorption studies were performed using equipment speci-
cally developed for a series of room temperature trials. A
1000 mg L−1 CV standard solution was used to generate a cali-
bration curve spanning values ranging from 5 to 500 mg L−1.
The adsorption experiment consisted of pouring a 100 mg L−1

CV solution in 50 mL Falcon tubes and adding 0.05 g of SAC. A
Metrohm 751 Titrino was used to measure the pH of the solu-
tions aer they had been adjusted to 3, 5, 7, 8, and 10 using
0.1 N NaOH or HCl. To achieve equilibrium, the tubes were
shaken for 24 hours at 250 rpm using an orbital agitator (SO330-
Pro). Aer this stage, ltration was done with a 0.22 mm Milli-
pore nylon syringe lter.

A UV-visible spectrophotometer was used to measure the CV
concentration at 587 nm before and aer adsorption.40 The
following calculations were used to calculate the percentages of
clearance and amount of CV adsorbed (Qe):

Qe ¼ ðCo � CtÞV
W

(1)

Removal percentðRÞ ¼ Co � Ct

Co

� 100 (2)

where W is the adsorbent's mass in grams (g), V is the CV
solution's volume in liters (L), Qe is the amount of CV adsorbed
per gram (mg g−1), Co is the initial CV concentration (mg L−1),
and Ct is the CV concentration aer adsorption at time t (mg
L−1). A constant CV concentration of 100 mg L−1 was utilised to
evaluate various amounts of SAC (range from 0.05 g to 0.20 g) to
investigate the effect of adsorbent dose. The nal pH of each
solution was measured aer the adsorption process.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Furthermore, using a constant adsorbent mass of 0.075 g
and an optimal pH of 8, the effects of various CV concentrations
(ranging from 5 mg L−1 to 500 mg L−1) were examined.
Adsorption data were analysed with two-, three-, and four-
parameter isotherm models. Finally, four different tempera-
tures (25 °C, 35 °C, 45 °C, and 55 °C) were used to evaluate the
effect of temperature on adsorption and calculate thermody-
namic parameters. Pseudo-rst-order (PFO) is one of the
models used to explore the adsorption kinetics of CV on
synthetically activated carbon. Pseudo-second-order (PSO),41

intraparticle diffusion42 and Avrami43 at various time points
from 0–240 minutes. These models were evaluated at different
intervals ranging from 0 to 240 minutes. The best-t model for
adsorption was determined by error function analysis.44 The
effects of water type on SAC treatment of CV dye-contaminated
raw water samples were investigated. Four different types of
water were tested: distilled water (D.W.), tap water (T.W.), raw
groundwater (G.W.), and secondary treated wastewater (effluent
from a municipal treatment plant aer biological processes,
which typically removes organic matter but may contain di-
ssolved ions and nutrients). In each experiment, 0.07 g of SAC
was combined with 100 mL of water containing 5 ppm CV and
stirred at pH 8 for 2 hours. We utilised a UV-Vis spectropho-
tometer to measure residual CV concentrations.
2.5 Working electrode preparation and electrochemical
methanol oxidation using the spent SAC

Following adsorption, the unused SAC powder was collected,
washed, and dried at 80 °C for 24 hours. A graphite sheet
electrode (GS) proved to be the most effective working electrode
modication for methanol oxidation. A slurry of 5 mg of waste
SAC88 in 400 mL of isopropanol and 15 mL of 5%Naon solution
was sonicated for 30 minutes at room temperature. The GS
electrodes received 10 mL of the sonicated solution. The elec-
trode surface was then dried for another 30 minutes at 60 °C.

The electrocatalytic activity of SAC and SAC/CV was
measured using a potentiostat/galvanostat (AUTOLAB PGSTAT
RSC Adv., 2025, 15, 44373–44391 | 44375
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302 N, Metrohm, Herisau, Switzerland) and NOVA 1.11 so-
ware. A standard three-compartment glass cell was employed at
room temperature, with a Pt wire counter electrode, a GS, and
an Ag/AgCl reference electrode. The electrocatalytic activity of
the produced electrodes was tested using a 1 M NaOH electro-
lyte solution with and without methanol. The cyclic voltam-
metry experiments were conducted at scanning rates ranging
from 10 mV s−1 to 100 mV s−1 in the potential range of 0 to
0.90 V. CA measurements took 3600 seconds at 0.6 V.

2.6 Box–Behnken design

The Box–Behnken design (BBD) methodology is a methodical
and successful approach to experimental design, ensuring
a comprehensive understanding of the expected response.45–47

This method emphasizes the importance of important inde-
pendent parameters, such as pH, contact time, initial concen-
tration, and adsorbent dosage, in maximizing the anticipated
reaction.48 This study includes adsorption experiments created
inside the BBD framework, using the extensive statistical
capabilities of Design Expert (Stat-Ease, Version 13).48,49 Table 2
displays a dataset containing the factor levels under consider-
ation, as well as their associated coded values. The basic idea
behind this method is to employ a second-degree polynomial
model, as shown in eqn (3), to accurately reect the relationship
between independent elements and the dependent response.

Y ð% of CV reductionÞ ¼ bO þ
Xk

i

biXi þ
Xk

ii

biiX
2
i

þ
Xk

ij

bijXiXj (3)

In this scenario, Xi and Xj indicate the variables being
researched, while Y represents the expected result, which in this
case is the CV domain. The observed elimination process was
the product of twenty-nine systematic designed trials. The
foundation for the CV removal trials was built by accurately
measuring a predetermined amount of activated carbon and
properly mixing it with 100 mL of CV solution.

Response surface methodology (RSM) is a legitimate statis-
tical technique for determining the greatest possible combina-
tion of various elements to yield the best possible experimental
results. The Box–Behnken design (BBD) methodology differs
from the other RSM methods. In four-factor fractional factorial
designs, BBD uses exact mathematical models to nd rst- and
second-order interactions.46–50 This methodology is presented
by a case study in which the adsorption efficiency is optimised
in terms of pH, starting concentration, adsorbent dosage, and
Table 2 Actual variables, corresponding codes, and their BBD levels

Independent
variables Code

Low level
(−1)

Centre level
(0)

High level
(+1)

Initial concentration A 5.00 252.50 500.00
Time of contact B 10.00 245.00 480.00
Adsorbent dosage C 0.05 0.13 0.200
pH D 3.00 6.50 10.00

44376 | RSC Adv., 2025, 15, 44373–44391
contact time. The experimental technique consists of three
phases: zero, positive, and negative. RSM provides a rigorous
framework for picking the best results, allowing scientists to
optimize process efficiency and adjust the experimental
circumstances.49
2.7 Assessment of the greenness prole of the method

Several aspects inuence environmentally conscious analytical
procedures, including the amount and toxicity of chemicals
used, waste generation, energy consumption, the number of
procedural stages, as well as their degree of automation and
minimization. To comprehensively evaluate the sustainability
and greenness prole of our proposed strategy, multiple
assessment methodologies were employed, including the
National Environmental Methods Index (NEMI), Analytical
Greenness Prole (AGP), and the modied Green Analytical
Procedure Index (Mo GAPI). The Analytical Greenness Calcu-
lator (AGREE) and the Analytical Eco-scale were also utilized to
quantify greenness. The Eco-scale score, the rst technique
presented, assigns penalty points based on factors such as
power consumption, waste, reagents, and toxicity. Aer
accounting for these, the total penalty points, subtracted from
a perfect score of 100, provide a quantitative measure of the
method's greenness. AGREE further complements these by
providing a comprehensive, exible, and straightforward
assessment based on the 12 principles of green analytical
chemistry, yielding an easily interpretable pictogram that visu-
alizes the overall greenness score and the performance in each
criterion.51,52

The newly designed Blue Applicability Grade Index (BAGI)
tool was applied to evaluate the analytical technique's “blue-
ness,” utility, and application. This “blueness” represents
a composite metric reecting the practicality and usability of an
analytical method. BAGI calculates this metric by scoring ten
key operational attributes, including the type of assessment, the
total number of analytes, instrumentation requirements,
sample effectiveness, requirements for sample preparation,
analysis throughput, consumption of reagents and materials,
degree of automation, sample volume, and the concentration
range of analytes. The result is both a numerical score and
a color-coded visual “asteroid” pictogram, which makes the
evaluation of method practicality intuitive and facilitates
comparison across analytical techniques. This tool thus adds
a valuable dimension to the greenness prole by embracing
method applicability and operational feasibility alongside
traditional environmental parameters.53,54
3 Results and discussion
3.1 Characterization of tested materials

3.1.1 Fourier transform infrared (FT-IR) of the tested
materials. Fig. 2a shows the FT-IR spectrum of the sulfuric acid-
functionalized activated carbon derived from the frankincense
powder. This explanation involves analyzing the functional
groups and their corresponding peaks in the spectrum before
the adsorption of crystal violet. SAC contains a porous structure
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FTIR spectra (a) before; (b) after CV dye and (c) XRD pattern of
the SAC and removal on the SAC.
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with surface functional groups, including hydroxyl and carbonyl
groups. The functionalization with sulfuric acid is expected to
introduce sulfonic acid (–SO3H) groups and may modify exist-
ing functional groups.55 Moreover, we expect the transformation
of all frankincense powder precursors into activated carbon, but
this precursor contains natural organic compounds, such as
terpenoids, which may inuence the FTIR spectrum. Common
functional groups in activated carbon, such as O–H stretching,
© 2025 The Author(s). Published by the Royal Society of Chemistry
produce broad peaks at approximately 3200–3600 cm−1, C–H
stretching produces peaks at approximately 2800–3000 cm−1

(sp3 and sp2 hybridized carbons), which indicate residual
aliphatic hydrocarbons, C]O stretching produces a strong
peak at approximately 1650–1750 cm−1, C]C stretching
produces peaks at approximately 1500–1600 cm−1, and C–O
stretching produces peaks at approximately 1000–1300 cm−1.
Owing to functionalization with sulfuric acid, specic peaks
appear due to –SO3H groups, such as S]O stretching, which
produces peaks at approximately 1100–1200 cm−1, and
O]S]O symmetric/asymmetric stretching, which produces
peaks at approximately 1000–1400 cm−1. Interestingly, the
changes in the O–H and C]O regions indicate interactions with
sulfuric acid. In addition, the reduction in the intensity or
disappearance of peaks at approximately 1650–1750 cm−1 is
expected due to the consumption of carbonyl groups during the
functionalization process. The peaks at approximately 1500–
1600 cm−1 indicate aromatic ring structures, which remain
intact or slightly shi. In summary, the FTIR spectrum of the
SAC powder shows characteristic peaks of sulfonic acid groups
at 1000–1400 cm−1, conrming successful functionalization.
The broad O–H stretching bands at 3200–3600 cm−1 indicate
the presence of hydroxyl groups, whereas changes in the C]O
region suggest chemical modications during the functionali-
zation process. The presence of all of these functional groups is
expected to recommend our materials for adsorption applica-
tions, as they improve adsorption capabilities.53 Also, a strong
signal associated with the asymmetric stretching of S]O
appeared at around 1403.83 cm−1. A broad transmission band
at around 1112.45 cm−1 commonly existed in the spectra of the
oxidized carbons and was attributed to stretching of the C–O
group from alcohol, acids, phenols, ethers, and/or ester func-
tional groups. As well as O]S]O bending vibrations may be
observed at approximately 500–700 cm−1 (746.37 cm−1 and
603.56 cm−1). In addition, there are broad peaks at approxi-
mately 3434.47 cm−1 due to stretching vibrations, which are
oen indicative of hydrogen bonding or moisture. Moreover,
C]C stretching vibrations in aromatic rings appear near 1500–
1600 cm−1, and C–H stretching vibrations appear at approxi-
mately 2800–3000 cm−1 (Fig. 2a).

Additionally, Fig. 2b shows the FT-IR spectra of our materials
(SAC) aer removal of the CV dye. It is well known that CV dye is
a cationic organic compound, so that during adsorption, the
functional groups of the dye may interact with the carbon
surface active sites. Aer dye removal, changes in these inter-
actions are observed in the spectrum. Key functional groups will
be identied with characteristic peaks such as a decrease in the
sulfonic acid peak intensity or slight shis, which may indicate
interactions with the CV. In Fig. 1a, the infrared transmission
peak that appeared at 1626.26 cm−1 was attributed to C]O
stretching vibrations of the conjugated hydrocarbon.56–58 We
noted the appearance of dye-related peaks because the residual
dye remained (Fig. 2b), including aromatic rings or tertiary
amines.59–61 With respect to aromatic rings, the characteristic
peaks typically appear in the following regions: aromatic C–H at
approximately 3167.72 cm−1, aromatic C]C at approximately
1632.37 cm−1, and C–H out of plane bending at approximately
RSC Adv., 2025, 15, 44373–44391 | 44377
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675–900 cm−1. C–N stretching (amine groups) appears at
approximately 2081.29 cm−1. Finally, the shis in the hydroxyl
peaks and changes in the broad OH peak and the disappearing
of peaks appearing in 2845.96, 2374.00, 873.60 and 746.37 cm−1

might suggest interactions with the dye molecules.
Fig. 3 (a–c) SEM-EDX and (d) BET analysis of the SAC.

44378 | RSC Adv., 2025, 15, 44373–44391
The analysis of FTIR concerned with the intramolecular H-
bonding among the SAC and CV molecules. The hydrogen
bonding intensity was calculated from the ratio of the absor-
bance bands related to the –OH peak and the C]O peak in SAC
and SAC/CV one wavenumber, respectively, showing
© 2025 The Author(s). Published by the Royal Society of Chemistry
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a signicant increase in the case of the aer adsorption sample
(0.55) compared to that before adsorption (0.44), conrming the
H-bonding interactions between the CV molecules and SCV and
successful adsorbing of CV onto the SAC surface62 (Fig. 2b).

3.1.2 XRD analysis. Fig. 2c shows the crystalline structure
and peaks of the SAC powder. The XRD pattern's large hump/
peak between 20° and 30° (2q) indicates amorphous/
disordered carbon. This demonstrates the presence of acti-
vated carbon compounds. In contrast, strong peaks in the
XRD pattern suggest the existence of crystalline phases. These
peaks could be attributed to residual mineral content or
inorganic contaminants in the original frankincense powder.
Furthermore, this could be due to the injection or synthesis of
crystalline sulfur compounds during the sulfuric acid func-
tionalization process. The steep peak at approximately 26°
(2q) is commonly associated with the (002) reection of
graphitic carbon, indicating graphitic layers with some crys-
tallinity. The sharp peaks at 40°, 50°, and 60° (2q) may indi-
cate the presence of sulfur-based compounds such as sulfates
or other crystalline impurities.59–63
Fig. 4 (a) Point of zero charge (PZC) of the SAC; (b) Effect of solution pH o
efficiency; and (d) effect of water matrix on CV removal efficiency.

© 2025 The Author(s). Published by the Royal Society of Chemistry
3.1.3 Morphology and surface studies (FESEM, EDX, and
BET analysis). Figure 3a and b shows SEM (scanning electron
microscopy) images of the SAC morphologies at various
magnications. The SAC showed folds with a rough surface
and numerous pores, whereas a previous study revealed
pictures of frankincense with a smooth, nonporous surface.64

Porous particles have larger surface areas than nonporous
particles do.65 As a result, it was predicted that the SAC would
result in a larger surface area. The BET results revealed that
the increased surface area of the SAC impacted the rate of
dissolution, which facilitated drug adsorption. Fig. 3c shows
the EDX results for the material's elemental makeup as
analyzed for the SAC.

Fig. 3d depicts the utilization of nitrogen adsorption/
desorption isotherms to determine the SAC's porosity and
surface area. BET surface area was measured as 842.965 m2 g−1.
The IUPAC classies this isotherm as type IV, indicating
a combination of microporous and mesoporous materials.
Aggregates (loose assemblages) of plate-like particles produce
slit-like pores and are linked to an H3 hysteretic loop. Its
n CV removal efficiency; (c) effect of adsorbent dosage on CV removal

RSC Adv., 2025, 15, 44373–44391 | 44379
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mesoporous nature is conrmed by its pore size range of 2–
50 nm, which is extremely favorable for boosting its rate
capability.66–68
Fig. 5 Adsorption kinetic models of synthesized SAC for the removal
of CV molecules.
3.2 Adsorption analysis

3.2.1 Effect of pH. pH affects both the adsorbent's surface
charge and the adsorbate's speciation. Choosing a pH without
justication may mask optimal adsorption conditions or ignore
competitive interactions, as the adsorption efficiency can differ
greatly across pH ranges for various systems.

The interaction of surface charge properties, electrostatic
interactions, and CV pKa values can be used to demonstrate the
effective adsorption of CV onto SACs made from frankincense
powder at the ideal pH of 8. Since electrostatic attraction is
more common at pH 8, the activated carbon surface, which has
a point of zero charge (pHpzc) of 4.00, is negatively charged at
this pH, whichmakes it easier for the positively charged CV ions
(CV+) to adsorb,69 Fig. 4a. The pKa values of CV (5.31 and 8.64)70

indicate that at pH 8, CV primarily exists in its cationic form
(CV+), which is optimal for adsorption on the negatively charged
surface of the SAC.71,72 Protonation causes the surface of SAC to
become positively charged, leading to electrostatic repulsion
between the surface and CV+ ions, limiting adsorption below pH
4.00.73 At higher pH values, protons (H+) and CV+ ions compete
less for surface sites, allowing more CV to adsorb. Adding
oxygen-containing groups (such as –COOH and –OH) increases
the surface area and reactivity of the SAC, producing additional
adsorption sites and enhancing the effective binding of CV via
electrostatic and possibly hydrogen bonding processes.59,74,75 As
a result, favorable electrostatic interactions, the cationic nature
of the dye at this pH, reduced proton competition, and
increased surface reactivity due to sulfuric acid functionaliza-
tion contributed to the best CV adsorption at pH 8. There was
no additional increase in removal efficiency above pH 8, which
plateaued as the pH increased (Fig. 4b).

3.2.2 Effect of adsorbent dose. The adsorbent dosage
affects both the removal efficiency and equilibrium capacity.
Providing a justication for the selected dose aids in deter-
mining whether the system is operating optimally, sub-
optimally, or saturated. The removal efficiency of CV onto SAC
increased with increasing adsorbent dosage until 0.075 g, at
which point no signicant improvement was detected. The
ideal dose is 0.075 g, which provides enough active sites for
maximal dye clearance. Beyond this point, further increases in
adsorbent dose result in surface site saturation, which means
that adding more adsorbent does not signicantly increase the
adsorption capacity because the dye ions are spread across
a broader surface area, diminishing the efficiency per unit mass
(Fig. 4c).59,60,73

3.2.3 Application using real samples. The applicability of
SACs as efficient adsorbents for the treatment of raw water
samples contaminated with CV dye is illustrated in Fig. 4d. The
effect of water type was investigated as a matrix factor in the
removal of CV to evaluate the suitability of the prepared mate-
rial for raw water treatment. SAC exhibited high removal effi-
ciency for the investigated dye contaminants across all tested
44380 | RSC Adv., 2025, 15, 44373–44391
water types, including distilled water, tap water, raw ground-
water, and secondary treated water, at a CV concentration of
5 ppm and the optimum adsorbent dose. These ndings
demonstrate that the material possesses high sensitivity and
selectivity for CV removal, indicating its potential for
commercial-scale applications and its suitability for purifying
various types of raw water samples.

3.2.4 Adsorption kinetics. For the purpose of measuring
kinetic performances, the important of contact time between
the prepared material and the adsorption of CV in an aqueous
solution was assessed in order to better understand equilibrium
adsorption (Fig. 5).

The adsorption process reaches equilibrium in about 60
minutes, with rapid adsorption kinetics observed in the initial 5
to 35 minutes. During this early stage, adsorption is driven by
electrostatic interactions that facilitate the transfer of crystal
violet (CV) molecules to the internal binding sites of the
adsorbent, where many active surface sites are available. As
time progresses beyond 35 minutes, repulsive forces between
CV molecules at the solid–liquid interface and those in the bulk
solution slow their movement toward the fewer remaining
© 2025 The Author(s). Published by the Royal Society of Chemistry
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active sites. Consequently, the adsorption rate decreases until
equilibrium is achieved at around 60 minutes. Aer this point,
diffusion of CV molecules is hindered due to the scarcity of
unoccupied binding sites, resulting in a decline in adsorption
efficacy as interactions between the adsorbent (SAC) and CV
molecules weaken. Therefore, a contact time of one hour is
optimal, as most adsorption occurs quickly within this period
when abundant active sites are accessible. Following this, the
rate gradually diminishes due to site saturation and reduced CV
concentration in the solution. This kinetic behavior highlights
the signicance of surface site availability and electrostatic
interactions in the adsorption mechanism.

To understand the rate-controlling mechanisms, the exper-
imental data were tted with several kinetic models. Interest-
ingly, while multiple models (Pseudo-First-Order, Pseudo-
Second-Order, Mixed-Order, and Avrami) showed high correla-
tion coefficients (R2 > 0.99), the Mixed 1,2-order model provided
the best t based on the lowest error functions. This suggests
that the adsorption process is complex and not governed by
a single mechanism, but rather involves a combination of
physico–chemical interactions. The intraparticle diffusion
model indicated that pore diffusion was not the sole rate-
limiting step. The detailed parameters for all kinetic models
are provided in Table S1 (SI). The t to the Mixed-order model
conrm the high efficiency of SAC for CV removal.76

3.2.5 Effect of temperature and thermodynamic study.
When looking into the relationship between temperature and
adsorption capacity, a direct correlation was found. CV's
adsorption capacity increased with temperature, reaching its
max at higher temperatures. Fig. 6a demonstrates that the
removal % of CV increases with temperature, implying that the
adsorption process is endothermic. The kinetic energy of the
adsorbent and adsorbate increases with temperature, allowing
Fig. 6 (a) Effect of temperature on the adsorption of CV onto the SAC a

© 2025 The Author(s). Published by the Royal Society of Chemistry
dye molecules to overcome the energy barrier and adsorb onto
the SAC surface.

The temperature range used in this investigation was 25–55 °
C. To characterize the thermodynamic parameters of the
adsorption process, the Gibbs free energy change (DG°) was
calculated using the enthalpy (DH°) and entropy (DS°) values
from a plot of ln Kd vs. 1/T (K−1). Fig. 6a and b illustrates how the
van't Hoff eqn (4) was used to calculate the adsorption equi-
librium constant (Kd= (qe/ce)) at different temperatures, thereby
elucidating the adsorption mechanism.

lnKd = DS˚/R − DH˚/RT (4)

where, Kd: the equilibrium constant (L mg−1), R: is the gas rate
constant (8.314 J mol−1 K−1), DH°: the enthalpy change of
adsorption (kJ mol−1), DS°: the entropy of adsorption, and
Gibbs free energy (DG°). Eqn (5) and (6) can be used to compute
the equilibrium constant (Kd) (L mg−1), gas rate constant (R)
(8.314 J mol−1 K−1), enthalpy change of adsorption (kJ mol−1),
entropy of adsorption (DS°), and Gibbs free energy (DG).

DG˚ = −RT lnKd = DH˚ − TDS˚ (5)

lnKd = −DH˚/R (1/T) + DS˚/R (6)

Table S2 shows negative values for DG°, DH°, and DS°,
indicating an exothermic, nonspontaneous adsorption process
for CV.

3.2.6 Adsorption isotherm. The equilibrium adsorption
data were analyzed using various isotherm models to elucidate
the distribution of CV molecules between the liquid and solid
phases. The analysis revealed that the experimental data were
well-described by several two- and three-parameter models, as
shown in Fig. 7. However, a comprehensive error function
nd (b) van't Hoff plot.

RSC Adv., 2025, 15, 44373–44391 | 44381
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Fig. 7 Isotherm models of SAC for the removal of CV.
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analysis (detailed in Table S3 and S4) was conducted to identify
the most appropriate model.

The Fritz–Schlunder (ve-parameter)77 and Redlich–Peterson
(three-parameter) isotherms78 provided the best t to the
experimental data, as indicated by their highest R2 values
(0.999) and the lowest error metrics across all functions. This
indicates a complex adsorption process on a heterogeneous
surface. The maximum adsorption capacity (qmax) derived from
the Langmuir–Freundlich model,79 which also showed an
excellent t, was 638.51 mg g−1, underscoring the superior
performance of the SAC adsorbent compared to many other
materials80 (see Table 1).
3.3 Analysis of response surfaces and experimental design
modeling

3.3.1 Examining statistics. The Box–Behnken Design (BBD)
was employed to systematically optimize the critical parameters
including initial CV concentration (A), contact time (B),
44382 | RSC Adv., 2025, 15, 44373–44391
adsorbent dose (C), and pH (D) for maximizing adsorption
efficiency. The complete experimental design matrix and results
are provided in SI (Table S5). A highly signicant (p < 0.0001)
quadratic model was developed, which exhibited an excellent t
to the experimental data (R2 = 0.9995). The detailed Analysis of
Variance (ANOVA) is summarized in SI (Tables S6–S8). The
model in terms of coded factors is presented in eqn (7), which
allows for direct comparison of the factor effects based on the
magnitude of the coefficients:

R = 81.9 − 25.77A + 25.08B + 5.28C + 14.86D

+ 2.03AD − 13.87A2 − 18.94B2 − 6.58D2 (7)

where A: initial concentration, B: contact time, C: adsorbent
dose, D: pH.

The three-dimensional response surface plots (Fig. 8) visu-
alize the interactive effects of these variables on the CV removal
percentage.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Optimization plots for CV adsorption: (a) removal % vs. initial concentration and contact time, (b) removal % vs. initial concentration and
adsorbent dose, (c) removal % vs. initial concentration and pH, (d) removal % vs. contact time and adsorbent dose, (e) removal % vs. contact time
and pH, and (f) removal % vs. adsorbent dose and pH.
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The interaction between initial CV concentration and
contact time is shown in Fig. 8a. A clear inverse relationship was
observed between concentration and removal efficiency,
attributable to the saturation of nite adsorption sites on the
SAC at higher dye loadings. In contrast, longer contact times
consistently improved efficiency by facilitating greater diffusion
and interaction of CV molecules with the adsorbent surface.

Fig. 8b illustrates the effect of adsorbent dosage and initial
concentration. Higher adsorbent doses provided a greater
abundance of active sites, which signicantly enhanced
removal performance, even at elevated dye concentrations.76,81

The critical role of pH is evident in its interactions with other
factors. Fig. 8c (pH vs. initial concentration) and Fig. 8e (pH vs.
contact time) demonstrate that basic conditions are essential
for high efficiency. As established in Section 3.2.1, at a solution
pH above the point of zero charge (pHpzc = 4.0), the SAC surface
becomes negatively charged, enabling strong electrostatic
attraction with the cationic CVmolecules. The extensive plateau
regions observed in these response surfaces are particularly
advantageous, indicating a robust process where minor uctu-
ations in pH around the optimum will not signicantly
compromise performance.

The interaction between contact time and adsorbent dose
(Fig. 8d) revealed that high efficiency could be achieved with
a minimal dose of 0.05 g and a contact time of 60 minutes,
underscoring the high intrinsic capacity of the SAC material.
Finally, the relationship between adsorbent dose and pH
(Fig. 8f) further conrmed that the optimal adsorption occurred
at a pH of 8 across all tested doses.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Numerical optimization based on the model predicted
a maximum CV removal efficiency of 98.63% under the
following optimal conditions: initial concentration of
80.96 mg L−1, contact time of 247.40 min, adsorbent dose of
0.103 g, and solution pH of 9.36.14,23

3.3.2 Model adequacy checking. The model's high reli-
ability is illustrated in Fig. 9a, where the residual points align in
a straight-line pattern on the normal probability plot, demon-
strating the model's sufficiency. The model's accuracy in
maximizing dye removal efficiency is further supported by
Fig. 9b, which shows the anticipated vs. real values with data
points dispersed randomly around the 45° reference line.
Another essential diagnostic tool for determining whether data
transformation is necessary is the Box–Cox transformation
chart. This approach also provides information on how to select
the optimal power-law transformation by utilizing the lambda
value. As shown in Fig. 9c, the Box–Cox plot displays the con-
verted residuals against the lambda values. It was discovered
that 2.69302 was the optimal lambda for CV removal. Further-
more, as shown in Fig. 9c, the lambda value of the present
model was determined to be 1.81 These ndings suggest that,
without considering the necessity of data transformation, the
current power structure is already optimal. The residual plot
against the data from the experimental run is displayed in
Fig. 9d. The random distribution of the residuals demonstrates
the statistical robustness of the model and its applicability for
predicting CV removal efficiency. The accuracy of the model is
conrmed by the high correlation between the experimental
and projected adsorption capacities in Fig. 9e. In conclusion,
RSC Adv., 2025, 15, 44373–44391 | 44383
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Fig. 9 Shows the normal residual probability (a), definite values versus predicted values (b), Box–Cox plot power transform (c), residual versus
run (d), perturbation of adsorption CV onto activated carbon (for A: initial CV concentration, B: contact time, C: dose, and D: pH), and graphic
optimization of the CV adsorption capability (f).

44384 | RSC Adv., 2025, 15, 44373–44391 © 2025 The Author(s). Published by the Royal Society of Chemistry
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the following conditions were determined to be optimal for CV
adsorption onto activated carbon: a pH of 9.363 for the solution,
an initial concentration of 80.9588 mg L−1, a contact time of
247.402 minutes, and an adsorbent dosage of 0.102958 g. These
ideal conditions are illustrated graphically in Fig. 9f. The
adsorption process was found to be highly effective under these
circumstances, as evidenced by the expected adsorption effi-
ciency of 98.6284%.82,83
3.4 Volarization of spent adsorption in methanol oxidation

Embracing a circular economy approach, the CV-laden spent
adsorbent (SAC/CV) was repurposed as an electrocatalyst for the
methanol oxidation reaction (MOR), a critical anodic process in
direct methanol fuel cells (DMFCs).

3.4.1 Electrocatalytic performance and mechanism. In an
alkaline DMFC, the overall goal of the MOR is the complete
oxidation of methanol to carbonate, facilitating electricity
generation. The intended overall reaction is illustrated in eqn 8:

CH3OH + 8OH− / CO3
2− + 6H2O + 6e− (8)

This process typically proceeds through a complex mecha-
nism involving multiple electron transfers and adsorbed inter-
mediates (e.g., CO), which can poison the catalyst surface. The
electrocatalytic activity of the SAC and spent SAC/CV electrodes
was evaluated using cyclic voltammetry. Fig. 10a and b depicts
the cyclic voltammograms at a xed scan rate of 50 mV s−1 with
varying methanol concentrations (0.5–2.0 M). The current
density increased with methanol concentration up to 1.5 M,
Fig. 10 Electrocatalytic evaluation for methanol oxidation: cyclic vol
concentrations (0–2 M) at 50mV s−1. Scan rate dependence for (c) SAC a
SAC/CV electrodes at the optimal methanol concentration.

© 2025 The Author(s). Published by the Royal Society of Chemistry
beyond which it plateaued, indicating saturation or the onset of
catalyst poisoning by intermediate species.84

3.4.2 Electrochemical kinetics and stability. The electro-
chemical kinetics were further investigated by analyzing the
scan rate dependence. Fig. 10c and d shows the cyclic voltam-
metric curves for SAC and SAC/CV electrodes at scan rates from
10 to 100 mV s−1. The linear increase in peak current density
with the square root of the scan rate (not shown) suggested
a diffusion-controlled process. A comparison of the electrodes
at the optimal methanol concentration (Fig. 10 e) revealed that
the pristine SAC achieved a superior peak current density of
22.40 mA cm−2, compared to 20.55 mA cm−2 for the spent SAC/
CV. This decrease is likely due to the partial blockage of active
sites by adsorbed CV molecules. Chronoamperometry studies
conrmed a gradual current decay over 3600 seconds, which is
characteristic of MOR catalysts undergoing progressive
poisoning by reaction intermediates.

3.5 Greenness and applicability assessment

The environmental sustainability and practical applicability of
the proposed SAC-based adsorption method were evaluated
using a suite of quantitative green chemistry metrics.85–87 The
assessment employed the Analytical Eco-Scale, the AGREE
calculator87 (based on the 12 principles of green analytical
chemistry), and the Blue Applicability Grade Index (BAGI).

The results, consolidated in Fig. 11, demonstrate that the
process is both environmentally friendly and practically viable.
The method achieved an excellent Analytical Eco-Scale score of
90 out of 100 (Table 3), indicating minimal environmental
tammetric curves for (a) SAC and (b) SAC/CV at varying methanol
nd (d) SAC/CV from 10 to 100mV s−1. (e) Direct comparison of SAC and

RSC Adv., 2025, 15, 44373–44391 | 44385

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra07463k


Fig. 11 Integrated green chemistry and applicability profile. The assessment shows (a) an AGREE score of 0.84, indicating excellent greenness;
(b) a BAGI score of 70, reflecting high practical applicability; and (c) an Analytical Eco-Scale score of 90/100, confirming a low environmental
impact.

Table 3 Shows the penalty points (PPs) of the suggested method on
the basis of the analytical eco-scale

Analytical eco-scale

Reagents Methanol 1
Sulphuric acid 3
Sodium hydroxide 2

Instruments Oven 2
UV-VIS spectrometry 0
XRD 2
Total PP 10
Eco-scale 90
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impact. The AGREE assessment yielded a high score of 0.84,
conrming strong adherence to green chemistry principles
across multiple criteria. Furthermore, the BAGI tool awarded
a strong applicability score of 70, highlighting the method's
robustness, cost-effectiveness, and potential for implementa-
tion in routine analysis.

This multi-faceted evaluation conrms that the SAC
adsorption process is not only effective for CV removal but also
44386 | RSC Adv., 2025, 15, 44373–44391
aligns with the principles of green chemistry and demonstrates
high practical utility.
3.6 Cost analysis and economic feasibility

The economic viability of the SAC adsorbent is a critical factor
for its potential scale-up and practical application. A detailed
cost analysis for the production of the sulfuric acid-
functionalized activated carbon was performed. The total
manufacturing cost was calculated to be approximately $0.064
per gram of SAC, conrming its potential as a cost-effective
solution for wastewater treatment. The complete breakdown
of material and energy costs is provided in Table S9.
3.7 Adsorption mechanism

Porous SACs may adsorb organic dyes, including CV cationic
dyes, through several methods including as hydrogen bonding,
p–p stacking, pore diffusion, and electrostatic forces. Fig. 12
displays the most common interactions that lead to CV
adsorption. The SAC's mesoporous structure contains fewer
micropores (average pore width= 3.0 nm) than the CV dye, with
a molecular size of 1.4 nm.88 As a result, the SAC's micropores
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Diagrammatic illustration of the suggested CV dye adsorption mechanism upon SAC.
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andmesopores ll up with CV dye molecules. The observed data
(CV adsorption) show that the CV dye uptake took place in
a basic environment (pH > pHpzc). In this medium, SACs'
Fig. 13 Cell viability in HepG2 cells across increasing sample concentra
1000 mg mL−1 to evaluate the maximum cytotoxic effect for three cond
mean viability (%) and error bars indicate standard deviation. SAC preserv
concentration-dependent cytotoxicity observed in untreated CV, with S

© 2025 The Author(s). Published by the Royal Society of Chemistry
functional groups, or active sites, such as –O− and –COO−

become negatively charged. As a result, positively charged
groups in CV dye molecules can electrostatically interact
tions following 72-hour exposure across a concentration range of 0–
itions: untreated CV, SAC extract, and SAC-treated CV. Bars represent
es high viability across all concentrations and markedly attenuates the
AC-treated CV tracking closely to SAC alone.
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with negatively charged functional groups on the adsorbent
surface. In addition, the H atoms of the O-containing functional
groups on the SAC surface can form hydrogen bonds with the
CV species' N atoms. SAC's hexagonal structure and CV's
benzene rings improve adsorption effectiveness by acting as
electron donors and acceptors through a process called p–p

stacking.89
3.8 Biological safety assessment

3.8.1 Cytotoxicity evaluation using MTT assay. The cyto-
toxic effects of untreated crystal violet (CV), SAC extract, and
SAC-treated CV solutions on HepG2 human hepatocellular
carcinoma cells were systematically evaluated using the MTT
assay over multiple exposure periods. Fig. 13 presents the cell
viability data following 72-hour exposure across a concentration
range of 0–1000 mg mL−1.

Untreated CV solutions demonstrated pronounced
concentration-dependent cytotoxicity against HepG2 cells. At low
concentrations (0–31.25 mg mL−1), cell viability remained rela-
tively high, ranging from 100% at baseline to approximately 85%
at 31.25 mg mL−1. However, a sharp decline in viability was
observed at higher concentrations, with cell viability dropping to
68% at 62.5 mg mL−1, 44% at 125 mg mL−1, and reaching critically
low levels of 19% and 10% at 250 mg mL−1 and 500 mg mL−1,
respectively. At the highest tested concentration (1000 mg mL−1),
cell viability was reduced to approximately 5%, indicating severe
cytotoxic effects. The calculated half-maximal cytotoxic concen-
tration (C50) was determined to be 84.7 mg mL−1.

In contrast to untreated CV, SAC extract demonstrated
excellent biocompatibility across all tested concentrations. Cell
viability remained consistently high, ranging from 98–100% at
low concentrations (0–62.5 mg mL−1) and showing only minimal
decreases at higher concentrations, maintaining 95% viability
at 250 mg mL−1, 93% at 500 mg mL−1, and 90% at 1000 mg mL−1.
The narrow error bars and consistently high viability values
indicate that SAC extract poses minimal cytotoxic risk to human
hepatocellular cells.

Most signicantly, SAC-treated CV solutions exhibited
a cytotoxicity prole nearly identical to that of SAC extract alone,
demonstrating the remarkable detoxication capacity of the
treatment process. Cell viabilities for SAC-treated solutions
closely tracked those of SAC extract across all concentrations:
98% at 15.6 mg mL−1, 96% at 31.25 mg mL−1, 95% at 62.5 mg
mL−1, 93% at 125 mg mL−1, 91% at 250 mg mL−1, 88% at 500 mg
mL−1, and 85% at 1000 mg mL−1. The statistical overlap between
SAC extract and SAC-treated CV viability curves, as evidenced by
overlapping error bars, conrms the effective neutralization of
CV cytotoxicity.

The biological safety assessment reveals critical insights into
both the environmental hazards posed by crystal violet
contamination and the protective efficacy of SAC treatment. The
severe concentration-dependent cytotoxicity observed with
untreated CV solutions underscores the signicant health risks
associated with exposure to this synthetic dye, particularly at
concentrations commonly found in industrial effluents.
44388 | RSC Adv., 2025, 15, 44373–44391
The excellent biocompatibility prole of SAC extract vali-
dates its suitability for water treatment applications. The
minimal cytotoxicity observed even at high concentrations
(1000 mg mL−1) demonstrates that potential leaching of bioac-
tive compounds from the adsorbent poses negligible health
risks. This nding is particularly important for practical appli-
cations where complete adsorbent recovery may be challenging,
as residual SAC particles in treated water would not contribute
to cytotoxic effects.

These ndings have profound implications for environ-
mental remediation and public health protection. The ability of
SAC treatment to transform highly cytotoxic CV solutions into
biocompatible effluents demonstrates its potential for treating
industrial wastewater containing synthetic dyes. The mainte-
nance of cell viability above 85% even at the highest tested
concentrations suggests that SAC-treated water could meet
stringent safety standards for various discharge or reuse
applications.

The dramatic difference in cytotoxicity proles between
untreated and treated solutions (e.g., 10% vs. 88% viability at
500 mg mL−1) quanties the risk reduction achieved through
SAC treatment. This >8-fold improvement in biological safety at
high concentrations demonstrates the critical importance of
implementing effective treatment technologies for dye-
containing effluents.

4 Conclusion

This work shows that Sulphuric acid-functionalized activated
carbon produced from frankincense may effectively remove
crystal violet color from aqueous solutions. The adsorption
process was thoroughly optimised using response surface
methods, demonstrating favorable interactions between dye
molecules, the porous structure, and the adsorbent's surface
functional groups. Kinetic and equilibrium studies provided
insights into the adsorption mechanism, whereas thermody-
namic analysis characterized the nature of the process. The
material showed promising potential for reuse in electrochemical
applications, particularly in methanol oxidation reactions. A
comprehensive green chemistry assessment conrmed the envi-
ronmental sustainability of the approach. These ndings suggest
that this biomass-derived adsorbent offers a viable solution for
wastewater treatment, combining effective contaminant removal
with potential material valorization. Further research could
explore scale-up possibilities and applications in complex
wastewater matrices to enhance practical implementation.
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A. F. Pérez-Cadenas, F. J. Maldonado-Hódar and
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