
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 4

/7
/2

02
6 

8:
45

:3
1 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Eco-friendly adso
aLaboratory of Reaction Engineering, Faculty

University of Sciences and Technology Hou

Ezzouar, 16111 Algiers, Algeria. E-mail: sou
bDepartment of Process Engineering, Facu

Bounaama University of Khemis-Miliana,

Ain-Dea, Algeria
cUniv Rouen Normandie, INSA Rouen Norma

CNRS, Institut CARMeN UMR 6064, 27000

Cite this: RSC Adv., 2025, 15, 38435

Received 28th July 2025
Accepted 22nd September 2025

DOI: 10.1039/d5ra05466d

rsc.li/rsc-advances

© 2025 The Author(s). Published by
rption of a cationic dye using
a chemically modified industrial by-product:
process optimization and modeling

Soumia Bakhta, *a Zahra Sadaoui,a Noreddine Boudechiche,ab Haroun Hafsa,a

Karima Sellamia and Julien Vieillard c

The increasing environmental threat posed by dye-contaminated wastewater, particularly from textile

industries, calls for the development of effective and economically viable treatment solutions. Adsorption

has emerged as a promising method due to its straightforward application, enhanced efficiency, and

economic feasibility. In this study, an industrial by-product from sweet almond oil extraction (sweet

almond, SA) was chemically modified with hydrogen peroxide (H2O2) to produce an innovative

adsorbent material, noted SA-OH, for the removal of Basic Blue 41 (BB41) dye from aqueous solutions.

The SA and SA-OH materials were characterized using scanning electron microscopy/energy-dispersive

spectroscopy (SEM/EDS), Fourier transform infrared spectroscopy (FTIR), and Brunauer–Emmett–Teller

(BET) to investigate their morphological and surface properties. The operational parameters affecting

BB41 removal, including solution pH, adsorbent dosage, and initial dye concentration, were optimized

using central composite design (CCD) within the framework of the response surface methodology (RSM).

Isotherm and kinetic models were applied to describe the biosorption behavior. The results indicated

a substantial improvement in the adsorption capacity of SA-OH compared to untreated SA,

demonstrating the potential of SA-OH as an effective, cost-efficient, and environmentally sustainable

adsorbent for industrial wastewater treatment. To the best of our knowledge, this is the first study

reporting the use of hydrogen peroxide-modified sweet almond waste for BB41 dye removal.
1 Introduction

Environmental pollution caused by dye-contaminated waste-
water, resulting from rapid industrialization and urbanization,
is a global issue.1 Dyes are widely used in industries such as
textiles, printing, plastics, and cosmetics to color products,
leading to the generation of large amounts of colored waste-
water.2 Dyes are primarily categorized into anionic, cationic,
and non-ionic types. Among all the dyes used in various
industries, the textile industry ranks rst in terms of dye
consumption for ber coloration.3 Dyes are chemical
substances that bind to fabrics or surface materials to color
them.4

Treating wastewater from textile and manufacturing indus-
tries is a major challenge for environmental managers, as the
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dyes used are water-soluble and produce highly colored waste-
water, oen with acidic properties, which pose a potential
hazard to the environment.5 Given the environmental and
health concerns related to wastewater effluents, a variety of
conventional treatment technologies for dye removal have been
thoroughly explored. These include adsorption, coagulation,
advanced oxidation, membrane separation, foam otation,
precipitation, ozonation, ion exchange, ltration, solvent
extraction, electrolysis, chemical oxidation, and liquid–liquid
extraction, which are used for the removal of pollutants from
wastewater.6

Among these methods, adsorption is considered one of the
most effective techniques in separation technology, particularly
in wastewater treatment, owing to its signicant advantages,
such as straightforward design, operational simplicity, and
superior separation efficiency relative to other methods.7

Adsorption is a key unit operation in chemical engineering
processes used to separate pollutants from industrial
wastewater.8

In the quest for affordable and readily available low-cost
adsorbents for dye removal from wastewater, a variety of
waste-derived materials have been used.9 These include coconut
shells, rice husks, petroleum by-products, tannin-rich mate-
rials, sawdust, fertilizer waste, y ash, by-products from the
RSC Adv., 2025, 15, 38435–38453 | 38435
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sugar industry, blast furnace slag, chitosan, seafood processing
waste, seaweed and algae, peat moss, scrap tires, fruit waste,
and others.10 The wastes that come from different farming and
forestry operations are called agricultural wastes.11 Using farm
waste as adsorbents for wastewater treatment is low-cost and
the adsorbents are readily available, have a short recovery cycle,
are chemically stable, and do not need much processing, in
addition to being environmentally benign and sustainable.12

Agricultural waste and by-products can be converted into effi-
cient adsorbents because they have holes and a relevant surface
area, which are important for the design of effective adsorbents
for water treatment.13–16 Recently, the high-value utilization of
agricultural wastes has attracted increasing attention, with
several studies reporting the conversion of biomass-derived
precursors into efficient functional materials for water reme-
diation. For instance, catalysts or bioocculants prepared from
agricultural residues, such as Fe–Ni supported biochar17 or bi-
oocculants produced using potato starch wastewater as
a fermentation substrate,18 have shown remarkable efficiency in
pollutant removal, highlighting the growing interest in agri-
cultural waste valorization. Similarly, a lot of research has been
done on developing ways in which industrial waste and by-
products can be used to clean up water and wastewater.14,15

This type of adsorbent is economically viable because the by-
products are easily accessible and require minimal process-
ing.19 Industrial by-products such as sludge, y ash, lignin, blast
furnace slag, and red mud have been utilized as effective
alternative adsorbents to commercial options for removing
contaminants from wastewater.15,16 Kra lignin is an industrial
form of lignin derived from Kra pulp, accounting for approx-
imately 85% of the global lignin production.20 Recent reports
have highlighted Kra lignin as a valuable material for the
decontamination of water and wastewater.16 Sludge is a semi-
solid or slurry by-product generated from various industrial
processes, including water treatment, wastewater treatment,
and on-site sanitation systems,21 and it is frequently used as an
adsorbent to remove pollutants from aqueous solutions.22

Adsorption is a surface technique. The effectiveness of an
adsorbent is determined by its surface chemistry.23 Thus,
enhancing the quality of the adsorbent's surface is crucial to
improve the selectivity and the adsorption capacity.7 Surface
modication can be achieved through various methods,
including both physical and chemical processes.24,25 Chemical
surface modication is preferred for adsorbents as it directly
affects the surface chemistry of the material. This method
enables the transformation of affordable materials from various
precursors into valuable products with signicantly improved
adsorptive capacities.23 Chemical methods involve the applica-
tion of acids, alkalis, or salts to modify the surface functional
groups, while physical processes focus on improving properties
such as density, solubility, and overall structure.23 Chemical
modication can be performed utilizing a range of reagents,
including oxidizing agents such as potassium permanganate
and hydrogen peroxide, and neutral agents such as ZnCl2 and
NaCl, and through metal impregnation with ferric chloride,
cerium, zirconium, hydroxides, carbonates, chromates, or
nitrates, as well as organic agents such as ethanol.26 Oxidizing
38436 | RSC Adv., 2025, 15, 38435–38453
agents increase the presence of oxygen-containing functional
groups on the adsorbents.27

The response surface methodology (RSM) integrates statis-
tical and mathematical techniques to design, enhance, and
optimize processes.28 This approach aids in assessing the
signicance of different process parameters, especially in
contexts characterized by intricate interactions.29 RSM has
found applications across multiple disciplines, such as chem-
istry, physics, biology, and water treatment. The use of dye bi-
osorption via response surface methodology enables the tting
of mathematical models to experimental data, thereby reducing
the number of experiments needed and facilitating the identi-
cation of optimal parameters.30 This method aims to improve
the efficiency of water treatment by optimizing time and cost
expenditures.31 RSM is an effective tool for predicting engi-
neering processes and is widely applied in various design
methodologies, such as Box–Behnken, Doehlert, central
composite design (CCD), and central composite rotatable
designs (CCRD), to optimize and model complex systems.32 The
CCRD method combines factorial points from a full factorial
(2k), axial points (2k), and center points (cp). The total number
of experiments is calculated as N = 2k + 2k + cp, where k
represents the number of factors, and cp is the number of
central point replicates.33 Central composite design (CCD) is an
RSM approach that recommends a series of experiments aimed
at achieving optimization using the minimal number of tests.34

However, in certain cases, the rst-order and quadratic models
developed using RSM may not accurately t the experimental
data.35 Although cubic regression functions are rarely applied to
experimental data, they become crucial when the response
variable is sensitive to changes in the parameters. In such cases,
the interaction between the parameters plays a vital role, and
a third-order model offers a more comprehensive under-
standing of the process's nature.36 Podstawczyk et al. examined
the impact of various operating parameters on Cu2+ removal
within a concentration range of 20–200 mg L−1, biosorbent
doses of 1–10 g L−1, and pH levels between 2 and 5.37 They
modeled these parameters by comparing three experimental
designs: CCD, Box–Behnken design (BBD), and full factorial
design (FFD). The second-order polynomial equation, extended
with additional cubic effects, was utilized as the objective
function. The authors demonstrated that CCD emerged as the
most effective design among the experiments for modeling the
impact of process conditions, based on the correlation coeffi-
cient (R2 = 0.99) and ANOVA (Fisher value of 276 with a p-value
lower than 0). The resulting model was then used to determine
the optimal conditions that maximize biosorption yield, as
indicated by metal removal. The objective of our study was to
valorize an industrial by-product generated during the extrac-
tion of vegetable oil from sweet almond seeds (SA), which was
further modied via surface treatment with hydrogen peroxide.
To the best of our knowledge, the use of this industrial waste as
a precursor for BB41 dye adsorption has not been reported. The
adsorption capacity of the newly developed material, termed SA-
OH, was tested for BB41 removal from aqueous solutions. Given
its potential, SA-OH offers an economically viable alternative to
high-cost biosorbents, thereby providing a promising solution
© 2025 The Author(s). Published by the Royal Society of Chemistry
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for industrial applications. The material was characterized
using scanning electron microscopy coupled with energy-
dispersive spectroscopy (SEM/EDS), Fourier transform infrared
spectroscopy (FTIR), and Brunauer–Emmett–Teller (BET)
surface area analysis. Furthermore, CCD was employed to
optimize operational parameters affecting BB41 removal,
including solution pH, biosorbent dose, and initial BB41
concentration, to achieve optimal performance. Furthermore,
relevant biosorption isotherm and kinetic models were applied
to describe the BB41 biosorption process.

2 Materials and methods
2.1 Chemicals

All chemicals used in this study were of analytical grade and
were used without further purication. Hydrogen peroxide
(H2O2, 30% w/v) (used for the chemical surface modication of
the sweet almond waste) and calcium chloride were supplied by
VWR Chemicals. The cationic dye Basic Blue 41 (BB41) was from
Sigma-Aldrich. Stock solutions of BB41 (1000 mg L−1) were
prepared by dissolving an appropriate amount of the dye in
distilled water and subsequently diluted to the required
concentrations for adsorption experiments. The pH of the
solutions was adjusted using hydrochloric acid (HCl, 0.1 M) or
sodium hydroxide (NaOH, 0.1 M), both sourced from Sigma-
Aldrich.

2.2 Biosorbent preparation

The sweet almond (SA) selected as the raw material for bi-
osorbent preparation was obtained as an agro-industrial by-
product from an Algerian company specializing in aromatic
and medicinal plants and products (AMPP). This company
operates in the production and commercialization of herbal
products, condiment plants, essential oils, vegetable oils, oily
macerates, hydrosols, and various plant-based agri-food goods
on a global scale. The raw biomass was pretreated to ensure
repeatability. First, the material was thoroughly cleansed with
distilled water to remove any surface contaminants. It was then
oven-dried at 50 °C overnight to remove any remaining
Fig. 1 Schematic of the preparation of SA-OH material.

© 2025 The Author(s). Published by the Royal Society of Chemistry
moisture. The dried biomass was subsequently ground using
a mechanical grinder and sieved through a standard mesh to
obtain a uniform particle size fraction of 0.2–0.3 mm. Finally,
the pretreated biosorbent was stored in a desiccator until
further use.
2.3 Preparation of the modied adsorbent (SA-OH)

To introduce hydroxyl (OH) groups onto the biosorbent surface,
a hydroxylation treatment was performed. The biosorbent
sample was dispersed in a solution containing hydrogen
peroxide (30% w/v), sodium hydroxide (2 M), and ultrapure
water (1 : 1 : 5 v/v/v, respectively), and stirred continuously for 4
hours at room temperature (25 °C). The treated biomass was
then ltered, thoroughly rinsed with deionized water, and oven-
dried overnight at 80 °C. The resulting hydroxylated material is
hereaer designated as SA-OH. The preparation steps are
shown schematically in Fig. 1.
2.4 Characterization of the adsorbent

The specic surface area and pore size distribution of SA and
SA-OH were determined from the nitrogen adsorption
isotherms at liquid-nitrogen temperature (77.5 K) using
a Micromeritics ASAP 2020. The pore size distribution was
calculated from the adsorption isotherms based on density
functional theory (DFT). The functional groups present in the
SA and SA-OH were determined using Fourier-transformed
infrared spectroscopy (FTIR). FTIR measurements were
carried out on a Bruker Vertex 60 spectrometer at room
temperature in the wavenumber range of 650–4000 cm−1. Field-
emission scanning electron microscopy (FESEM, Zeiss Ultra
Plus) coupled with energy-dispersive X-ray spectroscopy (EDS)
was employed to investigate the morphology characteristics of
the raw precursor and the SA-OH. The samples were coated with
carbon to ensure sufficient conductivity. In addition, the
elemental chemical composition of the samples was obtained
using an EDS analyzer. Zeta potential was determined using
a Malvern Zetasizer Nano ZS, and the samples were prepared by
dispersing 0.1 g of adsorbents in 10 mL of distilled water.
RSC Adv., 2025, 15, 38435–38453 | 38437
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Table 1 Molecular properties of Basic Blue 41

Molecular formula C20H26N4O6S2

Molecular weight (g mol−1) 482.6
Color index 11 105
Synonyms C.I. Basic Blue 41, 2-[N-ethyl-4-[(6-methoxy-3-methyl-1,3-benzothiazol-3-ium-2-yl)-

diazenyl]anilino]ethanol methyl sulfate

Chemical structure of BB41

Table 2 Experimental factors and their ranges and standard deviations

Parameters Units Factor code

Coded levels and actual values

Low axial
(−a = −1.68)

Low
factorial −1

Central
(0)

High
factorial +1

High axial
(+a = +1.68)

Solution pH — X1 1.997 3.01 4.495 5.98 6.992
Biosorbent dose g L−1 X2 0.989 1.6 2.495 3.39 4
Initial BB41 concentration mg L−1 X3 49.59 201.78 424.995 648.21 800.39
a = (2k)1/4 — — — — — — —
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2.5 Preparation of aqueous BB41 solution

BB41 was supplied by the TEXALG textile unit located in Bab El
Zouar (Algiers, Algeria). A stock solution was prepared by di-
ssolving 1 g of BB41 in 1 L of distilled water. Working solutions
with concentrations ranging from 50 to 800 mg L−1 were ob-
tained by serial dilution of the stock solution. BB41 is an
anionic dye, and its maximum absorption wavelength (lmax) is
610 nm; additional physicochemical properties are reported in
Table 1.
2.6 Batch adsorption experiments

Batch adsorption experiments were conducted to assess the
performance of SA-OH for BB41 removal. The experiments were
performed in 50 mL Erlenmeyer asks containing 25 mL of
BB41 solution at predetermined initial concentrations. The
asks were agitated in an orbital shaker at a constant speed of
250 rpm under room temperature conditions. Aer a dened
contact time, the suspensions were ltered, and the residual
concentration of BB41 in the ltrate was quantied spectro-
photometrically at 610 nm using an Optizen 2120 UV-Vis
spectrophotometer.

The amount of BB41 adsorbed at equilibrium (qe, mg g−1)
and the removal efficiency (%) were calculated according to the
following equations:38,39

qt ¼ ðc0 � ctÞ
m

� V (1)
38438 | RSC Adv., 2025, 15, 38435–38453
Removalð%Þ ¼ ðc0 � ctÞ
c0

� 100 (2)

where C0 represents the initial BB41 concentration (mg L−1), Ct

denotes the BB41 concentration at time t (mg L−1), m is the
mass of the biosorbent (g), and V is the solution volume (L).
2.7 Response surface modeling and experimental design

Response surface methodology (RSM) with a central composite
design (CCD) was applied to optimize BB41 dye removal. Three
factors were studied: solution pH (X1), biosorbent dose (X2), and
initial BB41 concentration (X3). Each factor was evaluated at ve
levels (−a, −1, 0, +1, +a), generating a total of 16 runs (8
factorial, 6 axial, and 2 center points). The design was generated
using JMP 11.0 (SAS Institute).

The coded values (xj) for the process variables were derived
from eqn (3).40

xj ¼ Zj � Zj
0

DZj

(3)

With:

Zj
0 ¼ Zjmax þ Zjmin

2
(4)

DZj ¼ Zjmax � Zjmin

2a
(5)

where xj represents the coded value of variable j, Zj denotes the
actual value, Zj

0 is the value of Zj at the center point of the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Central composite rotatable design matrix with experimental and predicted valuesa

Runs pH
Biosorbent
dose

Initial BB41
concentration

Removal experimental
(%) Y1 (SA)

Removal predicted
(%) Y1 (SA)

Removal experimental
(%) Y2 (SA-OH)

Removal predicted
(%) Y2 (SA-OH)

1 4.495 2.95 49.936 63.3 64.088 90.8 91.79
2 3.1 1 201.8 42.3 42.88 38.5 37.81
3 5.8 1 201.8 69.9 69.614 95.3 94.97
4 3.1 3.9 201.8 60.7 57.77 55.6 52.89
5 5.8 3.9 201.8 64.3 66.90 80.3 83.50
6 4.95 0.89 424.95 35.8 36.58 28.5 31.68
7 1.97 2.95 424.95 33.2 37.09 23.6 28.02
8 4.95 2.95 424.95 69.9 69.45 70.1 69.14
9 4.95 2.95 424.95 69.7 69.455 69.1 69.14
10 6.92 2.95 424.95 66.5 64.10 75.8 73.16
11 4.95 4 424.95 70 71.71 62.5 62.109
12 3.1 1 648.1 16.1 12.29 21.8 17.47
13 5.8 1 648.1 34.3 36.01 38.4 40.98
14 3.1 3.9 648.1 57.3 56.380 65.9 65.10
15 5.8 3.9 648.1 64.3 62.50 61.5 61.06
16 4.95 2.95 800.96 34 35.71 55.9 57.698

a Y1: represents the adsorption efficiency of the raw adsorbent. Y2: represents the adsorption efficiency of the adsorbent aer treatment.
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experimental domain, and DZj is the step size. Here, Zjmax and
Zjmin represent the maximum and the minimum levels of factor
j, respectively.

The correlation of the independent variables and the
response was estimated by a second-order polynomial (eqn (6)),
using the least-squares method, as shown below:41

Y ¼ a0 þ
Xn

i¼1

aixi þ
Xn

i¼1

aiixi
2 þ

Xn�1

i¼1

Xn

j¼iþ1

aijxixj (6)

In this equation, Y represents the predicted response, while
a0, ai, aii, and aij denote the constant, linear, quadratic, and
interaction coefficients, respectively, expressed in terms of the
coded variables xi and xj. Table 2 presents the coded and real
values of the independent variables.

The adequacy of the model was evaluated using analysis of
variance (ANOVA) and lack-of-t testing, while model validation
was performed by comparing predicted and experimental
responses (Table 3).
Fig. 2 FTIR spectra of unmodified SA andmodified SA before and after
adsorption.
3 Results and discussion
3.1 FTIR analysis

The functional groups present on the surface of the different
adsorbents, SA, SA-OH, and SA-OH aer adsorption, were
identied by FTIR analysis. As shown in Fig. 2, absorption
bands at 3400, 2926, 2852, 1735,1662 cm−1, 1240 cm−1,
1158 cm−1 and 1030 cm−1, which correspond to O–H,29

n_as(CH2)37 and n_s(CH2) of aliphatic groups,42 C]O of esters/
acids (hemicellulose/lignin conjugates),32 aromatic C]C of
lignin,43 C–O–C/aryl–O linkages in lignin and polysaccharides,44

n_as(C–O–C) of b-glycosidic linkages in cellulose and C–O
stretching in polysaccharides,33,34 were observed in all three
spectra, with variations in intensity. These bands conrm the
lignocellulosic nature of the material, which is composed of
© 2025 The Author(s). Published by the Royal Society of Chemistry
cellulose, hemicellulose, and lignin. Aer hydrogen peroxide
treatment (SA–OH), the O–H band at 3400 cm−1 intensied,
indicating the formation of new hydroxyl groups.30 The peaks at
2926 and 2852 cm−1 became more prominent due to increased
exposure of aliphatic CH2 groups aer partial delignication.38

A new band appeared around 1635 cm−1, typically assigned to
the bending vibration of adsorbed/bound water (d(H–O–H)),
consistent with the increased hydrophilicity induced by H2O2

oxidation.45 The peak at 1662 cm−1 was signicantly weakened
aer H2O2 treatment, which can be attributed to oxidative
breakdown of lignin structures and reduced aromatic conju-
gation.46 Similarly, the 1240 cm−1 peak, attributed to C–O–C
linkages in polysaccharides (cellulose and hemicellulose),
decreased in intensity, indicating the oxidation of ether bonds
and aryl–O linkages induced by H2O2 treatment.47 Conversely,
the 1158 cm−1 peak, assigned to asymmetric C–O–C stretching
of b-glycosidic linkages in cellulose, increased due to cellulose
RSC Adv., 2025, 15, 38435–38453 | 38439
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Fig. 3 FESEM micrographs illustrating the morphological evolution of sweet almond (SA) biomass before treatment (a–c) and after chemical
treatment (d–f).
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enrichment aer partial delignication and reduced band
overlap upon oxidation.48 Likewise, the 1030 cm−1 band
decreased, likely due to the formation of hydroxyl groups and
rearranged hydrogen bonding, which altered the C–O stretch-
ing.35 These results conrm the structural modications
induced by H2O2 oxidation. Aer BB41 adsorption, the intensity
of the O–H band declined due to interactions between the dye
and hydroxyl groups.31 The peaks at 2926, 2852, 1735, 1240, and
1030 cm−1 were further reduced, conrming chemical interac-
tions between the BB41 molecules and the functional groups on
the SA–OH surface.36 Additionally, the 1158 cm−1 peak (n_as(C–
O–C) of b-glycosidic linkages in cellulose) decreased in inten-
sity, which we attribute to dye–polysaccharide complexation
and hydrogen bonding that reduce the dipole-moment change
of this vibration.49 The 1662 cm−1 peak increased again, likely
due to overlapping contributions from the aromatic rings of
BB41, suggesting p–p stacking interactions between dye mole-
cules and the aromatic domains of the modied adsorbent.50

Additionally, the 1635 cm−1 band increased aer BB41
38440 | RSC Adv., 2025, 15, 38435–38453
adsorption, consistent with stronger bound-water bending
(d(H–O–H)45 and partial overlap with dye aromatic/N–H modes.
Notably, the 1240 cm−1 peak not only diminished further but
also shied slightly to lower wavenumbers, reecting a weak-
ening of the C–O–C peak environment due to strong interac-
tions with the dye molecules.51 Such changes in surface
vibrational modes and adsorption affinities align with previous
reports emphasizing the synergistic role of ionic and organic
species in modifying surface reactivity, as demonstrated by Fu
et al.52
3.2 FESEM/EDS analysis

Field-emission scanning electron microscopy (FESEM) coupled
with energy-dispersive X-ray spectroscopy (EDS) was employed
to investigate the morphology of raw (SA) and treated sweet
almond (SA-OH), together with their elemental chemical
composition. The SEM micrographs of the materials are pre-
sented in Fig. 3. The SEM analysis revealed signicant differ-
ences between untreated biomass and biomass treated with
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Energy-dispersive X-ray fluorescence spectra of SA before (a) and after (b) treatment.
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hydrogen peroxide and sodium hydroxide. Before treatment,
the biomass exhibited a complex, thick brous structure, with
low apparent porosity. Pores were oen blocked by organic
materials such as lignin and hemicellulose, limiting the active
surface area. The texture was primarily uniform, with some
roughness and a well-organized ber structure.53 The structure
was more porous, with larger and deeper cavities, following
treatment, suggesting the partial dissolution of lignocellulosic
components such as hemicellulose and lignin. Thematerial was
characterized by ber fragmentation and ssuring, resulting in
a rougher and more irregular surface. The delignication and
structural degradation induced by NaOH/H2O2 treatment were
consistent with the progressive disorganization of the plant cell
walls, as indicated by the morphological changes shown in
Fig. 3f.54 The oxidative delignication induced by hydrogen
peroxide and the saponication by NaOH, which facilitated the
disintegration of structural polymers and promoted pore
formation, were conrmed by the erosion of supercial
structures.55–59 These modications enhanced the accessibility
of internal surfaces and established a more heterogeneous
texture. This treatment increased the specic surface area by
removing obstructive components and improving access to
Table 4 Elemental composition of sweet almond biomass (SA) before
and after chemical treatment (SA-OH)

Element

Untreated biomass
(SA)

Treated biomass
(SA-OH)

(wt%) (A%) (wt%) (A%)

C 58.38 65.23 48.38 55
O 27.45 23.02 41.23 35.19
N 11.35 10.87 9.80 9.55
S 1.14 0.48 — —
Zn 1.50 0.31 — —
Si 0.09 0.04 — —
Al 0.1 0.05 0.08 0.04
Na — — 0.05 0.03
Mg — — 0.06 0.04
Ca — — 0.36 0.12
P — — 0.05 0.02

© 2025 The Author(s). Published by the Royal Society of Chemistry
active sites, thereby enhancing the material's reactivity and
suitability for applications in adsorption, catalysis, and bio-
based material development.

EDS analysis (Fig. 4 and Table 4) of the raw biomass revealed
a high carbon content (58.38 wt%) and oxygen (27.45 wt%),
which is characteristic of an organic matrix rich in carbon-
based compounds such as cellulose, hemicellulose, and
lignin. Nitrogen (11.3 wt%) was also detected, indicating the
presence of proteins or other nitrogenous compounds. Addi-
tionally, trace amounts of mineral elements such as sulfur
(1.1 wt%), zinc (1.5 wt%), silicon (0.1 wt%), and aluminum
(0.1 wt%) were detected, likely originating from natural mineral
residues or environmental impurities. Aer treatment with
hydrogen peroxide (H2O2) and sodium hydroxide (NaOH),
signicant chemical changes were observed. The oxygen
content increased to 41.2 wt%, indicating enhanced oxidation
and the formation of oxygen-containing functional groups (e.g.,
hydroxyl and carboxyl),58–60 which improve the material's
adsorption potential. At the same time, the carbon content
decreased to 48.38 wt%, suggesting partial degradation of
organic compounds as a result of alkaline treatment. Further-
more, certain mineral elements, such as sulfur and zinc, were
no longer detected aer treatment, while new traces of sodium
(0.05 wt%), magnesium (0.06 wt%), calcium (0.36 wt%), and
phosphorus (0.05 wt%) appeared, originating from the sodium
hydroxide used or other environmental sources. These results
show that the chemical oxidation and chemical modication of
the biomass, while removing certain mineral impurities, could
enhance its properties for specic applications such as
adsorption.

3.3 Textural properties

The characterization results of the adsorbents SA and SA-OH,
with their surface areas, pore sizes, pore volumes, and pore
size distributions, are summarized in Table 5. The BET results
indicate a major structural transformation. The raw biomass
had a low specic surface area (2.62 m2 g−1) and total pore
volume (0.000101 cm3 g−1), indicating a dense and weakly
porous structure.38 Aer treatment, the biomass was signi-
cantly activated, with a specic surface area of 885.51 m2 g−1,
RSC Adv., 2025, 15, 38435–38453 | 38441
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Table 5 Specific surface area (BET), pore volume, pore size, and pore distribution of SA and SA-OH

Adsorbent
SBET
(m2 g−1)

Total pore volume (VT)
(cm3 g−1)

Mean pore diameter
(nm)

Pore distribution (%)
Microporous surface
(m2 g−1)Micropores Mesopores Macropores

SA 2.62 0.000101 28.95 8.14 65 26.54 —
SA-OH 885.61 0.3898 9.44 22 76 2 204.73

Fig. 5 Zeta potential of SA, SA-OH, and SA-OH after BB41 adsorption.

Fig. 6 Adsorption efficiency of BB41 dye onto SA and SA-OH
adsorbents.
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reecting an opening of the porous structure. The total pore
volume rose to 0.3898 cm3 g−1, reecting a signicant increase
in the porosity.58,59 Transformation results from the combined
effects of H2O2, a strong oxidant that removes impurities and
introduces oxygenated functional groups, and NaOH, which
activates the biomass by dissolving lignin and hemicellulose,
thereby facilitating pore expansion.60 BJH analysis marked
a change in the porosity of the biomass following chemical
treatment with H2O2 + NaOH. Before treatment, the raw
biomass was predominantly mesoporous (65.32%) but with
a high proportion of macropores (26.54%), which limited its
adsorption capacity. With only 8.14% micropores and a small
specic surface area, its interaction with gases and liquids was
negligible. Following treatment, the biomass underwent
a major structural reorganization, with a noticeable increase in
micropores (22%) and mesopores (76%), while the proportion
of macropores decreased to 2%, indicating a signicant
expansion and opening of the pore network. The mean pore
diameter, as determined by BJH analysis, decreased from
28.95 nm for SA to 9.44 nm for SA-OH; both values fall within
the mesoporous range dened by the IUPAC classication (2–50
nm). Hydrogen peroxide oxidized contaminants and oxygenated
functional groups, whereas sodium hydroxide degraded lignin
and hemicellulose to form a porous structure. The specic
surface area rose from 2.62 m2 g−1 to 885.51 m2 g−1, while the
microporous surface reached 204.73 m2 g−1. This enhances the
material's adsorption properties. The ndings conrmed the
effective conversion of a dense and weakly porous biomass into
a well-structured material suitable for adsorption
applications.61
38442 | RSC Adv., 2025, 15, 38435–38453
3.4 Zeta potential

The zeta potential is the electrostatic potential at the interface
between the dispersion medium and the uid layer
surrounding a dispersed particle. It is a useful metric for
assessing the surface charge and acidity of adsorbent surfaces,
as well as providing information about their stability and
interaction potential in various environments. The zeta poten-
tial test indicated a marked change in the surface charge of the
biomass aer chemical treatment and cationic dye adsorption
(Fig. 5). The raw biomass (SA) showed a zeta potential of
−20 mV, indicating a distinctly negative charge. The raw
biomass showed limited adsorption capacity for cationic dyes
due to the presence of hydroxyl (–OH) and carboxyl (COO−)
functional groups. Treatment with H2O2 + NaOH shied the
zeta potential to −30 mV, indicating a higher negative charge
density. This change was attributed to oxidation by H2O2, which
introduces carboxyl (COO−), carbonyl (C]O), and phenolic
(OH) groups, and to the action of NaOH, which further activates
these functional sites, thereby strengthening electrostatic
interactions with cations.62 Aer dye adsorption, the zeta
potential rose to −18 mV, showing that negative charges are
partially neutralized by dye molecules attached to the adsorbent
surface. These ndings show that chemical treatment changes
the surface functionalization, surface negative charge density,
and adsorption capacity, making the biomass more effective for
capturing cationic contaminants.61
3.5 BB41 adsorption efficiency of the different adsorbents

A selectivity study was conducted to identify the most effective
adsorbent for the removal of BB41 dye, based on adsorption
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 6 ANOVA and lack of fit test for the response surface quadratic model

Source

Degree of
freedom Sum of squares Mean square F value p value

SA SA-OH SA SA-OH SA SA-OH SA SA-OH SA SA-OH

Regression 9 9 4654.114 7721.05 517.125 857.9 42.82 61.2 0.001 0.001
Residues 6 6 72.451 84.89 12.075 14.015
Total 15 15 4726.565 7805.995
Lack of t 5 5 77.897 80 615 15.579 16.123 25.966 32.246 0.185 0.139
Pure error 1 1 0.6 0.5 0.6 0.5
Total 6 6 78.497 81 115
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performance. Adsorption experiments were conducted using
the adsorbents SA and SA-OH under the following conditions:
adsorbent dose = 3 g L−1, initial BB41 concentration =

20 mg L−1, temperature = 23 °C, contact time = 3 h, and pH
5.95. The corresponding results are presented in Fig. 6. Of the
two materials tested, SA-OH was found to exhibit a signicantly
higher adsorption efficiency, reaching approximately 95% (qe =
11 mg g−1), in contrast to the raw SA, which was observed to
show considerably lower performance (65%, qe = 6.45 mg g−1).
This enhanced adsorption capacity is attributed to the chemical
treatment of SA, which increased the number of active sites and
improved the surface characteristics of the material. Based on
these ndings, both SA and SA-OH were considered for further
optimization studies to evaluate their adsorption potential in
greater detail.
3.6 Experimental design

3.6.1 Analysis of variance. Quadratic mathematical models
are oen insufficient for accurately describing experimental
data. A more reliable model may be required to improve the t
assessment using ANOVA and to compare sources of variation
through the Fisher distribution (Fisher test). This statistical test
is based on the ratio between the error sum of squares and the
regression sum of squares. Accordingly, the signicance of the
regression is assessed by the ratio of the regression mean
square to the residual mean square, which reects the
Fig. 7 Actual and predicted values for BB41 removal by (a) SA and (b) SA

© 2025 The Author(s). Published by the Royal Society of Chemistry
difference between observed and predicted values.63,64 ANOVA
results for the quadratic equations (Table 6) indicate that the
Fisher values for all regressions are high. A high Fisher value
suggests that the quadratic model effectively explains the vari-
ation in BB41 removal. The associated p-value is used to
determine whether the Fisher value is sufficiently large to
demonstrate statistical signicance. A p-value below 5% (i.e.,
a = 0.05, representing a 5% error or 95% condence) indicates
that the model is statistically signicant.65 The computed Fisher
values for the regression models are 42.82 for raw biomass and
61.22 for treated biomass, both exceeding the critical Fisher
value (F9,6 = 3.37). Additionally, the extremely low probability
values (p < 0.001) conrm that the regression models describing
BB41 removal are statistically signicant at a 95% condence
level. Moreover, the lack-of-t test was found to be non-
signicant for both models (p = 0.189 for SA and p = 0.139
for SA-OH), as presented in Table 6. This nding indicates that
the deviations can be attributed to pure experimental error
rather than model inadequacy, conrming that the quadratic
models adequately describe BB41 removal for both adsorbents.

3.6.2 Prediction quality (R2, adjusted R2). Eqn (2) was
employed to visualize the inuence of the experimental
parameters on BB41 removal (Fig. 7). The actual values were
measured through experiments, whereas the predicted values
were calculated using eqn (6). Both the actual and predicted dye
removal values are presented in Fig. 6. The R2 values were 0.98
for SA and 0.99 for SA-OH, with an adjusted R2 of 0.96 for both
-OH.

RSC Adv., 2025, 15, 38435–38453 | 38443
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Table 7 Statistical analysis of coefficients from the cubic modela

Coefficient

Estimate parameter Standard error Student t-value p-value

SA SA-OH SA SA-OH SA SA-OH SA SA-OH

Constant a0 69.96704 69.14449 2.12427 2.39395 31.2 26.0 <0.001* <0.001*
X1 a1 8.157705 13.53104 0.49148 1.13022 9.9 13.8 <0.001* <0.001*
X2 a2 10.09427 9.289364 0.49148 1.13022 12.6 9.1 <0.001* <0.001*
X3 a3 −7.24785 −8.1926 0.49148 1.13022 −8.2 −8.9 <0.001* <0.001*
X1*X2 a12 −4.9 −6.8875 1.09465 1.23577 −3.6 −5.5 0.075* 0.023*
X1*X3 a13 −0.5 −8.1625 1.09465 1.23577 −0.9 −6.1 0.0793 0.006*
X2*X3 a23 7.55 8.6375 1.09465 1.23577 6.3 6.7 0.006* 0.008*
X1*X1 a11 −6.81809 −6.30787 1.30994 1.29962 −6.9 −5.9 0.007* 0.017*
X2*X2 a22 −5.0881 −8.69749 1.30994 1.29962 −5.1 −6.6 0.015* 0.006*
X3*X3 a33 −7.90441 −1.714096 1.30994 1.29962 −6.6 −1.4 0.005* 0.999

a p, probability, * signicant critical Student's t-test = 2.45.
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adsorbents. These results indicate a strong correlation between
the experimental and predicted responses. The results further
suggest that the selected quadratic model effectively predicts
the response variables for the studied parameters.

3.6.3 Principal interaction effects and Student's t-test. To
identify the main effects and interactions between factors,
regression analysis was conducted. The effect of a factor is
dened as the change in response caused by a variation in its
level.66 The regression coefficients, their associated standard
errors, Student's t-values, and their effects are presented in
Tables 3 and 7. The resulting expression was obtained by
inserting the coefficient values from Tables 3 and 6 into eqn (7)
and (8), to give the following expressions:

Y1 = 69.967 + 8.157X1 + 10.094X2 − 7.247X3 − 4.9X1X2

− 0.5X1X3 + 7.55X2X3 − 6.818X1X1

− 5.088X2X2 − 7.904X3X3 (7)

Y2 = 69.144 + 13.531X1 + 9.289X2 − 8.192X3 − 6.887X1X2

− 8.162X1X3 + 8.637X2X3 − 6.307X1X1

− 8.697X2X2 − 1.714096X3X3 (8)

The coefficient sign (±) indicates the direction of the rela-
tionship between the associated effect and its corresponding
response. A positive sign implies that as the value of one effect
increases or decreases, the response follows the same direction.
Conversely, a negative sign denotes that the response moves in
the opposite direction. The absolute coefficients reect the
strength of the relationship. Table 7 provides a summary of the
regression coefficients along with their standard errors,
Student's t-values, and corresponding p-values. The p-values
and Student's t-values are used to assess the signicance of the
model coefficients. A higher Student's t-value corresponds to
a lower p-value, indicating a highly signicant coefficient.67

According to Table 7, the effects of the three parameters on the
adsorption yield of BB41 were found to be signicant (P < 0.001)
for both adsorbents.63,64 It is followed, to a lesser extent, by
second-order interaction effects. Third-order interactions are
not reported in the table, as they are not relevant. For the raw
38444 | RSC Adv., 2025, 15, 38435–38453
biomass (SA), the most inuential factor was identied as X2

(biosorbent dose), followed by X1 (pH) and X3 (initial DB41
concentration). However, for the treated biomass (SA-OH), the
order of inuence changed, with X1 (pH) exerting the greatest
impact, followed by X2 (biosorbent dose) and X3 (initial DB41
concentration), because the absolute Student's t-value was
lower than the critical Student's t-value, with a probability of p <
0.001. The next highly signicant effects (jStudent's t-valuej <
critical Student's t-value with p < 0.08) included the interactions
X1X2, X2X3, X1X1, and X2X2 for both adsorbents. Some effects
were excluded due to their lack of statistical signicance,
including X1X3 and X3X3 for biomass and treated biomass,
respectively.

3.6.4 Optimization of independent parameters. RSM, in
conjunction with CCD, was applied to optimize factors and
visualize response surface characteristics in the experiment via
three-dimensional (3D) response surface plots. The primary
factors and their interactions were effectively identied, facili-
tating a clear evaluation of the impact of independent variables
on the removal percentage.68 The quadratic polynomial model
(eqn (6)) was used to generate the 3D response surface plots for
the measured removal percentage. The three-dimensional
response surface graphs in Fig. 8 illustrate the impact of two
concurrent parameters, with the third parameter maintained at
its central level (X = 0). The 3D response surface plots revealed
clear interactions between the studied variables and BB41
removal efficiency.69–72 Fig. 8(a and b) show the response surface
plot illustrating the interaction between pH and biosorbent
dose for biomass and treated biomass, respectively. The elimi-
nation of BB41 increased signicantly as the pH rose from 3.01
to 6.99, alongside a rise in the biosorbent dosage from 1.8 to
4 mg L−1. At higher pH levels, the biosorbent surface became
negatively charged due to the deprotonation of acidic functional
groups, such as COO− and OH−. The presence of anionic groups
enhanced the electrostatic attraction of cationic BB41 mole-
cules. Elevating the dosage of the biosorbent improved
adsorption by providing more active sites until saturation was
reached. Thus, the adsorption process achieved higher effi-
ciency through stronger electrostatic interactions with BB41
molecules.73,74 Fig. 8(c and d) depict response surface plots for
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Response surface plots (3D) of BB41 removal versus the effects (pH of solution, biosorbent dose, and initial BB41 concentration), where (a,
c, and e) represent untreated biomass, and (b, d, and f) represent treated biomass.
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treated and untreated biomass, respectively. The results show
the impact of pH levels ranging from 3.01 to 6.99, with an initial
BB41 concentration between 200 and 800 mg L−1 and a xed
© 2025 The Author(s). Published by the Royal Society of Chemistry
biosorbent dosage of 2.49. The removal efficacy of BB41 was
observed to increase signicantly with rising pH, reaching
optimal adsorption at higher pH values when the initial BB41
RSC Adv., 2025, 15, 38435–38453 | 38445
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Table 8 Optimal BB41 adsorption conditions, predicted removal efficiencies, prediction standard deviations, and 95% confidence intervals for
SA and SA-OH

Adsorbent pH
Biosorbent dose
(mg L−1)

Initial BB41
concentration (mg L−1)

Predicted removal
(%)

SD
(standard deviation, %) IC 95

SA 5.31 3 339 76 �2.5 [71;81]
SA-OH 6.99 2 202 97 �2.9 [85;97]

Table 9 Equations and parameters of adsorption isotherms39

Isotherm model Equations Parameters of adsorption isotherms

Langmuir
qe ¼ qmaxKLCe

ð1þ KLCeÞ
qmax (mg g−1): maximum adsorption capacity (mg g−1)
KL: Langmuir constant

Freundlich qe = KFCe
1/nF nF: Freundlich constant representing the adsorption intensity

KF (mg(1−n) Ln g−1): Freundlich constant representing the adsorption capacity
Temkin qe = Bln(ATCe) AT (L mg−1): Temkin constant corresponding to the maximum binding energy

B ¼ RT

bT

bt (J mol−1): variation in adsorption energy

Sips
qe ¼ ðqsKsCe

ns Þ
ð1þ KsCe

ns Þ
qs (mg g−1): monolayer adsorption capacity
Ks (L mg−1): Sips constant related to adsorption energy
ns: Sips constant

Redlich– Peterson
qe ¼ KRPCe

ð1þ aRCe
bÞ

KRP (L mg−1): model constant
aR (L mg−1): model constant
b: exponent ranging between 0 and 1

Fig. 9 Representation of the theoretical and experimental adsorption isotherm curves: (a) SA and (b) SA-OH (ma_SA = 3 g L−1, ma_SA-OH) = 2 g
L−1, pH 5.95, T = 25 °C).
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concentration was moderate. This phenomenon was attributed
to the progressive deprotonation of acidic functional groups (–
COOH, –OH) on the biosorbent surface within the studied pH
range, which was favorable for biosorption at low BB41
concentrations. Consequently, the electrostatic interaction
between the negatively charged biosorbent and the cationic
BB41 molecules was strengthened as the surface charge became
less positive and more negative. At high BB41 concentrations,
the removal efficacy of both untreated and treated biomass
declined due to saturation of the available adsorption sites. The
surface plot (Fig. 8(e and f)) illustrates the efficacy of BB41
removal by simultaneously varying the biosorbent dosage (1.6–
38446 | RSC Adv., 2025, 15, 38435–38453
4 g L−1) and the initial BB41 concentration (200–800 mg L−1),
while maintaining a constant pH of 4.49.

The predicted removal efficiency for BB41 was estimated to
be 76% and 97%, for untreated and treated adsorbent, respec-
tively, under optimal conditions, which included a pH of 5.31
and 6.99, a biosorbent dosage of 3 and 2 g L−1, and an initial
BB41 concentration of 339 and 202 mg L−1. The experimental
results obtained under these optimized conditions were
consistent with the theoretical values. The corresponding pre-
dicted standard deviations (2.5% and 2.9%) and 95% con-
dence intervals (71–81% for SA and 85–97% for SA-OH) are
reported in Table 8.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 10 Parameters of adsorption isotherm models for BB41 on both adsorbents

Model Parameters Untreated biomass Treated biomass

qexp (mg g−1) 320.181 656.456
Langmuir qmax (mg g−1) 314 642.848

b (L mg−1) 0.008 0.13
R2 0.94 0.97

Freundlich KF ((mg g−1) (mg L−1)−1/n) 7.623 19.443
n 1.86 1.82
R2 0.90 0.91

Temkin bT (kJ mol−1) 0.281 0.371
B 69.681 92.092
AT (L g−1) 0.134 0.193
R2 0.91 0.94

SIPS qs 335.55 660.55
Ks 0.023 0.029
ns 2.033 1.44
R2 0.996 0.995

Redlich–Peterson KRP 2.772 5.49
aR 3.94 1.225
B 0.709 1.847
R2 0.973 0.981

Table 11 Comparison of the maximum adsorption capacities of the two adsorbents with other adsorbents

Adsorbant Pollutant Preparation method
Specic surface
area (m2 g−1) qm (mg g−1) Experimental conditions Reference

SA BB41 Alkaline hydroxylation 2.62 314 pH = 5.95,
T = 25 °C ma-SA = 3g L−1

Present work

SA-OH BB41 — 885.61 642.828 pH = 5.95,
T = 25 °C ma-SA-OH = 2g L−1

Present work

Zirconium-modied
zeolite (Zr(X)-PCH)

BB41 Clay intercalation and
pillaring method
using metal species,
followed by templating
and calcination

401 346 pH = [7–9],
T = 25 °C mZr(X)-PCH = 8 g L−1

78

Activated carbon from
lamentous algae (AAC)

BB41 Chemical activation
with H3PO4, followed
by carbonization at
650 °C under N2 ow

— 125 pH = 9,
T = room temperature,
mAAC = 1 g L−1

79

Immobilized Yarrowia lipolytica BB41 Calcium alginate
entrapment method

— 160.25 pH = 9, T = 25 °C,
m = 0.25 g L−1

80

Nitric acid-functionalized
rice husk (NT-RH)

Cd Chemical activation
by nitric acid
functionalization

148 48.66 pH = 7, T = 25 °C,
m(NT-RH) = 0.9 g

81
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3.7 Biosorption isotherm

To optimize the adsorbent–adsorbate system for BB41 removal,
the most appropriate correlations must be established to
accurately represent the experimental equilibrium data. The
tting of the experimental adsorption data of BB41 on both
adsorbents to the isotherm models was carried out using the
non-linear regression methodology. Five of the most commonly
applied non-linear models in the literature, namely the two-
parameter models (Langmuir, Freundlich, and Temkin) and
the three-parameter models (Sips and Redlich–Peterson), were
evaluated to describe the adsorption equilibrium isotherms of
BB41 on both adsorbents (Table 9). The parameters of these
© 2025 The Author(s). Published by the Royal Society of Chemistry
models were obtained through non-linear regression of the
adsorption capacity (qe) as a function of the equilibrium
concentration (Ce), as illustrated in Fig. 9. Table 10 presents the
calculated parameter values for the different isotherm models.
Based on the R2 values, the isotherm models were ranked
according to their degree of t as follows: Sips > Redlich–
Peterson > Langmuir > Temkin > Freundlich. It was reported by
Jegan et al. that the Sips isotherm model exhibited the highest
correlation coefficient (R2 = 0.999) for the adsorption of Basic
Blue 41 (BB41) onto biochar derived from groundnut shells,
outperforming other models, including Langmuir, Freundlich,
and Toth.75 Therefore, the Sips model is suggested to represent
RSC Adv., 2025, 15, 38435–38453 | 38447
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Table 12 Equations and parameters of adsorption kinetic models39

Kinetic models Equations Parameters

Pseudo-rst order qt = qe(1 − e−k1t) qe (mg g−1): equilibrium adsorption capacity
k1 (min−1): pseudo-rst-order adsorption rate constant

Pseudo-second order
qt ¼ qe

2k2t

qeðk2tþ 1Þ
qe (mg g−1): equilibrium adsorption capacity
k1 (min−1): pseudo-second-order adsorption rate constant

Intraparticle diffusion qt = kint,it
0.5 + I kint (mg g−1 min−(1/2)): intraparticle diffusion constant

I (mg g−1): boundary layer thickness
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a combination of Langmuir and Freundlich behaviors. At low
concentrations, adsorption takes place as a monolayer on
a homogeneous surface, similar to Langmuir. At higher
concentrations, the process becomes heterogeneous, resem-
bling the Freundlich model, with variable energy sites and
possible interactions between adsorbed molecules.76 It is also
noteworthy that, overall, the other models satisfactorily
described the adsorption equilibrium, even though the Sips
model remained the best t. The maximum adsorption capac-
ities (qmax) estimated from the Langmuir model were 314 mg
g−1 and 642.848 mg g−1 for SA and SA-OH, respectively. The
satisfactory agreement of the experimental data with the Red-
lich–Peterson model indicated its applicability to BB41
adsorption on both adsorbents. This model represents a hybrid
adsorption process, encompassing both homogeneous and
Fig. 10 The pseudo-first-order and pseudo-second-order (a and c) for

38448 | RSC Adv., 2025, 15, 38435–38453
heterogeneous adsorption.77 According to the assumptions of
the Temkin model, the heat of adsorption decreases linearly
with surface coverage, while the binding energy distribution
remains uniform. Moreover, the positive value of the constant
related to the heat of adsorption (bT) indicates that the
adsorption of BB41 on both adsorbents is of a physical nature.39

Based on the tting data of the Freundlich model (Table 10),
the value of the Freundlich constant was greater than one for
both adsorbents. This indicates that adsorption is favorable and
that the adsorption process is primarily physical. Moreover, the
comparison presented in Table 11 clearly shows that the
adsorbents developed in this study exhibit a signicantly higher
adsorption capacity compared to several reported materials,
which highlights their potential as effective and competitive
sorbents for water remediation.
SA and (b and d) SA-OH.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 13 Kinetic parameters of surface reaction models at different temperatures

Adsorbents T (°C)

Pseudo-rst-order Pseudo-second-order Experimental

qe (mg g−1) k1 (min−1) R2 qe (mg g−1) K2 (min−1) R2 qe (mg g−1)

SA-OH 25 5.4 0.47 0.654 10.57 0.8 1 10.3
30 5.401 0.53 0.401 10.34 0.757 1 10.1
45 5.413 0.53 0.707 10.76 0.396 0.998 10.85
65 5.394 0.47 0.738 10.38 0.509 0.999 10.55

SA 25 4.05 0.3 0.550 6.18 0.61 0.99 6.02
30 2.057 0.53 0.2618 5.81 0.296 0.998 5.35
45 2.07 0.20 0.318 5.14 0.612 0.993 5.26
65 3.043 0.13 0.543 5.75 0.66 0.967 5.06

Fig. 11 The intraparticle diffusion model at different temperatures for (a) SA and (b) SA-OH.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 4

/7
/2

02
6 

8:
45

:3
1 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
3.8 Biosorption kinetics

The kinetic study of BB41 biosorption was performed on both
adsorbents, at various initial temperatures, with an initial
concentration of 20 mg L−1, using dosages of 3 g L−1 for raw
biomass and 2 g L−1 for treated biomass. This approach
provided insights into biosorption modeling and enabled the
prediction of the biosorption rate. The pseudo-rst-order,
pseudo-second-order, and intraparticle diffusion models were
applied for the analysis. The equations and parameters of each
Table 14 Kinetic parameters of the intraparticle diffusion model at
different temperatures

Adsorbent

Intraparticle diffusion model

T (°C) Kid (mg g−1 min0.5) C (mg g−1) R2

SA 25 0.322 4.398 0.999
30 0.106 5.116 0.983
45 0.297 4.144 0.969
65 0.203 5.261 0.987

SA-OH 25 0.424 7.86 0.928
30 0.502 7.511 0.978
45 0.717 7.430 0.946
65 0.45 7.962 0.906

© 2025 The Author(s). Published by the Royal Society of Chemistry
kinetic model are presented in Table 12. Fig. 10a–d show the
kinetic analyses using the pseudo-rst-order and pseudo-
second-order models, respectively. The model constants are
presented in Table 13. The pseudo-second-order model is more
suitable for describing the experimental results for both
adsorbents, in the temperature range 25–65 mg L−1, as evi-
denced by high correlation coefficients (R2 > 0.99). This strong
agreement indicates that the adsorption rate is mainly governed
by the availability of active sites on the adsorbent surface.82

Furthermore, the calculated equilibrium biosorption capacities
closely matched the experimental values. According to the
results presented in Table 13, temperature has a notable effect
on the rate constant k2. Specically, this rate constant increases
with temperature, in accordance with the Arrhenius law. The
Weber and Morris model was applied to study the diffusivity of
Basic Blue 41 (BB41) through the particles of both adsorbents. A
linear plot of qt versus t1/2 passing through the origin would
indicate intraparticle diffusion as the sole rate-limiting step.
However, the plots of qt versus t1/2 (Fig. 11) exhibited multi-
linearity, with correlation coefficients (R2) between 0.90 and
0.99, and the lines did not pass through the origin, indicating
a boundary layer effect.39 These results suggest that intraparticle
diffusion is not the sole rate-limiting factor; the adsorption
process may also be inuenced by other mechanisms, including
RSC Adv., 2025, 15, 38435–38453 | 38449
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Fig. 12 BB41 adsorption mechanism onto SA-OH.

Fig. 13 Evolution of the adsorption efficiency of pollutants on
the raw adsorbent and COD as a function ofmass (pH 7.72, teq= 30min,
T = 25 °C).
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lm diffusion. According to the results shown in Table 14, as
the temperature increased from 25 °C to 65 °C, the thickness of
the mass transfer boundary layer remained nearly constant.

3.9 Adsorption mechanism of BB41 onto modied
lignocellulosic biomass

The process of adsorbing the cationic dye Basic Blue 41 (BB41)
onto lignocellulosic biomass modied with H2O2 and NaOH
involves a variety of physicochemical interactions. By chemi-
cally modifying the biomass, reactive oxygen-containing func-
tional groups such as hydroxyl (–OH) and carboxylate (–COO−)
were introduced onto its surface. Fig. 12 illustrates three major
interactions that facilitate the adsorption mechanism. Initially,
electrostatic attraction was observed between the negatively
charged carboxylate groups on the biomass and the positively
charged quaternary ammonium group (N+–CH3) of BB41. This
assumption was supported by the observed increase in zeta
potential aer BB41 adsorption, indicating partial neutraliza-
tion of surface charges by the dye molecules. In addition, FTIR
spectra showed a reduction in the intensity of OH and C]O
bands aer adsorption, conrming the involvement of these
groups in the binding process. Subsequently, hydrogen
bonding occurred between the hydroxyl groups of the biomass
and the electronegative atoms inside the dye's structure. This
interaction is consistent with FTIR changes observed aer
adsorption, which demonstrated that hydroxyl groups were
actively engaged in the binding process. Ultimately, p–p

stacking interactions were identied between the aromatic
rings of the lignin-rich biomass and those of BB41. A similar
mechanism was also reported by other researchers.83 The
Table 15 Physicochemical characteristics of wastewater before and afte

Physico-chemical parameters Wastewate

pH 7.52
COD (mg L−1) (chemical oxygen demand) 400
BOD5 (mg L−1) (biochemical oxygen demand aer 5 days) 250
TSS (mg L−1) (total suspended solids) 132
Nitrates (mg L−1) 45
Chlorides (mg L−1) 546.87

38450 | RSC Adv., 2025, 15, 38435–38453
synergistic effect of these interactions enhances the dye's
binding affinity, resulting in high-performance adsorption
efficiency.

3.10 BB1 desorption study

Detailed results on the recyclability and reusability of the
adsorbent over multiple adsorption–desorption cycles, using
different desorbing agents, are provided in the SI.

3.11 Application to wastewater

Liquid waste was collected from the SEAAL of the Baraki
wastewater treatment plant, the primary facility in Algiers. This
plant is responsible for treating wastewater from urban areas, as
well as industrial and domestic sources from surrounding
communities. Based on these properties, biomass treatment
can be regarded as an eco-friendly and effective adsorbent for
water treatment. To validate the performance of the SA-OH
adsorbent and to evaluate whether adsorption was inuenced
by other pollutants (NO3

− and Cl−), SA-OH was applied to treat
contaminated wastewater. The physicochemical characteristics
of the groundwater are presented in Table 15. Various adsor-
bent dosages of 2 g L−1, 3 g L−1, 4 g L−1, and 7 g L−1 were tested,
while other parameters were kept constant (pH 7.7 and T = 25 °
C). According to the results shown in Fig. 13 and Table 15, the
adsorption efficiency increased with increasing adsorbent
dosage. Specically, the efficiency rose from 48.13% to 80%
r adsorption, and discharge standards

r (before adsorption) Wastewater (aer adsorption) Standard

7 6–8
50 <125
15 <25
22 <30
25 <50

275 <250

© 2025 The Author(s). Published by the Royal Society of Chemistry
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when the mass of the adsorbent was increased from 2 to 7 g L−1.
This trend is clearly illustrated by the decrease in chemical oxygen
demand (COD) levels and the corresponding increase in removal
efficiency. The higher adsorbent dosage provided a greater
number of active sites, thereby enhancing the capture and elimi-
nation of pollutants. Among the dosages tested, 7 g L−1 was
identied as the optimum value, as it achieved the highest
adsorption efficiency and the greatest reduction in COD levels.
With respect to total suspended solids (TSS), a signicant reduc-
tion was observed, decreasing from 132 mg L−1 to 22 mg L−1.
Importantly, this value met the discharge standard of 35 mg L−1,
conrming the effective removal of suspended solids by the
adsorption process. Therefore, SA-OH can be considered a prom-
ising adsorbent for wastewater treatment at an industrial scale.

4 Conclusions

This study aimed to valorize a low-cost and readily available
industrial waste in Algeria by assessing its potential as a bio-
adsorbent for the removal of the cationic dye Basic Blue 41
(BB41) from aqueous solutions. Both raw (SA) and chemically
modied (SA-OH) forms of the biomass were investigated. The
results demonstrated that hydroxylation signicantly enhanced
the adsorption performance, with SA-OH achieving notably higher
removal efficiencies. Process optimization using Response Surface
Methodology (RSM) coupled with Central Composite Design
(CCD) revealed that pH, adsorbent dosage, and initial dye
concentration signicantly inuenced BB41 removal. The
quadraticmodel provided a good t for the experimental data, and
optimal conditions led to predicted removal efficiencies of 76% for
SA and 97% for SA-OH. Equilibrium data were best described by
the Langmuir isotherm model, with maximum adsorption
capacities of 314 mg g−1 for SA and 642.85 mg g−1 for SA-OH.
Kinetic analysis indicated that the adsorption process followed
the pseudo-second-order model, while intraparticle diffusion was
not the rate-limiting step. Overall, this work highlights the
potential of chemically treated agricultural waste as an efficient
and sustainable adsorbent for wastewater treatment applications.
These ndings provide valuable insights for the development of
low-cost materials for environmental remediation. Finally, these
data will be valuable for future research on industrial wastewater
treatment and the development of adsorbents for wastewater
remediation.
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