
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/9
/2

02
6 

1:
36

:0
2 

PM
. 

 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
Development an
aFaculty of Technologie, University of 20 Aoû
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d application of a shrimp shell
waste/FeCl2-FeCl3 composite as an efficient
bioadsorbent for dye removal from textile effluents
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Rachida Zaghdoudi,bf Samar Hadroug,g Ahmed Hichem Hamzaoui,h Leila El-Bassig

and Djihane Slimane Ben Ali *i

This study investigates the preparation and characterization of a bio-based adsorbent derived from shrimp

shells, chemically modified with FeCl2 and FeCl3, for the efficient removal of methylene blue (MB) from

aqueous solutions. This research aims to transform seafood waste into a high-value composite material

for wastewater treatment. Structural and morphological evaluation (XRD, BET, SEM/EDX) confirmed the

successful integration of iron oxides, resulting in increased surface roughness and the presence of iron-

rich active sites. FTIR analysis identified amine and hydroxyl groups as the primary functional groups

responsible for MB binding. Adsorption effects yielded optimal conditions: adsorbent mass of 0.050 g,

initial MB concentration of 150 mg L−1, temperature of 25 °C, and solution pH of 12, with a maximum

monolayer adsorption capacity of 114.47 mg g−1 according to the Langmuir isotherm model. The Elovich

model, suggested adsorption on energetically heterogeneous surfaces, while equilibrium data follow the

Dubinin–Radushkevich isotherm, indicating a predominantly physical adsorption, best described kinetic

data. Thermodynamic analysis further revealed that the process is spontaneous and exothermic. Finally,

process optimization using a Box–Behnken design (BBD) under response surface methodology showed

high model predictability, establishing this composite as a cost-effective and eco-friendly solution for

the remediation of dye-contaminated effluents.
1. Introduction

The global freshwater supply represents less than 1% of the
Earth's total water volume.1,2 Despite its vital importance, the
quality of available water continues to deteriorate, oen irre-
versibly.3 This scarcity is exacerbated by the rapid expansion of
industrial activities, particularly in the textile, paper, and plastic
sectors. These industries consume vast quantities of water and
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discharge effluents containing synthetic dyes, with an esti-
mated global production of 800 000 tons per year. Once released
into the environment, these dyes contaminate groundwater and
surface water, posing signicant risks due to their complex
molecular structures, which make them highly stable and
resistant to biodegradation.4–6

Among these pollutants, methylene blue (MB) is a prominent
cationic dye widely used in the pharmaceutical and textile
industries.7 Despite its moderate toxicity, its presence in water
bodies obstructs light penetration, disrupts aquatic ecosystems,
and poses health risks to humans.8,9 Consequently, developing
effective treatment methods for dye-laden effluents is a critical
priority.

Numerous physical, chemical, and biological methods,
including occulation,10 membrane ltration,11 ozonation,12

and photo-degradation,13,14 have been explored for dye removal,
yet they oen suffer from high operational costs, incomplete
efficiency, or the regeneration of toxic secondary pollutants.15,16

In contrast, adsorption has emerged as one of the most prom-
ising and widely applied methods due to its simplicity, high
efficiency, economic feasibility, and ability to remove even low
concentrations of contaminants.17–19 In recent years, increasing
attention has focused on developing low-cost, environmentally
friendly adsorbents derived from natural or waste materials.
RSC Adv., 2026, 16, 23783–23802 | 23783
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However, textile industrial effluents are complex matrices
containing not only dyes like Methylene Blue but also heavy
metals (Cu, Zn, or Pb), bleaching agents, and various salts.
These components can signicantly alter pH and salinity,
potentially competing with dye molecules for adsorption sites.
This study focuses on a mono-component aqueous system as
a preliminary evaluation of the adsorbent's fundamental
performance.20

In this context, the valorization of seafood waste,21,22 specif-
ically the shells of the red shrimp Aristeus antennatus (Risso,
1816),23,24 presents a promising solution. These shells are rich in
chitin, proteins, and calcium carbonates, which provide func-
tional groups such as hydroxyl (–OH), amino (–NH2), amide
(–CONH–), and carbonyl (C]O).25,26 These groups enable
interactions with methylene blue (MB) through various mech-
anisms, including electrostatic attraction, hydrogen bonding,
p–p interactions, and electron donor–acceptor interactions,
thereby facilitating effective dye binding on the biosorbent
surface.27,28 The synergistic effect of these physicochemical
interactions accounts for the high adsorption capacity and
efficiency of shrimp shells in sustainable dye removal. Conse-
quently, employing shrimp shells as a biosorbent combines
superior adsorption performance, biomass waste valorization,
and operational simplicity, offering a cost-effective and envi-
ronmentally friendly approach to treating colored industrial
effluents.

The novelty of this work lies in the chemical modication of
raw shrimp shells (SSW) using a specic binary mixture of FeCl2
and FeCl3. Unlike standard single-salt treatments, the
combined use of FeCl2/FeCl3 is designed to signicantly
enhance the surface properties, porosity, and chemical affinity
of the waste shells for dye molecules, thereby maximizing
adsorption performance. Similar observations were reported in
previous studies.29,30

This study focuses on the preparation and comprehensive
characterization of SSW/FeCl2-FeCl3 adsorbents. The physico-
chemical properties were analyzed using Fourier Transform
Infrared spectroscopy (FTIR), Scanning Electron Microscopy
coupled with Energy Dispersive X-ray analysis (SEM/EDX), X-ray
Diffraction (XRD), Brunauer–Emmett–Teller (BET) surface area
analysis, laser diffraction particle size and point of zero charge
analysis. Batch adsorption experiments were conducted to
evaluate the inuence of adsorbent dosage, contact time, initial
dye concentration and pH solution. To maximize the removal
efficiency, the process parameters were optimized using
response surface methodology (RSM) based on a Box–Behnken
Design (BBD). This statistical approach was employed to
investigate the interactive effects of the variables and to deter-
mine the optimal conditions for the adsorption process.
Furthermore, adsorption kinetics, equilibrium isotherms, and
thermodynamic parameters were investigated to elucidate the
underlying mechanisms and temperature dependence.

Ultimately, this research aims to demonstrate the feasibility
of SSW/FeCl2-FeCl3 as a high-performance, sustainable, and
low-cost biosorbent, promoting the transition toward a circular
economy through the valorization of bio-waste.
23784 | RSC Adv., 2026, 16, 23783–23802
2. Materials and methods
2.1. Preparation of shrimp shell waste (SSW)

Shrimp shell waste was collected from various restaurants in
the city of Skikda, Algeria. This biomass primarily comprised
the heads, shells, and appendages remaining aer the peeling
process. To remove impurities and dirt, the raw material was
thoroughly washed with cold water. The cleaned shells were
subsequently dried using a combination of solar energy and
oven-drying until a constant weight was achieved. Once
completely dehydrated, the shells were ground into a ne
powder using an electric grinder and passed through a ne-
mesh sieve to ensure particle size uniformity. The resulting
shrimp shell powder (SSP) was stored in airtight containers and
maintained in a cool, dry environment for subsequent use.
2.2. Modication of shrimp shell

The modication of shrimp shells was performed using a co-
precipitation method. 5 g of SSW were introduced into an
aqueous solution containing 2.40 g of FeCl2 and 1.08 g of FeCl3
(molar ratio Fe2+/Fe3+ 3 : 1). The suspension was stirred at 65 °C
to promote the interaction between iron ions and the functional
groups present on the SSW surface. Subsequently, 5 g of NaOH
were added to the mixture to increase the pH and induce the co-
precipitation of iron hydroxides onto the SSW surface. The
resulting suspension was stirred for one hour to ensure
homogeneous deposition of iron species. Finally, the mixture
was washed several times with distilled water and dried at
100 °C to yield the nal adsorbent material.31
2.3. Characterization of adsorbent

Fourier transform infrared spectroscopy (ATR-FTIR, Vertex 80v,
Bruker) in reection mode was employed to identify the func-
tional groups present on the surface of the two materials (SSW
and SSW/FeCl2-FeCl3) before and aer methylene blue (MB)
adsorption. The crystalline structures of the materials were
determined using X-ray diffraction (XRD) with a PANalytical
Empyrean instrument. Scanning electron microscopy coupled
with energy dispersive X-ray spectrometry (SEM/EDX) was per-
formed to examine the surface morphology and elemental
composition of SSW, SSW/FeCl2-FeCl3, and SSW/FeCl2-FeCl3-
MB adsorbents. The specic surface area of the two materials
was determined using the Brunauer–Emmett–Teller (BET)
method with an ANSAP 2020 plus instrument.

The particle size distributions of raw and modied shrimp
shell, and shrimp shell aer adsorption were determined using
a Microtrac S3500 laser diffraction analyzer. To evaluate the
width of these distributions for the materials (SSW, SSW/FeCl2-
FeCl3, and SSW/FeCl2-FeCl3-MB), the SPAN index was calculated
using the following eqn (1):32

SPAN ¼ D90 �D10

D50

(1)

In this context, the characteristic diameters D10, D50, and D90

represent the particle sizes below which 10%, 50%, and 90% of
the cumulative volume distribution are found, respectively.33
© 2026 The Author(s). Published by the Royal Society of Chemistry
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A low SPAN value indicates a homogeneous and narrow distri-
bution, whereas higher values represent polydispersity.34

To determine the point of zero charge (pHpzc) of the studied
material, 0.2 g of SSW/FeCl2-FeCl3 was added to 50 ml of a 0.1 M
of NaCl solution. The initial pH (pHi) of the samples was varied
across a range of 2 to 12 and adjusted using 0.1 MHCl or NaOH.
The resulting suspensions were stirred for 24 h at 400 rpm to
reach equilibrium.

Following the equilibrium period, the nal pH (pHf) of each
solution was measured. The pHpzc is determined by plotting the
change in pH (DpH= pHf – pHi) against the initial pH (pHi); the
point where the curve intersects the x-axis (DpH = 0) represents
the pHpzc.
2.4. Adsorption experiments

Batch adsorption experiments were conducted to evaluate the
adsorption capacity of SSW/FeCl2-FeCl3 for methylene blue
(MB) in a xed volume of 50 ml. Diluted MB solutions were
prepared with initial concentrations ranging from 10 to
150 mg L−1 using a 1 g L−1 stock solution (initial pH ∼6.8).
Adsorbent dose was rst optimized at 0.025, 0.05, 0.10, 0.15,
and 0.2 g under xed conditions: 25 °C, 90 min contact time,
100 mg L−1 initial MB concentration, and 400 rpm agitation.
The optimal dose of 0.05 g was then used for all subsequent
experiments (50 ml volume). For each, 0.05 g of adsorbent was
added to an Erlenmeyer ask containing the MB solution,
sealed with Paralm, and stirred for 90 min at 25 °C and
400 rpm using a thermostatic stirrer.

The inuence of operating parameters was systematically
investigated under optimized conditions (0.050 g dose, 50 ml
volume, 400 rpm), with all tests performed in triplicate (n = 3;
error bars in gures represent mean ± SD). Contact time was
varied from 1 to 90 min at pH ∼6.8, 100 mg L−1 initial MB, and
25 °C (data used to t kinetic models); initial MB concentra-
tion from 10 to 150 mg L−1 at pH ∼6.8, 25 °C, and 90 min (data
used to t isotherm models); pH from 2 to 12 at 100 mg L−1

initial MB, 25 °C, and 90 min; and temperature at 25, 30, 40,
and 50 °C at pH∼6.8, 100 mg L−1 initial MB, and 90 min. Upon
completion of each adsorption test, the suspensions were
centrifuged. The resulting supernatant solution was then
analyzed using a UV-Vis spectrophotometer (PerkinElmer
Lambda 25) to determine the remaining concentration of
methylene blue.

The amount of MB adsorbed by SSW/FeCl2-FeCl3 adsorbent
(qe in mg g−1) and the removal efficiency (% removal) were
calculated using the following equations:35–37

qe ¼ C0 � Ce

m
� V (2)

% removal ¼ C0 � Ce

C0

� 100 (3)

where: C0 (mg L−1) is the initial concentration of MB,
Ce (mg L−1) is the concentration of MB in the equilibrium state,
m (g) is mass of SSW/FeCl2-FeCl3 and V (L) is the volume of MB
solution (containing SSW/FeCl2-FeCl3).
© 2026 The Author(s). Published by the Royal Society of Chemistry
2.5. Box–Behnken design based RSM

Response surface methodology (RSM) is a statistical approach
used to explore and understand how several input variables
simultaneously inuence one or more output responses. By
applying experimental designs, such as Central Composite
(CCD) or Box–Behnken (BBD) designs, this method enables
efficient data collection through fewer experimental runs,
thereby optimizing time and resource usage.38 In this study,
a Box–Behnken design was employed to investigate the inu-
ence of key factors specically pH, temperature, and initial dye
concentration on the decolorization process. Eqn (4) was used
to calculate the required number of experiments (N) for the BBD
model:

N = 2K(K − 1) + C (4)

where K represents the number of independent variables and C
represents the number of center point replicates.39 Based on
these parameters, a total of 17 experiments were determined, as
shown in Table S1. These experimental runs were generated
using three levels for each variable: low (−1), medium (0), and
high (1), as detailed in Table S2. In RSM, a full quadratic
equation is typically employed. The second-order model is
expressed as shown in eqn (5):40

Y ¼ b0 þ
Xn

i¼0

biXi þ
Xn

i¼0

biiXi
2 þ

Xn�1

i¼1

Xn

j¼1þ1

bijXiXj (5)

In this model, Y represents the predicted response (the removal
of MB using SSW/FeCl2-FeCl3), and X denotes the independent
variables. The coefficients b0, bj, bjj, and bij correspond to the
intercept, linear effects, quadratic effects, and interaction
effects, respectively. The variable n represents the number of
coded input variables.41 The regression parameters, including
the correlation coefficient (R2), adjusted R2, F-value (Fisher's
ratio), and p-value (probability value), were determined using
Design-Expert version 13 soware through analysis of variance
(ANOVA) to evaluate the accuracy and suitability of the predic-
tive model. Based on a 95% condence level, the signicance of
the independent variables on the MB adsorption process was
then examined.39,42
2.6. Adsorption kinetic

Adsorption kinetics is crucial for understanding the rate and
mechanism of solute uptake onto an adsorbent surface. Kinetic
modeling provides insights into whether the adsorption process
is governed by chemical reactions, diffusion, or mass transfer
phenomena.43 In this study, non-linear kinetic models namely
the pseudo-rst-order (PFO), pseudo-second-order (PSO), Elo-
vich and intra-particle diffusion (IPD) models were applied to
the experimental data to elucidate the adsorption mechanism
of methylene blue (MB) onto the treated SSW/FeCl2-FeCl3
composite.

2.6.1. Pseudo-rst-order model (PFO). The PFO model,
proposed by Lagergren (1898), assumes that rate of adsorption
is proportional to the number unoccupied sites on the adsor-
bent surface. Its non-linear form is expressed as:44,45
RSC Adv., 2026, 16, 23783–23802 | 23785
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qt = qe(1 − ek1t) (6)

where: qt (mg g−1) and qe (mg g−1) are the adsorption capacities
at time t and at equilibrium, respectively, and k1 (min−1) is the
rate constant for the PFO model. This model is mainly appli-
cable when physical adsorption predominates during the
process.

2.6.2. Pseudo-second-order (PSO). The PSO model (Ho and
McKay, 1999) assumes that chemisorption, involving valence
forces through sharing or exchange of electrons between
adsorbent and adsorbate controls the adsorption rate. The non-
linear form of this model is:44,46

qt ¼ qek2t

1þ k2qet
(7)

where: k2 (g mg−1 min−1) is the PSO rate constant. This model
oen ts well for systems where chemical interactions domi-
nate the adsorption process.

2.6.3. Intra-particle diffusion (IPD) model. The IPD model,
proposed by Weber and Morris (1963), helps to identify the
diffusion mechanism controlling the adsorption process. The
non-linear and linear forms of this model is given by:47,48

qt = Kidt
1/2 + C (8)

where: Kid (mg mg−1 min−1/2) is the intra-particle diffusion rate
constant and C (mg g−1) is the intercept related to the boundary
layer thickness. Analysis of the IPD model helps to determine
whether the adsorption rate is governed primarily by diffusion
within the pores or by lm transport resistance, providing
deeper understanding of the mechanism of the overall
adsorption process.

2.6.4. Elovich model. The Elovich model is widely used to
describe heterogeneous adsorption surfaces. It assumes that
the number of active sites increases exponentially with
adsorption, implying decrease in adsorption rate as surface
coverage increases. The non-linear form is:49,50

qt ¼ 1

b
lnð1þ abtÞ (9)

where: a (mg g−1 min−1) is the initial adsorption rate and b (g
mg−1) is desorption constant related to the extent of surface
coverage and activation energy for chemisorption.
2.7. Adsorption isotherms

To characterize the capacity of this material for MB xation and
to better understand the adsorption mechanism, the experi-
mental data were analyzed using the non-linear equations of
Langmuir (eqn (10)), Freundlich (eqn (12)) and Temkin
(eqn (13)):51–53

qe ¼ qmKLCe

1þ KLCe

(10)

The favorability of the adsorption process was evaluated
using the dimentionless separation factor RL, calculated
according to eqn (11), with the following criteria: RL > 1
23786 | RSC Adv., 2026, 16, 23783–23802
(unfavorable adsorption), RL = 1 (linear adsorption), 0 < RL < 1
(favorable adsorption), RL = 0 (irreversible adsorption).54,55

RL ¼ 1

1þ KLC0

(11)

qe = KFCe
1/n (12)

qe = BT ln(KTCe) (13)

where: qe (mg g−1) is the amount of dye adsorbed at equilib-
rium, qm (mg g−1) is the maximum monolayer adsorption
capacity, Ce (mg L−1) is the equilibrium concentration of MB, KL

(L mg−1) is the Langmuir constant related to adsorption energy,
KF (mg g−1)(L mg−1)1/n is the Freundlich constant indicating
adsorption capacity, n represents adsorption intensity, BT (J
mol−1) is the constant related to the heat of adsorption, and KT

(L mg−1) is the Temkin equilibrium constant.
The Dubinin–Radushkevich (D–R) isotherm is expressed in

its linear form as:

ln qe = ln qmDR − KDR3
2 (14)

where qe (mg g−1) is the amount of adsorbate adsorbed per unit
mass of adsorbent at equilibrium, qmDR (mg g−1) is the theo-
retical D–Rmonolayer saturation capacity, KDR (mol2 kJ−2) is the
D–R isotherm constant, and 3 is the Polanyi potential given by

3 ¼ RT ln
�
1þ 1

Ce

�
. Here, R (8.314 J mol−1 K−1) is the

universal gas constant, T (K) is the absolute temperature, and Ce

(mg L−1) is the equilibrium concentration of the adsorbate.
The mean free energy of adsorption per mole adsorbate

(E, kJ mol−1) is calculated as:56–58

E ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffi
2KDR

p (15)

The value of E provides insight into the adsorption
mechanism:

If E < 8 kJ mol−1, the adsorption is physical (physisorption).
If E > 8 kJ mol−1, the adsorption is chemical (chemisorption).
3. Resultats and discussion
3.1. Adsorbent characterization

FTIR analysis of SSW, SSW/FeCl2-FeCl3, and SSW/FeCl2-FeCl3-
MB materials were performed in the spectral range of 4000–
400 cm−1 to identify the functional groups involved in methy-
lene blue (MB) adsorption and to clarify the interaction mech-
anism between the dye and the adsorbent surface. As shown in
Fig. 1, the FTIR spectrum of SSW exhibits several characteristic
functional groups of shrimp shell biomass. The broad band
centered around 3266.15 cm−1 corresponds to the stretching
vibrations of –OH and N–H groups,59,60 while the peak near
2925.51 cm−1 is attributed to C–H stretching. The signal
observed at approximately 1630.16 cm−1 is assigned to the C]O
vibration of amide I.59 The bands around 1025.54 and
695.71 cm−1 are related to C–N and N–H bending vibrations,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FTIR spectra of SSW and SSW/FeCl2-FeCl3 before and after
adsorption.
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respectively. Additionally, peaks located at 1410.21 and
870.83 cm−1 conrm the presence of carbonate ions (CO3

−2),
typical of aragonite (CaCO3), which are generally detected
within the ranges 1490–1410 cm−1 and 880–860 cm−1.61

Following the modication of SSW with the FeCl2–FeCl3 couple,
a noticeable increase in the intensity of several IR bands was
observed, indicating the formation of new chemical interac-
tions, likely due to the complexation of the support's functional
groups with Fe2+ and Fe3+ ions. These spectral changes reect
a structural reorganization that enhances the density of avail-
able active sites.

Aer the adsorption of methylene blue (MB), signicant
modications in the FTIR spectra of SSW/FeCl2-FeCl3 were
observed, conrming the successful xation of the dye onto the
adsorbent surface (Table 1 and Fig. 1). Specically, the disap-
pearance of the N–H bending vibration at 695.71 cm−1 suggests
that these groups are directly involved in the binding process,
likely through hydrogen bonding with the MB molecules.
Furthermore, the decrease in intensity and the shi of the –OH
and –NH stretching bands (from 3266.15 to 3269.99 cm−1) and
the C]O amide I band (from 1630.16 to 1645.46 cm−1) indicate
that the lone pairs of electrons on the oxygen and nitrogen
Table 1 The prominent peaks of SSW/FeCl2-FeCl3 before and after
adsorption

Functional groups
Before adsorption
(cm−1)

Aer adsorption
(cm−1)

OH–NH stretching 3266.15 3269.99
C–H stretching 2925.51 2920.26
C]O stretching in amide I 1630.16 1645.46
CO3O

2− (calcite) 1410.21 1416.07
C–N bending 1025.54 1030.02
CO3O

2− (calcite)/C–H stretching 870.83 873.13
N–H bending 695.71 —

© 2026 The Author(s). Published by the Royal Society of Chemistry
atoms of the adsorbent are interacting with the cationic struc-
ture of the MB dye. Additionally, the appearance of slight
modications in the 1030 cm−1 region (C–N bending) reects
the presence of the aromatic rings and amine groups inherent
to the methylene blue structure. These spectral changes-shis,
intensity reductions, and disappearances-collectively demon-
strate that the adsorption mechanism is driven by a combina-
tion of electrostatic attractions between the cationic dye and the
negatively charged sites of themodied shrimp shells, as well as
complexation with the iron ions (Fe2+/Fe3+) present on the
surface.62,63

The X-ray diffraction (XRD) patterns demonstrate a signi-
cant structural transformation of raw shrimp shells (SSW)
following modication with a FeCl2/FeCl3 solution. The initial
diffractogram of the raw shrimp shell (Fig. 2) exhibits charac-
teristic sharp peaks at 2q values of approximately 9°, 19°, and
26–30°, reecting a semi-crystalline biological structure
composed of an a-chitin organic matrix and mineral compo-
nents like calcium carbonate (CaCO3). Specically, the well-
ordered crystalline peaks at 9.3° (020 plane) and 19.2° (110
plane) serve as characteristics for a-chitin, while the intense
peak near 29.4° corresponds to the (104) plane of calcite.64–66 In
contrast, the second diffractogram (Fig. 2) reveals radical
changes in the material's surface and internal structure. A
noticeable broadening of peaks and a reduction in intensity
suggest a loss of crystallinity, likely due to partial demineral-
ization or disruption of chitin chains by the iron treatment,
leading to a more amorphous (disordered) state. Furthermore,
the emergence of new, broad humps or peaks at approximately
35.5°, 43°, and 62° indicates the successful functionalization of
the shrimp shell through the formation of iron oxide or
hydroxide phases, specically magnetite (Fe3O4) or maghemite
(g-Fe2O3) nanoparticles, which are essential for applications
such as adsorption or catalysis.67

SEM micrographs of the raw SSW material (Fig. 3) reveal
a compact, heterogeneous, and low-porosity structure
composed of irregular fragments and brils characteristic of the
mineral-organic matrix of shrimp shells, as generally observed
Fig. 2 X-ray diffraction patterns of SSW and SSW/FeCl2-FeCl3.
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Fig. 3 SEM of SSW, SSW/FeCl2-FeCl3, and SSW/FeCl2-FeCl3-MB at different magnifications.
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in untreated biomass.68,69 Aer modication with FeCl2–FeCl3,
the morphology of SSW/FeCl2-FeCl3 becomes rougher, granular,
and amorphous, with the disappearance of the brils visible in
the rawmaterial, indicating a profound disruption of the matrix
and the formation of microporous aggregates associated with
the carbonaceous phases and deposited ferric species.68 The
existence of pores on the surface of the biosorbent was
conrmed by BET analysis. This transformation is consistent
with observations reported in recent work, where chemical
activation of shrimp shell waste leads to more developed,
rougher surfaces that are conducive to adsorption.70 Thus, the
observed evolution conrms that FeCl2–FeCl3 treatment
signicantly improves the material's texture and promotes the
formation of active sites that can optimize adsorption perfor-
mance. The SEM micrographs of SSW/FeCl2-FeCl3 aer methy-
lene blue adsorption (see the corresponding gures) show
a clear modication of the surface topography. The previously
well-dened micropores and sharp granular edges appear
attenuated, forming a more continuous and compact layer. This
change is attributed to the deposition of MB molecules on the
SSW/FeCl2-FeCl3 surface and within its internal pore structure.
These observations are consistent with the FTIR analysis and
conrm that the improved texture and active sites created by the
FeCl2–FeCl3 treatment effectively promote the trapping of
organic pollutants such as methylene blue.

EDX analysis of the SSW (Fig. 4) shows a high oxygen (O) and
carbon (C) content, characteristic of the organo-mineral matrix
of shrimp shells, as well as a signicant proportion of calcium
(Ca) linked to the presence of calcium carbonate (CaCO3),60

a major component of these biomaterials. Aer modication
with FeCl2–FeCl3, the elemental composition of the SSW/FeCl2-
FeCl3 changes signicantly, with a decrease in the proportion of
23788 | RSC Adv., 2026, 16, 23783–23802
C while the Fe fraction increases sharply (24.89 wt%), con-
rming the incorporation and efficient xation of ferric species
on the SSW surface. The slight increase in Cl also indicates the
persistence of chloride anions from the treatment. These results
demonstrate the success of the chemical modication.

Aer methylene blue adsorption, the elemental prole
changes signicantly, providing direct evidence of the dye's
presence. Specically, the appearance of nitrogen (N) at
2.08 wt% with traces of sulfur (S) serves as molecular signature
of the C16H18ClN3S molecule. Furthermore, the carbon content
rises from 7.79% back up to 22.14%, reecting the accumula-
tion of organic dye molecules on the SSW/FeCl2-FeCl3 surface,
while the iron content remains stable at 29.10%, indicating
robust chemical modication with no leaching during treat-
ment. These results collectively demonstrate that the modied
material provides active sites that successfully capture the
cationic dye through surface interactions.

The textural properties of SSW and SSW/FeCl2-FeCl3 were
investigated using nitrogen adsorption–desorption analysis, the
resulting BET parameters are shown in Fig. 5. Both samples
exhibit type IV adsorption–desorption isotherms according to
IUPAC classication, which indicates a predominantly meso-
porous structure.72,73 The BET specic surface area increased
from 5.22 m2 g−1 for the raw material to 24.78 m2 g−1 aer
modication, conrming the development of additional surface
sites.71,74 Similarly, the total pore volume, calculated from the
amount of nitrogen adsorbed at P/P0 = 0.99, increases from
0.019 to 0.097 cm3 g−1. This reects the opening of new pores
induced by the chemical treatment.75 The average pore diameter
(Dp), determined via the BJH method from the desorption
branch, decreased slightly from 20.35 to 15.36 nm while
remaining well within the mesoporous range (2–50 nm).76 These
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 EDX of SSW, SSW/FeCl2-FeCl3, and SSW/FeCl2-FeCl3-MB samples.

Fig. 5 N2 adsorption–desorption isotherm of SSW/FeCl2-FeCl3
sample.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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enhanced textural properties are expected to improve methy-
lene blue (MB) adsorption by facilitating dye diffusion and
increasing the number of accessible active sites. Particle size
distribution analysis revealed signicant variations depending
on chemical modication.

The granulometric parameters obtained by laser diffraction
analysis for raw and modied shrimp shell, and shrimp shell
aer adsorption are summarized in Table 2. This analysis
revealed marked variation in size distribution depending on the
chemical modication applied. Raw SSW exhibits a coarse
distribution with a broad dispersion (SPAN = 2.14), indicating
Table 2 Granulometric parameters of SSW, SSW/FeCl2-FeCl3, and
SSW/FeCl2-FeCl3-MB determined by laser diffraction analysis

Samples D10 (mm) Median (D50) (mm) D90 (mm) SPAN

SSW 66.2 318 746.3 2.14
SSW/FeCl2-FeCl3 186.5 451 907.5 1.6
SSW/FeCl2-FeCl3-MB 92.24 347.3 810.8 2.07

RSC Adv., 2026, 16, 23783–23802 | 23789
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signicant heterogeneity and particle agglomeration. Following
chemical modication, the SPAN decreased signicantly to
1.60, resulting in a more homogeneous distribution attributed
to particle restructuring and the removal of ne fragments
during treatment. However, aer adsorption of MB, the SPAN
increased to 2.07. This suggests particle aggregation and
Fig. 6 Adsorption study of MB onto SSW/FeCl2-FeCl3: (a) point of zero ch
100 mg L−1, and t = 90 min), (c) effect of contact time (T = 25 °C, pH
concentration (T= °C, pH solution,m= 0.050 g, and t= 90min), (e) effec
min), and (f) effect of initial pH (T = 25 °C, m = 0.050 g, C0 = 100 mg L

23790 | RSC Adv., 2026, 16, 23783–23802
a broader size distribution, likely due to the bridging effects of
dye molecules interacting with the functional groups present on
the modied SSW surface.77,78 This increase in SPAN conrms
that the adsorption process signicantly alters the physical
arrangement of the biosorbent particles.
arge (pHpzc), (b) effect of adsorbent dose (T = 25 °C, pH solution, C0 =
solution, C0 = 100 mg L−1, and m = 0.050 g), (d) effect of initial dye
t of temperature (m= 0.050 g, pH solution,C0= 100mg L−1, and t= 90
−1, and t = 90 min) on MB removal by efficiency.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The surface charge of an adsorbent material, which results
from acid-base equilibria, is fundamentally dependent on the
pH and ionic strength of the aqueous solution. This charge can
be positive, negative, or neutral depending on the environ-
mental conditions. Experimental results indicate that the point
of zero charge (pHpzc) for the SSW/FeCl2-FeCl3 is 8.40 (Fig. 6a);
at this specic value, the SSW/FeCl2-FeCl3 surface remains
electrically neutral. When the solution pH is below this value
(pH < 8.40), particularly in a strongly acidic environment, the
oxygenated surface sites of the SSW/FeCl2-FeCl3 become
resulting in a net positive surface charge. Conversely, at pH
levels above the pHpzc (pH > 8.40) in basic media, the dissoci-
ation of hydroxylated functional groups occurs. This deproto-
nation leads to the appearance of negatively charged sites,
causing the overall surface to become negatively charged.
Therefore, the pHpzc serves as critical threshold for under-
standing the electrostatic interactions between the adsorbent
and the target dye molecules.

The modication of shrimp shell waste (SSW) with FeCl2/
FeCl3 leads to the development of a multifunctional composite
with enhanced active sites for methylene blue (MB) adsorption.
The BET analysis conrms a signicant structural improve-
ment, with the specic surface area increasing from 5.22 to
24.78 m2 g−1 and the total pore volume rising from 0.019 to
0.097 cm3 g−1, thereby creating new physical active sites
through mesopore formation. Furthermore, FTIR spectra reveal
that the iron-based modication introduces Lewis acid sites
(iron oxyhydroxides) and shis oxygen-containing functional
groups (–OH, C]O, and CO3

2−). These groups act as chemical
active sites that facilitate MB removal through a combination of
electrostatic attraction (between the cationic dye and negatively
charged surface), complexation/coordination with iron centers,
and hydrogen bonding with the chitinous matrix.
3.2. Effects of experimental conditions on adsorption of MB

The adsorption study of methylene blue onto the SSW/FeCl2-
FeCl3 was carried out under various operating conditions:
optimal mass, contact time, initial concentration, temperature,
and pH.

3.2.1. Effect of adsorbent mass. Based on the information
provided in Fig. 6b, there is a clear relationship between the
adsorbent mass and the dye removal rate. The results indicate
that the percentage of dye removal increases with an increasing
adsorbent mass. This suggests that a greater adsorbent mass
provides a larger number of available adsorption sites, conse-
quently increasing the removal efficiency.79 However, it is
important to note that this relationship reaches a saturation
plateau. At this stage, the active sites on the adsorbent surface
become fully utilized; therefore, adding more adsorbent does
not yield further improvements in dye removal. To optimize the
process, it is crucial to balance the amount of adsorbent used
and the against the desired removal efficiency. Based on the
experiments, a quantity of 0.05 g was selected as the optimal
adsorbent mass, providing a satisfactory yield while minimizing
the amount of SSW/FeCl2-FeCl3 used.
© 2026 The Author(s). Published by the Royal Society of Chemistry
3.2.2. Effect of contact time. The effect of contact time on
the adsorption of BM onto SSW/FeCl2-FeCl3 is illustrated in
Fig. 6c. The adsorption capacity (qe) increased rapidly, reaching
a maximum during the rst few minutes. The rate then slowed
over time until reaching 81.56 mg g−1 at 60 min, beyond which
no signicant change was observed. This adsorption kinetics
behavior is attributed to the initial adsorption of methylene
blue dye onto the external surface of the SSW/FeCl2-FeCl3. Once
the external surface reaches the saturation, the dye molecules
diffuse into the pores of the adsorbent and are subsequently
adsorbed by the internal surface. Although equilibrium was
reached aer approximately 60 min, a contact time of 90 min
was selected for subsequent experiments (pH, initial concen-
tration, adsorbent dose, etc.). This extended contact time
ensures that complete equilibrium is attained under all exper-
imental conditions, minimizing kinetic limitations and allow-
ing for an accurate evaluation of other parameters.

3.2.3. Effect of initial dye concentration. The inuence of
initial methylene blue (MB) concentration on the adsorption
capacity of SSW/FeCl2-FeCl3 was investigated within the range
of 10–150 mg L−1 (Fig. 6d).

As shown, the adsorption capacity increased signicantly
from 7.31 mg g−1 at 10 mg L−1 to 93.36 mg g−1 at 150 mg L−1.
This enhancement in adsorption capacity with increasing dye
concentration can be attributed to the higher driving force of
mass transfer, which facilitates the diffusion of MB molecules
onto the active sites of the adsorbent surface.

At lower initial concentrations (10–20 mg L−1), numerous
active sites are available on the adsorbent surface; however, the
adsorption capacity remains relatively low due to limited dye–
adsorbent interactions. As the concentration increases (40–
100 mg L−1), more MB molecules compete for the available
sites, leading to a sharp rise in qe. Beyond 100 mg L−1, the
increase becomes less pronounced, indicating that the surface
active sites are progressively saturated and that equilibrium
between adsorption and desorption is being reached. These
results demonstrate that the adsorption process is highly
dependent on the initial dye concentration, as it determines the
driving for mass transfer between the aqueous phase and the
adsorbent surface.

3.2.4. Effect of temperature. Based on the results shown in
Fig. 6e, was observed that the adsorption capacity of the SSW/
FeCl2-FeCl3 decreased as the temperature increased from 25 °C
to 50 °C. This indicates that higher temperatures do not favor
the adsorption of methylene blue (MB) onto the surface. The
inverse relationship between temperature and adsorption
capacity suggests that the process is exothermic. Consequently,
the optimal temperature for this study was determined to be
room temperature (25 °C).

3.2.5. Effect of pH. The pH of the solution signicantly
inuences both the surface charge of the absorbent and the
degree of dissociation of the solute. As illustrated in Fig. 6f, the
adsorption capacity increases with increasing pH. This
improvement can be explained by the point of zero charge
(pHpzc = 8.4) of the SSW/FeCl2-FeCl3 composite and the surface
charge of the adsorbent. At very acidic pH, the adsorbent
RSC Adv., 2026, 16, 23783–23802 | 23791
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surface is strongly protonated, which limits electrostatic
attraction and results in low adsorption capacity due to repul-
sion with the cationic MB.80 At pH values between ∼4 and 8.4,
although the surface remains largely positively charged,
adsorption remains high because of non-electrostatic interac-
tions such as hydrogen bonding and p–p interactions between
the dyes aromatic rings and functional groups on the SSW/
FeCl2-FeCl3 surface that facilitate MB uptake. At pH > 8.4, the
surface of the SSW/FeCl2-FeCl3 becomes negatively charged,
which promotes the adsorption of the cationic dye, methylene
blue, through electrostatic attraction.27,80 However, a slight
decrease in adsorption capacity observed around pH10 may be
attributed to competition between MB+ and OH− ions for
adsorption sites.81

At pH12, the adsorption capacity (82.36 mg g−1) increases
again. This behavior may be explained by extensive
Fig. 7 Non-linear (a) adsorption kinetics of PFO, PSO and IPD mode
Freundlich, and Temkin models; (d) linear of D–R isotherm for MB remo

23792 | RSC Adv., 2026, 16, 23783–23802
deprotonation of surface functional groups, including iron
hydroxide groups introduced during the modication process,
which increases the negative surface charge and strengthens
electrostatic attraction toward MB+.82

Therefore, the neutral pH was selected for the subsequent
adsorption experiments because it provides high adsorption
efficiency while representing environmentally relevant condi-
tions for wastewater treatment.

3.3. Kinetics modeling

The parameters for the PFO, PSO, Elovich and IPD models are
summarized in Table S3 and shown in Fig. 7a and b. For the
PFO model, the calculated adsorption capacity (qe,calc =

75.78 mg g−1) was slightly lower than the experimental value
(qe,exp = 81.47 mg g−1), with a determination coefficient (R2) of
0.9478, indicating a moderate t. In contrast, the PSO model
ls; (b) linear IPD kinetic plot; (c) adsorption isotherms of Langmuir,
val onto SSW/FeCl2-FeCl3.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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provided better agreement between experimental and calcu-
lated values (qe,calc = 77.38 mg g−1), achieving a higher corre-
lation coefficient of R2 = 0.9604. This suggests that the
adsorption process follows pseudo-second-order kinetics,
implying that the rate-limiting step involve chemisorption
through valence forces or electron exchange between the
adsorbate and the adsorbent surface. The Elovich model
showed an excellent correlation (R2 = 0.9835), suggesting that
the adsorption surface is highly heterogeneous and involves
multiple types of active sites. The high initial adsorption rate (a
= 2.65 × 107) conrms a rapid xation of dye molecules at the
beginning of the process, followed by a progressive slowdown as
the active sites become saturated. The kinetic mechanisms were
further investigated using the Weber–Morris intraparticle
diffusion (IPD) model. Initially, the non-linear global t of the
IPD model exhibited a low correlation coefficient (R2 = 0.3655),
demonstrating that a single-stage diffusion mechanism cannot
fully describe the adsorption process. To provide a more accu-
rate interpretation, a multi-linear analysis was performed by
plotting qt versus t

1/2 (Fig. 7b). As shown in the multi-linear plot,
the adsorption process proceeds through two distinct stages.
The rst stage corresponds to the external surface adsorption
(lm diffusion), where the dye molecules move from the solu-
tion to the adsorbent surface. The signicant positive intercept
(C = 29.81 mg g−1) indicates that the regression line does not
pass through the origin, conrming that intraparticle diffusion
is not the sole rate-limiting step; boundary layer resistance also
plays a critical role. The second stage represents progressive
intraparticle diffusion into the internal macro- and micropores
of the SSW/FeCl2-FeCl3. Finally, the gradual decrease in the
slope (from 11.37 to 0.548) as the system approaches equilib-
rium indicates the saturation of available active sites. Overall,
these kinetic results conrm that MB adsorption onto SSW/
FeCl2-FeCl3 is best described by the pseudo-second-order (PSO)
and Elovich models, which highlight the dominant roles of
chemisorption and surface heterogeneity alongside internal
diffusion.
3.4. Isotherms of MB adsorption

The equilibrium data for methylene blue (MB) adsorption onto
SSW/FeCl2-FeCl3 were analyzed using the nonlinear forms of the
Langmuir, Freundlich, Temkinmodels, and the linear from of the
Dubinin–Radushkevich (D–R) model. The corresponding param-
eters are summarized in Table S4 and shown in Fig. 7c and d.

The Langmuir model showed good agreement with the
experimental data (R2 = 0.9344), indicating monolayer adsorp-
tion on a homogeneous surface with identical, energetically
equivalent active sites. The maximum adsorption capacity (qm)
was 114.47 mg g−1, reecting strong affinity of SSW/FeCl2-FeCl3
for MBmolecules. Furthermore, the calculated RL values ranged
from 0.098 to 0.521, conrming favorable adsorption.

The Freundlich isotherm parameter 1/n= 0.415 (1/n < 1) also
indicates favorable adsorption of MB onto the modied SSW,
with good affinity of the dye molecules for the adsorbent
surface.81 However, the lower correlation coefficient (R2 =
© 2026 The Author(s). Published by the Royal Society of Chemistry
0.8362) suggests that the Freundlich model provides a less
accurate description of the adsorption equilibrium.

The Temkin model also provided a good t (R2 x 0.94),
reecting signicant adsorbate–adsorbent interactions. The
Temkin constants (BT = 27.37 J mol−1 and KT = 0.709 L g−1)
suggest that the heat of adsorption decreases linearly with
increasing coverage, indicating chemisorption tendencies due
to adsorbate–adsorbent bonding effects.

The parameters of the D–R model were determined using its
linear form, by plotting ln(qe) as a function of the Polanyi
potential (32). The D–R isotherm yielded the highest correlation
coefficient (R2 = 0.9879), implying that it best describes the
equilibrium adsorption process. The calculated mean free
energy (E) value was 0.372 kJ mol−1, well below the 8 kJ mol−1

threshold, indicating that MB adsorption onto SSW/FeCl2-FeCl3
is mainly governed by physisorption through weak electrostatic
forces and van der Waals interactions. The theoretical mono-
layer capacity (qmDR = 81.45 mg g−1) is consistent with the
Langmuir value, conrming the reliability of the results. The
strong t of the Temkin and D–R models suggests that while
physical adsorption is the dominant mechanism, minor
chemisorptive contributions may also be present.
3.5. Adsorption thermodynamic

The thermodynamic parameters namely Gibbs free energy
(DG°), standard enthalpy (DH°) and standard entropy (DS°),
were evaluated to determine the spontaneity and thermal
nature of the adsorption process. Regarding the calculation of
thermodynamic parameters, we carefully considered the
methodology suggested by Saad et al. (2025).83 However, we
opted to utilize the distribution coefficient (KD = qe/Ce) as the
basis for our thermodynamic study rather than the Langmuir
constant (KL). While the Langmuir model is widely used, it
proved less suitable for our specic system across the inves-
tigated temperature range. It is important to note that for
many adsorption systems, particularly those involving
complex interactions or non-ideal behavior, the KD approach
remains a robust and standard convention. This choice is
supported by a signicant body of recent literature in the eld
of environmental chemistry, which advocates for the use of KD

to ensure that the resulting thermodynamic constants accu-
rately reect the experimental distribution of the solute at
equilibrium.84–88

DG° was calculated using eqn (16) and cross-checked via the
relation (17):89–92

DG˚ = DH˚ − TDS˚ (16)

DG˚ = −RT lnKD (17)

By combining these, the van't Hoff equation (ln KD) is
expressed as:

ln KD ¼ DS�

R
� DH�

RT
(18)
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Table 3 Thermodynamic parameters for the adsorption of MB onto
SSW/FeCl2-FeCl3 at different temperatures

T (°K) DH° (kJ mol−1) DS° (J mol−1 K−1) DG° (kJ mol−1)

298 −16.54 −44.33 −3.33
303 −3.11
313 −2.67
323 −2.22
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where: R is the universal gas constant (8.314 J mol−1 K−1), T (K)
is the absolute temperature, and KD (L g−1) represents the
distribution coefficient, which is calculated by eqn (19):87,88

KD ¼ qe

Ce

(19)

DH° and DS° were determined from the van't Hoff plot (ln KD

versus 1/T), where the slope and intercept correspond to−DH°/R
and DS°/R, respectively. The calculated thermodynamic
parameters are summarized in Table 3 and shown in Fig. 8. The
negative values of DG° conrm that the adsorption process is
thermodynamically spontaneous. Furthermore, the decrease in
Fig. 8 Plot of the van't Hoff equation.

Table 4 ANOVA results for the adsorption capacity of MB dye onto SSW

Source Sum of squares df Mea

Model 21 101.34 5 42
A-Concentration 17 281.08 1 17 2
B-pH 2550.73 1 25
C-Temperature 305.70 1 3
AB 666.31 1 6
A2 297.52 1 2
Residual 344.33 11
Lack of t 344.33 7
Pure error 0.0000 4
Cor total 21 445.67 16

a df = degree of freedom.

23794 | RSC Adv., 2026, 16, 23783–23802
the magnitude of DG° with increasing temperature indicates
that the adsorption of methylene blue (MB) onto SSW/FeCl2-
FeCl3 becomes less favorable at higher temperatures. The
negative enthalpy value (DH° = −16.54 kJ mol−1) demonstrates
that the process is exothermic. Its relatively lowmagnitude (DH°
< 40 kJ mol−1) suggests that the adsorption is primarily gov-
erned by physical interactions, such as van der Waals forces and
electrostatic attractions, rather than chemical bonding,93,94

which is consistent with the D–R isotherm model. Additionally,
the negative entropy change (DS° = −44.33 J mol−1 K−1) indi-
cates a decrease in randomness at the solid–liquid interface
during adsorption. This reduction in entropy can be attributed
to the arrangement of MB molecules on the adsorbent surface,
which become more ordered and less mobile upon adsorption.
Overall, the adsorption of methylene blue onto SSW/FeCl2-FeCl3
is a spontaneous, exothermic process accompanied by
decreased system entropy, reecting enhanced molecular
organization at the adsorbent interface.

The interpretation of the adsorption mechanism of MB onto
the SSW/FeCl2-FeCl3 composite reveals a complex, dual process.
On one hand, the low mean free energy (E = 0.372 kJ mol−1)
from the Dubinin–Radushkevich model, combined with the
negative enthalpy change (DH° = −16.54 kJ mol−1), conrms
the dominance of physisorption governed by electrostatic
interactions and van der Waals forces. On the other hand, the
strong t to the pseudo-second-order kinetic model (R2 =

0.9604) and, especially, the excellent correlation with the Elo-
vichmodel (R2= 0.9835), which is tailored for chemisorption on
heterogeneous surfaces, indicate a concurrent chemical
contribution. Overall, these ndings suggest a physically
dominant mechanism augmented by specic interactions
between the modied biosorbent's active sites and dye
molecules.95
3.6. Design of experiments by BBD

The ANOVA results presented in Table 4 demonstrate that the
main effects of all variables (A, B, and C), as well as the two-
factor interaction between pH and initial MB dye concentra-
tion (AB), are statistically signicant model terms inuencing
the BBD response for MB adsorption using SSW/FeCl2-FeCl3.
Additionally, the analysis indicates that the effects of variables A
/FeCl2-FeCl3 using a Box–Behnken designa

n square F-Value p-Value

20.27 134.82 < 0.0001 Signicant
81.08 552.07 < 0.0001
50.73 81.49 < 0.0001
05.70 9.77 0.0097
66.31 21.29 0.0007
97.52 9.50 0.0104
31.30
49.19
0.0000

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Regression coefficients and statistical validation of the BBD modela

Std dev. Mean C.V. % R2 Adjusted R2 Predicted R2 Adeq. precision

5.59 56.92 9.83 0.9839 0.9839 0.9462 39.08

a R2: determination coefficient, Adeq. precision: adequate precision, Std dev.: standard deviation.
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and B are independent of factor C, while A and B exhibit
a signicant interactive effect, conrming their mutual depen-
dence. The BBD model developed for predicting the equilib-
rium adsorption capacity of MB was deemed statistically valid.
The nal regression model, expressed in terms of coded vari-
ables, is given by the following equation:

MB adsorption = +60.89 + 46.48A + 17.86B

− 6.18C + 12.91AB − 8.38A2 (20)

The correlation coefficients (R2 and adjusted R2) of the BBD
model, presented in Table 5, are both close to unity, indicating
strong agreement between the predicted and experimental data.
Specically, the R2 value of 0.9839 for the SSW/FeCl2-FeCl3
adsorbent conrms the robustness and reliability of the devel-
oped statistical model. The proximity of the adjusted R2 to the
R2 further supports the model's suitability and predictive
accuracy. Model signicance was also conrmed by the high F-
value (134.82) associated with the equilibrium adsorption
capacity of MB onto SSW/FeCl2-FeCl3. Furthermore, the low p-
value (p < 0.05) reinforces the statistical signicance of the
model and its terms. The response surface methodology
employs three-dimensional plots to illustrate the interaction
Fig. 9 Contour and response surface plots for MB adsorption onto SSW

© 2026 The Author(s). Published by the Royal Society of Chemistry
effects among independent variables, allowing for a clearer
understanding of their combined inuence on the response.
Complementarily, two-dimensional contour plots provide
a visual map of the predicted response values, aiding in the
identication of optimal conditions within the experimental
design space.96 According to the quadratic model described in
eqn (19), both three-dimensional and contour plots (Fig. 9) were
generated to visualize the effects of the process variables. As
illustrated in Fig. 9, initial dye concentration and pH emerge as
the most inuential factors affecting the response. Specically,
MB adsorption increases as the pH increases, as evidenced by
the color shi from blue to red, which indicates a transition
from lower (∼20 mg g−1 at pH4) to higher adsorption levels
(114 mg g−1 at pH10–12). Additionally, increasing the initial MB
dye concentration from 10 to 150 mg L−1 led to a corresponding
rise in the adsorption capacity (qe from ∼20 to 114.47 mg g−1,
0.050 g adsorbent, 25 °C). The signicant interaction between
pH and initial concentration (3D surface plot, Fig. 9) can be
explained as follows: as the initial concentration increases from
10 to 150 mg L−1, the adsorption capacity increases signi-
cantly. However, this positive effect is intensied at basic pH
(pH10), due to deprotonation of functional groups enhancing
electrostatic attraction towards cationic MB molecules. When
combined with high initial concentration (providing a strong
/FeCl2-FeCl3: influence of pH and initial dye concentration.

RSC Adv., 2026, 16, 23783–23802 | 23795
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Fig. 10 Optimization of MB adsorption capacity on SSW/FeCl2-FeCl3 using the desirability function approach.
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driving force), the synergistic effect leads to maximum adsorp-
tion capacity.

The optimization diagram based on the BBD design is pre-
sented in Fig. 10. These diagrams illustrate the optimal condi-
tions required to maximize the adsorption capacity of MB dye
onto SSW/FeCl2-FeCl3. According to the model, the optimal
parameters for achieving maximum adsorption are an initial
dye concentration of 150 mg L−1, a pH of 10, and a temperature
of 40 °C. Under these conditions, the predicted maximum
Table 6 Comparison of adsorption conditions and maximum adsorptio

Adsorbent
SBET
(m2 g−1)

t
(min) T (°C) pH

Chi-AA — 30 — 12
Chi-AA-IS — 5 — 10
AC — 120 60 5
Chitosan 4.076 30 RT 9
Chitosan hydrogels/sunower husks 17.533 120 — 8
CS/SiO2 640.37 40 35 7
AC/CH composite 610.31 60 25 6
CS/Mt-OREC — — — 6
ZnO-g-C3N4@(CMCH/ALG-g-PAA) — 145 — 8

Shrimp shells/NO3 — 105 120 10
CCH 254.17 55 RT 7
Algae biomass/silica-magnetite — 60 — 6
CH 273.56 55 RT 7
MCM-48-Cu (BDC-NH2)/CS
hydrogel@Fe3O4

137.217 55.51 — 8

Poly(HEMA-co-IA) magnetic
hydrogel (MHG-10)

0.4240 10 RT 6

SpCB — 1200 20 11
The graed cross-linked
chitosan bead (GCCH)

380.22 55 RT 7

SSW/FeCl2-FeCl3 24.78 90 25 7

23796 | RSC Adv., 2026, 16, 23783–23802
adsorption capacity is 129.72 mg g−1. The associated desir-
ability value of 1.000 conrms that the optimal experimental
conditions closely match the model predictions, thereby vali-
dating the effectiveness of the RSM approach in optimizing the
adsorption process using SSW/FeCl2-FeCl3.

3.7. Comparison of adsorption conditions and performance

The adsorption performance for methylene blue (MB) was
evaluated by comparing key operating parameters and
n capacities of various adsorbents for MB

Adsorbent
dosage Isotherm

qmax

(mg g−1) Ref.

0.1 g Freundlich 1.756 97
0.1 g Langmuir 4.69
10 g L−1 Langmuir 5.03 98
1 g Langmuir 7.605 84
4 g L−1 Freundlich 11.32 99
6 g L−1 Langmuir 13.97 100

.5 0.1 g Langmuir 22.52 28
6 g L−1 Langmuir 24.69 101
1 g L−1 Langmuir, Temkin, sips,

and Redlich–Peterson
34.59 102

10 g L−1 — 48.83 103
120 g L−1 Langmuir 72.19 104
2.50 g L−1 Freundlich 90.90 105
120 Langmuir 92.45 104

.49 0.95 g L−1 Freundlich 99.1 106

.8 1 g L−1 Langmuir 174.99 82

.6 2.4 g L−1 Langmuir (physical) 212.77 107
120 Langmuir 128.67 104

1 g L−1 D–R 114.47 This study

© 2026 The Author(s). Published by the Royal Society of Chemistry
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maximum adsorption capacity (qmax) of the SSW/FeCl2-FeCl3
adsorbent with various literature-reported materials, as
summarized in Table 6. The most striking nding is the qmax of
114.47 mg g−1 achieved by the synthesized SSW/FeCl2-FeCl3
modied adsorbent. This substantially surpasses conventional
and modied adsorbents, being nearly 22 times higher than
standard activated carbon (5.03 mg g−1) and outperforming
complex composites such as ZnO-g-C3N4 (34.59 mg g−1) and AC/
CH (22.52 mg g−1). These results indicate that the iron-salt
modication (FeCl2/FeCl3) generates highly efficient active
sites for pollutant uptake, superior to simple carbon or chitosan
matrices.

Beyond raw capacity, the adsorbent exhibits exceptional
efficiency under ambient conditions. Unlike shrimp shells/NO2

or certain activated carbons requiring elevated temperatures
(60–120 °C), it achieves peak performance at 25 °C. Moreover,
its optimal effectiveness at pH 7 provides a key advantage for
real-world wastewater treatment, eliminating costly and
hazardous pH adjustments and enabling a practical “plug-and-
play” solution for neutral effluents. The rapid adsorption
kinetics and high efficiency observed in this study suggest that
the modied shrimp shell is both a highly effective and
sustainable low-cost adsorbent for the removal of methylene
blue from aqueous solutions.

This material further embodies waste-to-wealth principles by
utilizing shrimp shell waste (SSW) as a low-cost precursor,
aligning with circular economy goals and outperforming
synthetic polymers economically. The iron-salt modication
likely imparts magnetic properties, facilitating rapid separation
from treated water using an external magnetic eld a major
operational upgrade over non-magnetic powders. Overall, the
synergy of high capacity, neutral pH operation, low-temperature
requirements, cost-effectiveness, and ease of recovery positions
SSW/FeCl2-FeCl3 as a sustainable, scalable candidate for large-
scale water remediation.

4. Conclusion

In this study, a novel biopolymer based on shrimp shells
modied with FeCl2–FeCl3 was successfully synthesized and
evaluated as an efficient, sustainable adsorbent for removing
methylene blue (MB) from aqueous solutions. Physicochemical
characterization conrmed the effective incorporation of iron
(24.89 wt%, EDX). BET analysis revealed a mesoporous struc-
ture with a specic surface area of 24.78 m2 g−1, a pore volume
of 0.097 cm3 g−1, and an average pore diameter of 15.36 nm.
The adsorbent displayed a point of zero charge (pHpzc) of 8.4,
facilitating electrostatic attraction of the cationic dye in alkaline
media. Batch adsorption experiments demonstrated that equi-
librium was reached within 90 min at 25 °C with a dosage of 1 g
L−1, achieving a maximum adsorption capacity of 114.47 mg
g−1. Kinetic data were best described by the Elovich model,
suggesting adsorption on energetically heterogeneous surfaces.
Equilibrium data followed the Dubinin–Radushkevich
isotherm, indicating a predominantly physical adsorption.
Thermodynamic analysis revealed that the MB adsorption
process was spontaneous and exothermic. Process optimization
© 2026 The Author(s). Published by the Royal Society of Chemistry
using a Box–Behnken design under response surface method-
ology showed high model predictability (R2 = 0.98). Under
optimal conditions (initial concentration of 150 mg L−1, pH =

10, and T = 40 °C), the adsorption capacity increased to
129.718 mg g−1. These ndings conrm that SSW/FeCl2-FeCl3
serves as a high-performance, low-cost and eco-friendly adsor-
bent for advanced wastewater treatment applications. These
ndings conrm that SSW/FeCl2-FeCl3 serves as a high-
performance, low-cost, and eco-friendly adsorbent for
advanced wastewater treatment applications. While the results
obtained for methylene blue in simple aqueous solutions are
promising, they remain preliminary for industrial-scale use.
Future research will focus on evaluating the adsorbent's
potential in remediating real textile wastewater to assess matrix
effects from multi-metal ions, chemical additives, and complex
effluents on adsorption efficiency. Additional studies on
regeneration cycles, long-term stability, column operations, and
comparative performance against commercial chitosan-based
materials are planned to validate its practical viability for
textile industry wastewater treatment.
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57 E. Öztürk Er, S. Gürsoy and S. Bakırdere, Equilibrium
modelling and kinetic studies on adsorption of cadmium
from lake water by a magnetic covalent organic
framework, Sci. Rep., 2026, 16, 4838, DOI: 10.1038/s41598-
025-34851-1.
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