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The transformation of seafood processing residues into advanced functional materials offers a dual
solution to environmental pollution: mitigating waste streams while addressing water contamination. In
this study, shrimp exoskeletons were valorized into a chitin—protein composite (SE-CP) through acid
demineralization and thermal activation and evaluated as a biosorbent for the removal of anionic textile
dyes Sellacid Red (SR) and Sellaset Blue (SB). The material was characterized using SEM, EDX, FTIR,
XRD, BET, DLS, XPS, and PZC analyses, confirming a mesoporous structure (specific surface area =
51.4914 m? g7Y) enriched with amino and hydroxyl groups that favor electrostatic and hydrogen-
bonding interactions. Batch adsorption studies showed maximum removal efficiencies of 99.2% for SR at
pH = 3 and 98.7% for SB at pH = 4 both around 20 °C and an initial dye concentration of 100 mg L™,
Kinetic data fitted the pseudo-second-order model (R? > 0.96), and equilibrium was best described by
the Freundlich isotherm, with adsorption capacities of 158.43 mg g™ (SR) and 63.81 mg g~ (SB). SE-CP
retained over 76% of its adsorption capacity after five regeneration cycles, indicating strong stability and
reusability. This work demonstrates a low-cost and sustainable biosorbent derived from shrimp waste,
with high efficiency, reusability, and green synthesis, positioning SE-CP as a promising candidate for
industrial dye wastewater treatment within circular economy principles.

1. Introduction
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Global socio-economic development and population growth
over the last few decades have led to an increase in the
quantity and qualitative complexity of special wastes gener-
ated by the industrial sector."”> However, the global fishing
industry generates over 20 million tons of by-products every
year, almost all of which is simply wasted.>* After proces-
sing, 25% of the total ends up as waste, including fish species
that were not intended to be caught or other remnants of
industrial fish processing.>” These marine by-products are
generally discarded without taking into account their pre-
cious compositions which can be used as value-added pro-
ducts. A large number of fish processing units generate both
a large quantity of co-products (bones, skins, scales, fins and
swim bladders, which represent 36%, or even 60%, of the
mass of raw materials®®) and a large quantity of untreated
wastewater.”® Therefore, recovering this waste and trans-
forming it into valuable products are becoming important

© 2026 The Author(s). Published by the Royal Society of Chemistry
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ways leading to solid waste remediation and taking advan-
tage of the marine products and bio-resources.

It should be noted that chitin is an abundant biological
polymer, particularly in marine animals and insects.”*® The
crystalline chitin fiber has good properties that enable it to
serve as a load-bearing scaffold for the entire bio-composite
material, and the other component is usually a protein."* The
remarkable affinity occurring between chitin and proteins is
probably one of the main reasons explaining the presence of
such a composite in nature.'*> Many biological materials,
including the exoskeleton of sponges, the cuticles of crusta-
ceans and insects, the beaks of squid, cuttlefish bones
and the fangs of spiders, are made up of chitin and protein
complexes.'® These chitin-protein complexes exhibit a variety
of mechanical behaviours and perform multiple functions,
depending on the species and even the different body parts
of the same species."* The use of the chito-protein complex as a
biosorbent remains a challenge, given that chitosan is the main
biological substance in these fields. However, chitosan exhibits
a little solubility in water, under neutral or alkaline conditions.
These factors limit the biopolymer feasibility, in addition to its
complicated extraction process.'>'® Hence, there is a need to
find alternative ways to minimize the biopolymer extraction
process and preserve its contaminant-removal properties, par-
ticularly for dyes.

The most widespread contaminants found in the textile
industry are the cheapest dyes, which are harmful to human
health and contribute to environment degradation.'” This low
cost of these dyes results from their easy synthesis process,
mainly for azo dyes, and the possibility of obtaining a wide
palette of colors and shades.'® Thus, despite their toxicity, little
research has been carried out taking into account this issue.
Hence, Acid red 337 (Sellacid Red PF) and the 1:2 chromium
complex of Acid Blue 349 (Sellaset Blue H) belonging to this
group of azo dyes are widely used in the textile industry.
Furthermore, Acid red 337 has been registered by the European
Chemicals Agency (ECHA) as an organic compound harmful to
the aquatic environment, and Acid Blue 349 presents similar
risks. Therefore, their treatment by using low-cost biosorbents
based on fish waste will reduce the risk to human health and
avoid the environmental issue.

In the present work, shrimp shells were modified for their
use as a biosorbent to remove hazardous low-cost dyes from
aqueous solutions. The focus was on the powder, in order to
assess its effectiveness in removing two categories of dyes: low-
and high-molecular-weight anionic dyes. The shrimp shell
modification consisted of the powder extraction after the raw
by-product demineralization process. Regarding the toxic dyes,
aqueous solutions containing two different anionic dyes were
treated by using the bio-based sorbent, in batch equilibrium
biosorption tests. A combination of techniques was used to
study biosorption mechanisms.

The aim of the present work is to prepare a value-added, bio-
based biosorbent suitable for the dye-contaminated effluent
treatment. Thus, a biosorbent from renewable resources, offer-
ing excellent dye sorption and desorption performance, even at
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high dye concentrations, for repeated, high-speed dye removal,
was developed. Indeed, the objective of our study falls within
the framework of three Sustainable Development Goals (SDGs):
No. 6, No. 14 and No. 15: improve wastewater treatment and
reuse (No. 6) and protect the aquatic environment (No. 14)
and the terrestrial environment (No. 15) from persistent
chemical substances present in wastewater after treatment with
reclaimed marine waste.

2. Materials and experimental methods

2.1. Chemicals

HCl, NaNO;3;, HNO; and NaOH were of analytical grade and
purchased from Sigma Aldrich. Sellacid Red PF and Sellaset
Blue H were sourced from TFL Ledertechnik GmbH, Germany.
Distillated water (DW) was used for all aqueous solutions.

2.2. Preparation of the biosorbent

Shrimp (Parapenaeus longirostris) exoskeletons were purchased
from a local market in Agadir city, Morocco. The exoskeletons
were first washed with tap water and then several times with
distilled water to remove any foreign debris. The resulting
shells were dried at 220 °C for 15 min, ground and sieved to
a size of about 500 pm. Thereafter, the resulting material was
treated with 1 M HCI in a shrimp shell to HCI solution ratio of
1:10 (w/v) for 30 min to remove the mineral constituent (calcite
CaCOs3). The obtained biosorbent (SE-CP) was washed and
filtered to a neutral pH, then dried at 105 °C to constant weight
and finally stored for use.

2.3. Sorbate investigation

Two commercial dyestuffs, Sellacid Red PF and Sellaset Blue H
(TFL Ledertechnik GmbH, Germany) currently used for wool
and leather dyeing, were the adsorbates studied in this paper.
The structural formulas, molecular weights, maximum absor-
bance wavelengths, and commercial and C.I. names of the two
acid dyes are given in Table 1. A stock solution of each dye
(1000 mg L") was prepared and diluted to the initial concen-
trations required for the sorption and kinetics studies. Hydro-
chloric acid (0.1 M) and sodium hydroxide (0.1 M) were used to
adjust the pH of the solutions. All solutions were prepared with
DW, and the handled reagents were of analytical grade.

2.4. Biosorbent characterization

Various characterization methods were used to assess the
morphology, structure, composition and sorption properties
of SE-CP. Thus, the morphological characteristics were
obtained using scanning electron microscopy (SEM) (SEM,
JEOL, JSM-IT200, Akishima, Tokyo, Japan). The elemental
composition was determined using energy dispersive X-ray
(EDX) analysis. Fourier transform infra-red (FTIR) spectroscopy
spectra were recorded in the 4000-500 (cm™ ') range using
attenuated total reflection Fourier transform infrared spectro-
scopy (ATR-FTIR, SHIMADZU, IRAffinity-1S, Paris, France). The
crystalline structure of the biosorbent was determined by using
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Table 1 The main characteristics of tested dyes
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Structural formula Commercial name

Color index (C.I.) name

Jmax, M pKa My, g mol ™’

SO3Na

Sellacid Red PF Acid Red 337

1N Sellaset Blue H

X-ray diffraction (Bruker D8 Twin, Jena, Germany). The biosor-
bent specific surface area and the mean pore volume were
assessed by the Brunauer-Emmett-Teller (BET) adsorption
method using a Micrometrics analyzer, an ASAP 2020 instru-
ment. X-ray photoelectron spectroscopy (XPS VG SCIENTA,
model SES-200) was used to assess the structure and composi-
tion of the studied biosorbent.

2.5. Properties of aqueous biosorbent suspension

2.5.1. pH of the biosorbent aqueous suspension. The pH of
the biosorbent aqueous suspension was adjusted to an initial
pH between 2 and 10 by using aqueous solutions of HNO;
(0.1 M) and NaOH (0.1 M). Then, the mixtures were stirred for
24 hours (to ensure homogenization of the suspension) at
250 rpm until the pH became constant. All experiments were
carried out in a tank thermostatic bath at 20 & 0.2 °C.

2.5.2. Surface electrical properties of biosorbent aqueous
suspension. Regarding the biosorbent surface electrical proper-
ties, the point of zero charge (PZC) was determined using a
titration method consisting in addition of amounts of dye to
aqueous solution."® Using this method, an aqueous suspension
of biosorbent was first prepared by mixing 0.2 g of the biosor-
bent with a total volume of 40 mL of NaNO; (0.1 M). Thereafter,
the resulting biosorbent aqueous suspension was titrated with
the aqueous dye solution by using a Miitek PCD 02 device for
measuring standard induced potential (SIP).*° The device used
consists of a cylindrical tube and a poly(tetrafluoroethylene)
piston. The SIP is measured between two electrodes placed at
opposite ends of the chamber. This potential mainly describes
the electrostatic interactions occurring between the negative
and positive surface sites produced between the dye and the
biosorbent, respectively. The resulting SIP was then normalized
to its maximum value.

2.5.3. Particle size of the biosorbent aqueous dispersion.
Measurements of the biosorbent particle size dispersed in
aqueous media were carried out using dynamic light scattering
(DLS). The instrument used is a Coulter Model N4S (Coultro-
nics), operating with a 4 mW helium-neon laser at a wavelength
of 632.8 nm.>’

1274 | Mater. Adv,, 2026, 7,1272-1290

(1:2 chromium complex) of Acid Blue 349

500 6.5 433.34

590 0.5 943.53

2.6. Batch sorption experiments

Batch equilibrium sorption experiments were performed as a
function of various parameters such as the dye concentration,
the biosorbent dosages, the aqueous phase pH, the adsorbate-
adsorbent contact time, and the suspension temperature.

Specifically, the biosorption experiment was conducted in a
set of glass vials containing different initial dye concentrations
(25, 50, 75, 100, 125, 150, 200, 250, 300, and 350 mg L~Y) at
different pH values (2-12) using different biosorbent dosages
(0.02, 0.04, 0.06, 0.08, 0.1, 0.12, 0.14, 0.16, 0.18, 0.2 g) for
periods of 15, 30, 60, 120, and 240 min, and temperature values
of 20, 30 and 40 °C. Also, the pH was adjusted to the desired
values with 0.1 mol L™" HCI or 0.1 mol L™ " NaOH solutions.
However, the measurements before and after the process were
taken using a pH meter (OHAUS Starter 2100 pH meter).

After treatment, the supernatant was withdrawn after 24 h of
decantation to measure the residual concentration of both dyes
in the solution using an UV-Vis spectrophotometer (U-2910,
Hitachi, USA). Standard curves of absorbance and linear regres-
sion equations had been previously obtained for both color-
ants. Each kinetic experiment was performed for each dye
solution in triplicate. The biosorption capacity for each time
interval was calculated using eqn (1):

(G -Cc)v

=" 1
qt ey (1)

where C; (mg L") is the initial dye concentration, C, (mg L™ ") is
the dye concentration at a given treatment time (including the
equilibrium moment), V (L) is the volume of the dye solution,
and my, (g) is the mass of sorbent added to the solution. Finally,
the dye removal was calculated using eqn (2):

(Co—C)

Removal rate (%) = x 100% (2)

where C, and C; represent the initial and final (after biosorp-
tion) dye concentrations, respectively. All tests were performed
in triplicate, and the data reported reflect the average of the
triplicate measurements.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.7. Biosorption theory

2.7.1. Equilibrium isotherms. Three isothermal equili-
brium models (Langmuir, Freundlich and Elovich) were used
to study the behavior of the SE-CP surface during the biosorp-
tion process. To demonstrate that the sorbent surface is uni-
form and homogeneous, the Langmuir isotherm was used,
where the sorbates are bound in a monolayer. The active sites
of the biosorbent should be morphologically similar when
applying the following equation:**

CeKLQmax
== =T 3
T = T1CkL (3)

where g. is the equilibrium biosorption capacity, C. is the
equilibrium concentration (mg L’l), Qmax corresponds to the
theoretical maximum monolayer biosorption capacity (mg g~ ")
and K, is the Langmuir isothermal constant (L mg ™).

A multilayer formation of the solid sorbate on the sorbent
surface requires an application of the Freundlich isotherm. At
the same time, the model is formulated in an exponential form
as shown in the following equation:*!

qe = KeC'™ (4)

Y7 is the Freundlich isotherm

where K¢ (mg g )(L mg™ ")
constant related to adsorption capacity, and n is the biosorp-
tion intensity factor.

The Temkin isotherm shows whether the sorption phenom-
enon is based on a linkage factor with an assumption of
decreasing biosorption heat with increasing sorbent surface
coverage by sorbate particles. The model has a nonlinear form,
as presented in the following equation:**

RT
de = T X ln(KTCC) (5)

where R, T, Kr, and b are the universal gas constant (J mol ' K),
adsorption equilibrium constant (K), Temkin’ isothermal con-
stant (L mg~ "), and the binding factor related to the heat of
biosorption (K).

2.7.2. Kinetic models. Kinetic modeling was used to exam-
ine the dynamics of the biosorbent using pseudo-first order,
pseudo-second order, and intra-particle diffusion kinetic
models. The pseudo-first-order kinetic model focuses on loca-
lized biosorbent sites filled with sorbate molecules in the
absence of interactions. This model is represented by the
following equation:**

qc = qe,the(l - expk1,t) (6)

where ge e, k1, and ¢ are the theoretical biosorption capacity
(mg g '), rate constant for the pseudo-first-order model
(min~"), and time (min), respectively.

The pseudo-first-order kinetic model is described by a
second-order rate equation as specified and represented in
the following equation:*'

_ k2Qe,the2l
1 + kzqe‘lhe[

)

qt

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

where k, is the rate constant for the pseudo-second-order
model (mg g min™").

The kinetic model for intra-particle diffusion is formulated
based on internal diffusion which is the rate limiting step with
an account for external mass transfer effects. The model is
described by the following equation:**

qc = kdtl/2 + Qo (8)

where k4 is the rate constant for the intra-particle diffusion
model (mg min®? min™?) and Qy, is the instantaneous biosorp-
tion capacity of the sorbent at time zero (mg g™ ).

2.7.3. Biosorption thermodynamics. The biosorption capa-
city of the SE-CP was studied at different temperatures of 20, 30,
40 and 50 °C under optimized conditions.

Three thermodynamic parameters were selected using the
proper biosorption capacity (g.) and the experimental equili-
brium solution concentration (C.). Gibb’s free energy (AG), the
change in enthalpy (AH) and the change in entropy (AS) were
obtained using the following equations:*!

€

AG = —RT x In (%) 9)

where the values of AH and AS are obtained from the slope and

intercept provided by the linear plot between the distribution
coefficient In (g./C.) and (1/7).

e AS AH

In (‘L) _AS_AH

Ce R RT (10)

At constant temperature, the AG is calculated as a function
of the heat of biosorption and the entropy change using the
following equation:

AG = AH — TAS

(11)

2.8. Biosorbent regeneration experiments

Following sorption equilibrium, regeneration of the biomater-
ial used was carried out with two desorption agents: distilled
water (DW) and NaOH (0.1 M), in order to assess their
desorption efficiency and the reusability of the dye-loaded
biosorbent. The experimental regeneration protocol involves
immersing the loaded adsorbent in NaOH or DW (0.1 g/100 mL)
for 4 hours, followed by a DW wash. Then, the regenerated SE-
CP was dried in an oven at 105 °C. Finally, the regenerated
materials (SE-CP@OH and SE-CP@DW) were reused for further
biosorption tests. The regeneration process was repeated sev-
eral times to achieve complete dye removal. SE-CP@OH and SE-
CP@DW were thoroughly washed with distilled water to neutral
pH and then reused in biosorption experiments four times
using the same biosorbents. According to data, sorbent regen-
eration mass yield was calculated to assess the durability of the
material used, which can be calculated using equation:*

. m .
Mass recovery yield (%) = —orgered . 100% (12)
Me fresh
Mater. Adv., 2026, 7,1272-1290 | 1275
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where Me regenerated aNd M fresh are the mass of regenerated and
fresh adsorbent, respectively.

3. Results and discussion

3.1. Full characterization of SE-CP

3.1.1. Main chemical elements in the biosorbent as
assessed by the XPS method. X-Ray photoelectron spectroscopy
was used to perform a quantitative elemental analysis and
examine the surface composition of SE-CP. This technique
specifically assessed the presence of three key elements carbon
(C), oxygen (O), and nitrogen (N) that are fundamental to the
a-chitin—protein nanofibers expected in the biosorbent.

The XPS wide-scan results (Fig. 1(a)) indicate a high carbon
content of 74.2%, consistent with chitin being the primary
biopolymer in the material. Oxygen and nitrogen were detected
at 18.8% and 6.9%, respectively, due to the presence of primary
and secondary amides. To further investigate the chemical
binding states of these elements, high-resolution XPS spectra
were analyzed. The carbon spectrum (Fig. 1(b)) was deconvo-
luted into three peaks at 284.8 eV, 284.13 eV, and 285.92 eV,
corresponding to C-C/C-H, C-N, and C=O, respectively.>’
However, we acknowledge the reviewer’s concern regarding
the calibration of binding energy (BE). While a BE of 284.8 eV
is commonly assigned to C-C/C-H bonds, the shift in our data
may stem from surface charging effects or the specific nature of
the SE-CP material. Similarly, the oxygen spectrum (Fig. 1(c))
exhibited three deconvoluted peaks at 529.21 eV, 530.10 eV,
and 531.45 eV, assigned to carbonyl, ether, and carboxyl-type
oxygen species, respectively. The nitrogen spectrum (Fig. 1(d))
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revealed three peaks at 387.18 eV, 397.88 eV, and 398.96 eV,
corresponding to pyridinic-N, pyrrolic-N, and graphitic-N,
respectively.>* The presence of these nitrogen configurations
suggests structural modifications induced by the acid treat-
ment rather than pyrolysis. Thus, the in situ modification of the
biosorbent SE-CP, as described in Section 2.2, leads to genera-
tion of pyridinic and pyrrolic nitrogen types associated with
oxygen-containing groups. These groups introduce, in turn,
more active sites, leading to additional sorption efficiency of
the biosorbent SE-CP. As expected, all these functional groups
have been attributed to the presence of proteins and
polysaccharides.”® It should be noted that the nitrogen present
on the surface of the biosorbent SE-CP results from the reaction
between the amino group and the hydroxide group during the
demineralization step consisting in the mineral layer removal
from the raw shrimp exoskeleton. Moreover, the presence of
pyridinic nitrogen and pyrrolic nitrogen elements as evidenced
by the XPS results (Fig. 1(d)) will play an important role in
enhancing the nanoporosity of SE-CP, thereby increasing the
number of active sites. In addition, the bond breaking produces
long-chain carboxylic acids, ketones and aldehyde groups
which react with -NH and -NH, to generate amino intermedi-
ates, which then condense to produce pyridines and pyrimi-
dines. These findings are in good agreement with other
reported works confirming that the graphitic nitrogen element
present in the SE-CP biosorbent exhibits higher biosorption
activity and stability than other nitrogen configurations.

3.1.2. Surface area and porosity of the SE-CP biosorbent as
determined by the BET method. Adsorption-desorption iso-
therms for N, for the SE-CP biosorbent, measured at 77° K, are
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Fig. 1 Different characterization spectra of the SE-CP sorbent: (a) wide scan XPS spectrum of SE-CP; (b) C 1s high resolution deconvoluted XPS; (c) O 1s
high resolution deconvoluted XPS; and (d) N 1s high resolution deconvoluted XPS; (e) nitrogen sorption and desorption isotherms; (f) FTIR spectra; (g)

XRD spectra.
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shown in Fig. 1(e). These data have also been analyzed using
the BET method to obtain the surface area and total pore
volume of the sample. The BET surface area (Sggr) of SE-CP
was 51.4914 m* g~ ' and the total pore volume of the biosorbent
was 0.135293 cm® g~ . The correlation of these data indicates a
highly porous solid with numerous mesoporous pores and
average specific surface areas.”® This indicates the possibility
of a multilayer biosorbent, which will be confirmed using other
characterization studies, with a low specific surface area and a
highly porous structure.*® Nevertheless, during the biosorption
process, in addition to the meso-pores, numerous active sites
will be available to interact with the pollutants.

3.1.3. Functional surface groups of the SE-CP biosorbent
as determined by the FTIR method. The FTIR spectra of the raw
shrimp exoskeletons compared with those of the prepared SE-
CP biosorbent (Fig. 1(f)) show broadly similar bands. The band
at 3261 cm™ " is attributed to hydroxyl (OH) and amine (NH)
groups and also to hydrogen bonding.>” In view of the different
stretching vibration bands, the bands occurring in the range of
3425-2881 cm ' are assigned to the association of N-H and
NH, groups in primary amines.*® Additionally, stretching vibra-
tions occurring in the range of 2922-2879 cm ™" correspond to
the methyl group in NHCOCH3;, the methylene group in CH,OH
and the methyl group in the pyranose ring of chitin.**?
Accordingly, the band around 1650 cm ™" corresponds to the
axial stretching of C=0 bonds in chitin/chitosan amide I and
amide II. This band around 1650 cm™ " was expected due to the
presence of chitin oligonucleotides in the extracted powder.
However, the ethylene group cleavage band was also observed
at 1416 cm '. Similarly, the absorption bands around
1068 cm™ " and 891 cm ™' confirm the binding of monomers by
B-glycosidic bonds.*® The SE-CP spectrum showed the appear-
ance of a new peak at 1260 cm ' corresponding to a-chitin,
which confirms the presence of a-chitin-protein nanofibers in
the SE-CP powder.

3.1.4. Assessment of the a-chitin crystallinity by the XRD
method. The SE-CP and the SE-CP@SB XRD diffractograms,
respectively, before and after SB biosorption, are shown in
Fig. 1(g). Three similar peaks can be observed at 20 = 9.3°
19.5° and 26.9°, showing the presence of a-chitin in the SE-CP
and the SE-CP@SB samples. Furthermore, the absence of the
calcite peak proves that the mineral layer has been successfully
removed from the raw shrimp exoskeleton. Typically, four
peaks characterize the crystalline reflections of o-chitin at
20 = 9.3° 12.6° 19.1°, and 26.2°. Our XRD data for the o-
chitin are in good agreement with those reported in the
literature, indicating that o-chitin has a degree of crystallinity
comparable to the coherent peaks already found.*'* In addi-
tion, Fig. 1(g) shows weak peaks at 20 > 35°, which are
generally secondary to dye biosorption. It should be noted that
the occurrence of a-chitin remained significant in the spectrum
even after the biosorption process.

3.1.5. Texture of the SE-CP surface as obtained by SEM
analysis. The SEM images of the SE-CP surface show that the
surface resulting from demineralization is heterogeneous, with
parts presenting several micropores, leading, hence, to a

© 2026 The Author(s). Published by the Royal Society of Chemistry
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favorable environment for the biosorption process (Fig. 2(a)
and (b)). The acid treatment has increased the porosity of the
material, which is no longer smooth as reported in the
literature®?* (Fig. 2(c) and (d)). The chemical analyses of three
points (spots) of the same surface were assessed by the XDE
measurements as depicted in Fig. 2(e), () and (i). Overall, the
analysis was broadly similar between the three analyses carried
out, with the strong presence of C, O and N signals in all three
spectra proving the presence of o-chito-protein (C-O-NH
complex). However, small amounts of Cl, S and P are also
present, perhaps due to the marine origin of the biomaterial.
Furthermore, adhesion onto the surface of the dye particles is
evident, which is illustrated by SE-CP@SB images, also reveal-
ing the presence of macroscopic holes and facilitating, hence,
the pollutant biosorption process. For additional information
concerning the nature of the adsorbed particles, elemental
analyses were carried out to study in greater detail the particles
detected by the SEM images. These findings show that the
particles adsorbed onto the surface belong to a complex
chemical molecule, the “dye”. This particle contains mainly
O, followed by C and N, with the addition of various quantities
of the elements Si, Fe, Mg, Al, and Ca. These results confirm the
retention of the SB dye onto/by SE-CP. Surface analysis also
reveals elements similar to those previously shown by SE-CP,
with the exception of the presence of Na. This element is
already present in the raw material (shrimp exoskeleton) due
to its marine nature.>**> After analysis of the surface hole, the
elements detected in Fig. 4(a), which represents the adsorbed
dye, are present in large amounts, demonstrating the proper
uptake of the SB dye by the SE-CP biosorbent. Consequently,
SE-CP can adsorb (on the surface) and absorb (through the
pore) contaminants at the same time.

3.1.6. SE-CP particle shape and size as obtained by TEM
analyses. TEM analyses were carried out to determine the
particle shape and size of the SE-CP biosorbent. TEM images
of the SE-CP particle at different magnifications are shown in
the SI. As can be seen in this figure, a large number of particles
agglomerate at 100 nm and above, representing a macro-
hierarchical nanofiber structure of the chito-protein complex.
In particular, at 50 nm, numerous chitin-bound protein sheets
become visible, giving the material a nano-porous appearance.
Thus, the transformation of the biomaterial into a nano-porous
state, with pore sizes smaller than 100 nm, is observed.*® The
high porosity of SE-CP opens up the possibility of increasing its
efficiency as a biosorbent, even with a moderate specific surface
area (Fig. 1(e)).

3.1.7. Variation of the surface charge of the SE-CP biosor-
bent in the presence of a dye. The streaming induced potential
(SIP) variation of the SE-CP biosorbent as a function of the
added amount of dye (SB and SR) are shown in the SI. As can be
observed in this figure, the normalized SIP value (ratio of the
actual SIP value to its absolute maximum value at the highest
added dye volume) decreases from 0.4 and reaches the value of
0, after the addition of 1.6 x 10~% and 3.5 x 10~® moles of SB
and SR dyes, respectively. These decreases in the biosorbent SIP
value and its surface charge neutralization are due to the
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Fig. 2 SEM images of SE-CP at different magnifications: (a) 200 um, (b) 50 pm, (c) 10 um and (d) 5 pm and EDX spectra of the SE-CP biomaterial from an
acid-etched section (e), (g) and (i) and corresponding SEM images (f), (h) and ().
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electrostatic interaction occurring between the positively
charged a-chito-protein complex and the anionic dyes. Hence,
the SB dye saturates the positively charged biosorbent surface
with less amount in comparison to the SR dye, which is due to
the biosorbent efficiency in rapidly sticking negatively charged
molecules to its positive sites. The overall data indicate that the
SE-CP biosorbent contains more positive charges (amine group)
than negative charges on its surface. The dye biosorption
transforms the SE-CP from a positively to negatively charged
surface, resulting from the presence of nano-porous on the
biosorbent surface, which will be wvalidated later in the
isotherm study.

3.1.8. Particle size of the SE-CP biosorbent. The particle
size was also measured by DLS. The SE-CP biosorbent exhibited
an average particle size of 1253.3 nm in an acidic medium with
pH = 2. Clearly, the particle size of a biopolymer is larger than
that of a single dye molecule. In this respect, the three recorded
values of 1210 nm, 1170 nm and 1380 nm demonstrate the
uniformity of particle dispersion in the liquid. These particles
take the form of the main macro-hierarchical a-chito-protein
complex. On the whole, longer chitin fibers exhibit better
performance compared to this biocomplex; the stiffness,
strength and ductility of the a-chito-protein complex are opti-
mized when the incorporated chitin fibers are longer than
20 nm.*” Thus, the particle measured can be a set of well-
stacked fibers. As the complex represents the zigzag structure
between adjacent chitin layers, it takes on the shape of a saw
tooth.>”*® Nevertheless, this aspect becomes more evident
when the length of the chitin fibers exceeds 15 nm.?” At this
point, the structure of the fibers making up the particle is saw
tooth-shaped. Furthermore, the deformation of the spacing

100
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between the o-chito-protein complex decreases as the length
of the chitin fibers increases, suggesting a healthy spacing
between the chitin-protein complex which will enable efficient
biosorption.

3.2. Batch biosorption studies of SB and SR dyes on the SE-CP
surface

3.2.1. pH effect. The influence of pH on the biosorption of
SR and SB ions by SE-CP was analyzed in order to assess the
optimum pH necessary to accomplish the treatment (Fig. 3(a)).
Note that the pH of the solution regulates the surface charge of
SE-CP, as well as the charge of the metal ions present in the
solution. To this end, pH-dependent dye biosorption studies
were carried out at room temperature using 0.05 g of the
biosorbent and a dye solution with a concentration of
75 mg L™, during a contact time of three hours, and at a
stirring speed of 100 rpm. The results shown in Fig. 3(a) clearly
indicate that the biosorption efficiency decreases with increas-
ing pH, particularly in the basic range, with the possible
persistence of the “buffer effect” that has stabilized the SR
curve. This is a common phenomenon when it comes to
biobased materials due to their complexity.”® In order to enable
biosorption of the dye by SE-CP, the optimum pH values for the
SR dye were found to be set at pH = 3 and pH = 4 for the SB dye.
With increasing pH, the ions of both dyes were mainly available
in negative forms and they required more positive surface
charges for biosorption. Similarly, the positive surface charge
of the biomaterial studied was reduced with increasing pH due
to the less availability of the H' ions in solution, resulting in a
decrease in biosorption efficiency. A low pH was found to be
more suitable for biosorption of both dyes by using the SE-CP

*SR *SB
(a)

Removal (%)

N
o

Fig. 3 (a) Effect of pH on the removal efficiency of the two treated dyes at a concentration of 75 mg L™ by 0.05 g of SE-CP and (b) point of zero charge

(PZC) of the SE-CP biomaterial.
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biosorbent. Thus, lowering the aqueous phase pH may affect
the surface properties of the biosorbent. It should be noted that
a-chito-protein acts as a polyelectrolyte whose overall charge
depends on the pH of the aqueous medium.*’

3.2.2. PZC of the SE-CP biosorbent. The pH at which the
net positive charge of the side chains is balanced by the net
negative charge is called the point of zero charge (PZC), and the
macromolecule is electrically neutral. The measured PZC value
of the SE-CP was used to explain the electrostatic interactions
involved in the solution (Fig. 3(b)). The initial pH of the
solution (pHgowtion) Strongly affects the biosorbent surface
charges, the degree of ionization and the pollutant solubility.
When pHgoution = PHpzc, the biosorbent surface becomes
neutral. When pHgoution < PHpzc Of the biosorbents, the sur-
face charge of the biosorbents is positive due to protonation of
the surface functional groups.*"**> Consequently, the pH varia-
tion alters the electrostatic interactions occurring between the
adsorbent and the pollutant due to opposite surface charges.
Hence, at pHgolution > PHpzc, the macromolecule carries a net
negative charge, given by the deprotonated carboxyl groups
(-COO-). At pH = 3 for SR and pH = 4 for SB, the number of
positively charged active sites capable of interacting with dye
anions increases significantly, leading to the increase of the
retention capacity of chitin and proteins. A good correlation
was observed between the isoelectric point measured by the pH
variation of the SE-CP biosorbent and the PZC determined by
the SIP measurement upon the SE-CP titration by using both
dyes. Maximum elimination was recorded for the SB and SR
dyes at pH < PZC, confirming that the polymer carries a net
positive charge, given by the protonated amine groups of
the side chains (-NH;"). Thus, at pH = 3 and pH = 4, some
of the SE-CP surface functional groups present due to chitin

100
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(e.g. -OH and —-CO) were protonated and they become positively
charged.

3.2.3. Dose effect. Batch biosorption experiments were also
carried out by varying the amount of SE-CP from 0.02 to 0.2 g in
order to examine the effect of SE-CP dose on both dyes’
removal, under the following experimental conditions: pH = 4
for SR and pH = 3 for SB, a stirring speed of 100 rpm, a contact
time of three hours, room temperature, and an initial feed
concentration of 75 mg L. Maximum biosorption efficiencies
of almost 100% were recorded at biosorbent masses of
0.04 g L' and 0.08 ¢ L', for SB and for SR, respectively
(Fig. 4). Hence, at the lowest biosorbent mass of 0.02 g, the
abatement reached values over 97% for both dyes studied.
Increasing the number of active sites improved dye biosorption
at low biosorbent dosages (up to 0.04 g L™" for SB and up to
0.08 g L™ for SR). The decrease in biosorption efficiencies for
higher biosorbent dosage values (above 0.14 g L™" for SB and
above 0.16 g L' for SR) is probably due to overlapping,
aggregation and stacking effects of the biosorbent due to their
higher concentration values.**** Therefore, the optimal biosor-
bent dosage level was used for further experimental investiga-
tions. In this context, the presence of chitin and proteins leads
to an efficient biosorbent mainly at low dosage and at acidic
pH. In the following, in order to investigate other parameters
affecting the dye removal, only the optimal conditions were
considered.

3.2.4. Contact time effect. The dye removal performance by
the biosorbent as a function of the contact time and the initial
feed concentration were examined by carrying out biosorption
studies under the optimum conditions for each dye (SR and
SB). Hence, the contact time varied from 0 to 250 min, whereas
the initial feed concentration for both dyes was fixed at

* SR +SB

5.0 7.5 10.0

Adsorbent dose (g/L)

Fig. 4 (a) Effect of SE-CP biosorbent dose/dosage on the removal efficiency of two dyes studied at an initial dye concentration of 75 mg L~*and pH = 4

for SR and pH = 3 for SB.
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Fig. 5 Effect of the contact time on biosorption performance of the SE-CP biomaterial at a concentration of 75 mg L~* and pH = 4 for SR and pH = 3 for

SB at room temperature.

75 mg L™". As shown in Fig. 5, the biosorption capacity of the
SE-CP material showed a rapid increase over the first 5 min,
after which it levels at 100 min. At the beginning and due to the
excessive availability of biosorbent surface active sites for the
attachment of negative ions, there was an initial rapid increase
in the biosorption capacity of the SE-CP after only 100 minutes.
Thereafter, the biosorbent active sites were saturated, resulting
in a small increase in SE-CP removal capacity.”® Therefore, a
contact time of 100 minutes was subsequently determined to be
the optimum biosorption time for the ionic binding of the two
anionic dyes to the SE-CP biomaterial surface.

3.2.5. Initial feed concentration effect. It is apparent in
Fig. 6, showing the effect of the initial feed concentration on
biosorption performance of SE-CP, that in the dye concen-
tration range of 50 to 300 mg L™, an abatement rate of over
80% is recorded for the SR and SB dyes. The concentration
gradient leading to the biosorption process widened considerably
with the higher dye initial concentration (up to 300 mg L"),
improving biosorptive capacity values for the SE-CP biomaterial.
However, the removal efficiency of the two acid dyes by the
biosorbent decreased slightly at the highest initial feed concen-
tration (300 mg L~ '), where an increase in the competition
between ions for biosorption occurs on the limited active sites
of SE-CP, leading to a slight decrease in removal efficiency.*®*”
Therefore, the abatement rate for a dye concentration of
75 mg L, for SB and SR dyes, was the best (close to 100% in
previous tests), and this dye concentration will be considered as
an optimal value.

3.2.6. Temperature effect. Initial pollutant concentrations
have a major influence on sorption capacity. The effects of the
initial concentration of the two dyes SR and SB on the biosorp-
tion performance of SE-CP at different temperatures (20, 30, 40
and 50 °C) are examined. A good removal rate of 80-100% is

© 2026 The Author(s). Published by the Royal Society of Chemistry

reported for 50 to 300 mg L™ for both dyes SB and SR. Such
removal is not overly influenced by the temperature changes in
the SR dye concentration range investigated. However, after a
dye concentration of 200 mg L™ ", for all temperatures studied, a
slight decrease in biosorption of the SR dye by SE-CP is noted.
When the dye concentration increases, an increased competition
between ions for biosorption occurs as well, on the limited active
sites of SE-CP, leading to a slight decrease in the removal
efficiency.*®*® The most effective reduction occurs at a tempera-
ture of 40 °C for all concentrations. The temperatures of 30 °C and
20 °C show a slightly lower reduction rate than that recorded at
40 °C. At 20 °C, and at a concentration above 100 mg L',
biosorption decreases with increasing SB dye concentration.
Compared with the SB dye, SE-CP achieves a dye removal
efficiency of almost 99% at low initial dye concentrations
(<100 mg L"), due to the high availability of empty binding
sites.>*" In contrast, high initial dye concentrations tend to leave
most adsorption sites occupied by dye molecules, while others
remain in solution, slightly reducing removal efficiency. As a
result, even room temperature (around 20 °C) can be effective
for biosorption of the SR dye at a concentration below 200 mg L™
and the SB dye at a concentration below 100 mg L~'. This
difference can be justified by the interaction of dye molecules
with the macro-hierarchical complex of chito-protein which is not
affected by the temperature. For this reason, an ambient tem-
perature will be recommended to complete the biosorption study
of the SE-CP biosorbent, since the optimal concentration chosen
is 75 mg L™ for the two dyes studied.

3.3. Biosorption kinetics

Kinetic analysis of the interactions occurring between red acid
and SE-CP is crucial for the design and scale-up studies of the
biosorption process.>* Thus, experimental data were compared
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Fig. 6 Effect of the initial dye concentration on biosorption performance of the SE-CP biomaterial at pH = 4 for SR and pH = 3 for SB at room

temperature SE-CP dosage.

to three kinetic theoretical models such as the pseudo-first-
order, pseudo-second-order and intra-particle diffusion
models. Modeling was carried out for experimental biosorption
results obtained at pH = 3 for SR and pH = 4 for SB, a stirring
speed of 100 rpm, a temperature of 20 °C, a dye concentration
of 75 mg L™, and a biosorbent dosage of 0.08 g for SR and
0.04 g for SB. The results clearly show that the dye biosorption
onto the material surface obeys a pseudo-second-order kinetic
model. In fact, the correlation coefficients of this model with
the experimental data showed the highest R* value, equal to
0.998 for the optimal feed concentration of 75 mg L', as
compared with the pseudo-first-order model. However, it was
reported elsewhere® that the experimental biosorption data
fitted with the pseudo-first-order model and demonstrated that
electron transfer mechanisms were involved in dye binding
onto the biomaterial surface.® The pseudo-second-order
kinetic theoretical model as determined for the red acid
biosorption onto the biomaterial surface implies a rapid initial
rate of biosorption followed by a slower secondary step to reach
equilibrium. The characteristics of the pseudo-second-order
model are in agreement with the experimental results, as
shown in the SI. Finally, the intraparticle diffusion model was
also tested to verify the possible influence of mass transfer
resistance on SR dye binding to SE-CP. Overall, the tests showed
an R® of 0.961, underlining that this model can also be applied
to describe the adsorption kinetics of the SR dye. Kinetic
constants were obtained by non-linear regression. As for the
removal of the SR dye and based on the correlation coefficients
calculated, the pseudo-second-order model was found to be the
best suited to explain the adsorption kinetics of blue acid on
the material with the R* value equal to 0.998. Moreover, the
intra-particle diffusion model was also tested with an R* of
0.961. Consequently, the experimental adsorption capacity of

1282 | Mater. Adv, 2026, 7,1272-1290

SB was very close to the values calculated by the pseudo-
secondary order model. The kinetic study showed that the
adsorption process occurs in 2 steps. The first one takes few
minutes, during which 80% of the equilibrium adsorbed quan-
tity is achieved, whereas in the second step taking several hours
of contact, the adsorbed amount remains constant.

3.4. Equilibrium biosorption isotherm models

It should be noted that the adsorption models are best deter-
mined by non-linear regression analyses, which represent
mathematically rigorous methods for determining the adsorp-
tion model parameters using equations in their original forms.
Hence, the non-linear Langmuir, Freundlich and Elovich
models were used in this work to investigate the biosorption
equilibrium of the two acid dyes on the material studied
(Fig. 7). The overall data indicate a heterogeneous distribution
of the material surface active sites, with Freundlich’s model
being the best for describing adsorption consisting of multi-
layers when SR is adsorbed onto the SE-CP surface with an R* of
0.966 (Table 2). On the other hand, in the case of SB on SE-CP,
the three models studied Langmuir, Freundlich and Elovich
showed R® values close to 0.858, 0.781 and 0.978, respectively.
The reason may lie in the adsorption of the dyes on separate
monolayers, and as the best-fitting model is the Freundlich
model, the monolayer surface is heterogeneous. In addition,
the nature of the adsorption process was investigated by
calculating the values of the Freundlich constant ‘1/n’.>* For
both dyes, SR and SB, these were less than 1, and they were 0.37
and 0.60, respectively, confirming that biosorption is favorable
on SE-CP. Indeed, Freundlich constant values ranging from 0.1
to 0.6 demonstrate the high adsorption capacity. This phenom-
enon is also attributable to the Langmuir isotherm, since the Ry,
is an important parameter for evaluating the affinity of the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Study of the biosorption isotherms of red and blue acid dyes on SE-CP at room temperature.

binding sites. Setting the Ry between 0 and 1 indicates “favor-
able adsorption” of the dye onto the adsorbent.*® The max-
imum adsorption quantity Q.. of SB (up to 63.81 mg g ') is

© 2026 The Author(s). Published by the Royal Society of Chemistry

well below that of SR (up to 158.43 mg g~ '). Note that the
adsorbed quantities during a contact time of 250 minutes, g,
were 45.27 mg g ' for SR and 34.45 mg g ' for SB. In
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Table 2 Freundlich, Langmuir and Elovich constants for adsorption of SB
and SR onto SE-CP

Langmuir

Om (mg g™ K, (Lmg™) R
SB 63.815 1.370 0.858
SR 158.432 0.811 0.996
Freundlich

Ky (mg' " 1" g™ 1/n R
SB 16.859 0.607 0.781
SR 43.860 0.373 0.922
Elovich

o (mg g min ") B (g mg ") R
SB 83.205 0.084 0.978
SR 68.771 0.612 0.843

comparison with other studies using activated carbon,>*™® the
maximum biosorption capacity exhibited by SE-CP in the pre-
sent study is highly attractive and can even rival those obtained
with activated carbon. Indeed, the multilayer biosorption of the
biomaterial studied enables it to trap a wide range of pollu-
tants. This biomaterial might be used as an alternative, in the
near future, to solve the separation problem and could be
marketed as a reference adsorbent for the removal of toxic
pollutants.
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3.5. Thermodynamics of biosorption

Plotting In(Ky) as a function of 1/T for SR and SB dyes produces
two straight lines (Fig. 8). Normally, the adsorption capacity
increases when the temperature increases. However, in the case
of SR, adsorption capacity was found to decrease with increas-
ing temperature. This scenario can be attributed to the fact that
as temperature increases, the energy supplied to SR ions to
achieve the required activation energy exceeds the desired
amount and causes a reverse in the diffusion effect towards
the adsorbent active sites available for binding. The associated
thermodynamic parameters were also calculated and are pre-
sented in Table 3. Negative AG values indicate the spontaneous
nature of the adsorption process at 20, 30, 40 and 50 °C. If AG is
negative and AH is positive at one temperature, the adsorption
process is a spontaneous endothermic reaction and, further-
more, the more negative AG is, the more readily the dye is
adsorbed by the material. Moreover, AS > 0 indicates an
increase in the degree of disorder in the adsorbed layer at the
solid/solution interface. Taking into account that the heat of
adsorption is the negative enthalpy of adsorption, in the
current study, the heat of adsorption of both anionic dyes is
then negative and less than 40 k] mol ', indicating that the
adsorption process is mainly physisorption.

3.6. Reusability and weight stability of SE-CP

The reuse of the biosorbent and the weight stability of
the adsorbed material can be achieved by regenerating the

B Thermodynamic Parameters: SR Dye

In(KL

r:-0.279

p=0.72%

0.0031 0.0032

/T (KA-1)

0.0033 0.0034

Adsorption data modeling using the Van't Hoff equation for the two studied dyes.
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Table 3 Thermodynamic biosorption parameters of the two dyes studied

Adsorption of Sellacid Red (SR)

T (°C) AG (k] mol ™) AH (k] mol ™) AS (J k' mol™)
20 —11.63 68.81 275.67

30 —15.53

40 —17.09

50 —-13.91

Adsorption of Sellaset Blue (SB)

20 —-19.11 23.84 17.04

30 —18.36

40 —18.31

50 —18.61

dye-loaded SE-CP. Regeneration of the biomaterial after bio-
sorption is illustrated in the SI, using two solvents: distilled
water (DW) and sodium hydroxide (NaOH) for both dyes SR in
SR@DW/SR@NaOH and SB in SB@DW/SB@NaOH. After each
SE-CP regeneration cycle, weight recovery is illustrated in the
SI. Several aspects were monitored during the regeneration
process to ensure ease of reuse while minimizing costs. Upon
the fifth regeneration cycle with DW, the SB@DW dye exhibited
a removal rate higher than that registered for the SR@DW dye,
with respective abatement rates of 76.82% and 67.27%. More-
over, the dyes can be desorbed using green solvent such as DW,
minimizing regeneration loads, with a significant reduction up
to the fifth regeneration cycle, demonstrating the added value
of using SE-CP as a biomaterial. After each regeneration cycle,
the recovered mass appears to decrease for both dyes, demon-
strating the presence of a biosorption phenomenon that gen-
erates a loss of mass with each cycle. At the fifth cycle, SB@DW
and SR@DW dyes show mass recovery percentages of 77.17%
and 62.58%, respectively. This represents good mass recovery
after biosorption, confirming that SE-CP is effective in terms of
dye removal, even after desorption by DW only. The application
of NaOH for SE-CP desorption after biosorption of SR@NaOH
and SB@NaOH showed similar efficiencies. Biosorption
removal rates reached 83.53% and 82.14% for the fifth regen-
eration cycle of the SB@NaOH and SR@NaOH dyes, respec-
tively. However, the mass recovered by NaOH is lower than that
recovered by DW. Meanwhile, a mass recovery percentage of
33.33% is recorded for the SB dye, while for SR, 59.17% is
obtained. This decrease may be due to the sensitivity of the
chito-protein complex to alkaline solution (deproteinization
process). Finally, the SE-CP seems to be a promising biosorbent
and can be considered sustainable, if DW is used as solvent for
desorption, due to the low mass loss, which is not very
significant.

3.7. SEM/EDX analyses of the reusable SE-CP

After five NaOH regeneration cycles, the SE-CP was assumed to
be reusable for SR@NaOH dye biosorption (SI). To confirm this
hypothesis, we carried out an XDE analysis of the particle,
which adheres onto the surface of the material (SI) in compar-
ison with the material surface (SI). The analysis regarding the
particle shows a strong contribution of the C and O elements,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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with traces of Na, Ca and Cu. These elements may be generated
after successive interactions with the same material to biosorb
the same dye. Furthermore, a section of the same surface shows
that the amount of oxygen is greater than that of carbon, with
sodium, and traces of Cl and Cu. This is perhaps due to the
surface heterogeneity already mentioned (SEM/XDE analysis of
SE-CP), where the difference between the amount of carbon and
oxygen can be explained by the heterogeneous distribution of
active sites on the material surface, resulting in different
contents of the particles that make up the pollutant on the
material surface. The clear laminate is attributed to the chito-
protein complex structure and the NaOH treatment, which
partially removes biomaterial proteins with successive treat-
ments. These features can be exploited to extend the biosorp-
tion cycles of the SE-CP biomaterial.

The results of SB@NaOH regeneration cycles by using the
same SE-CP biomaterial are shown in the SI. The coarse surface
of a well-porous biomaterial is clear even after several regen-
erations. However, dye particles are trapped in these pores due
to the non-detection of particles on the surface. Closer magni-
fication revealed the layered nature of the SE-CP even after five
regeneration cycles (Fig. 9). In addition, XDE analysis (SI)
indicates the dominance of carbon and oxygen at the surface,
which are the most important particles on the material surface
for both the SE-CP (according to SEM/XDE analysis of the SE-
CP) and the dye (azo). Evidence of the elements Ca and Cl is
visible, proving that biosorption is deeper than the SEM

Transmittance (%)

T T ] T R

1500 1000 500

4000 3500 3000 2500 2000

Wavenumber (cm™)

Fig. 9 FTIR spectra of the biosorbent after 5 regeneration cycles by
NaOH and DW for each dye.
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detector was able to record, given that biosorption occurs in
separate monolayers (isotherm applied).

3.8. Biosorption mechanism

The biosorption of SR and SB dyes onto the SE-CP biomaterial
is governed by a combination of physicochemical interactions
involving the material’s structural components, surface func-
tionality, and the electrostatic nature of the dyes. The charac-
terization of SE-CP revealed the coexistence of chitin and
proteins, mainly composed of a-chitin (p-glucosamine units),
whose antiparallel molecular arrangement confers high crystal-
linity and chemical stability.”® The biomaterial surface exhibits
abundant hydroxyl, carboxyl, and amino functional groups
originating from the chitin-protein matrix, which serve as
active sites for dye attachment. The least hydrated and most
polarized dye ions are the most strongly adsorbed.
Simultaneously, FTIR, SEM and EDX analyses were carried
out to further explore the mechanisms of SB and SR biosorp-
tion by the SE-CP bio-element. EDX spectra show the adhesion
of particles belonging to the SB dye onto the surface, as well as
charged macroscopic holes. These results could lead to the
involvement of pore filling, which was confirmed by EDX
spectra after five regenerations. In the FTIR spectra, the stretch-
ing vibration band of (vO-H) and (vN-H) after biosorption
of the anionic dyes shifted separately to 3431.5 cm ' and
3256.2 cm ', respectively. These results confirm the presence
of various functional groups such as -OH, -COOH, and R-OH

7
—du
HI

H
Sellacid red

@ Oxygen
@ Graphitic-N
@ Pyridinic-N
) P_)’VTO[EC-N

View Article Online

Paper

on the SE-CP surface, leading to the presence of hydrogen
bonding between the SE-CP and the dye molecules.®® The
amide I and amide II peaks also shifted to lower wavelengths,
while the peak at 1619 cm ™' (vC-N) and the appearance of a
new peak at 1009.7 cm~ ' were attributed to primary amine
stretching that could be attributed to n—n interactions. All these
changes reflect the involvement of these functional groups in
the biosorption process.®® The structures of both SR and SB
dyes contain -SO;~ groups, which promote electrostatic inter-
actions with the protonated amino groups of chitin at low pH.
Under acidic conditions, these -NH, groups become positively
charged (-NH;'), enhancing attraction to the negatively
charged dye ions. Consequently, dye uptake by SE-CP increases
as pH decreases, confirming that electrostatic interactions play
a dominant role in the biosorption process. Furthermore, in
accordance with the XPS results, the presence of pyridinic and
pyrrolic nitrogen elements was instrumental in enhancing the
nanoporosity of SE-CP, thus increasing the number of active
sites. In terms of comparison, many studies***> have focused
on activated carbon derived from shrimp shells for its effec-
tiveness, which undergoes pyrolysis, whereas SE-CP is acid-
treated and dried at 220 °C without complete carbonization,
making it a promising biomaterial. This difference is likely to
influence the carbon’s spectral characteristics. Meanwhile,
being the origin of pyridinic and pyrrolic nitrogen, these
functional groups arise due to the reaction of amino and
hydroxyl groups during the demineralization process, which

(2 Pore filling

Sellaset Blue

Fig. 10 Graphical depiction of the suggested biosorption mechanism during the biosorption process of SR and SB dyes.
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removes the mineral matrix from the shrimp exoskeleton. The
observed nitrogen configurations do not necessarily indicate
char formation but rather reflect the chemical interactions
between chitin-derived functional groups. However, the surface
nitrogen species identified by XPS play a crucial role in enhan-
cing the porosity and reactivity of SE-CP. The presence of pyridinic
and pyrrolic nitrogen, along with oxygen-containing groups, intro-
duces additional active sites, thereby improving sorption effi-
ciency. These results agree with previous reports showing that
graphitic-N improves biosorbent stability and adsorption effi-
ciency. The FTIR spectra further confirm oxygen-containing
groups from polysaccharides and proteins that facilitate n-n
and electrostatic interactions with anionic dyes. Even after several
regeneration cycles (Fig. 10), SE-CP retains its porous structure
and remains more effective in removing low-molecular-weight
dyes than high-molecular-weight ones.

4. Study limitations

Despite the promising performance of SE-CP as a biosorbent,
several limitations should be noted. First, the current study was
conducted under batch laboratory conditions, and the effec-
tiveness of SE-CP in continuous-flow or large-scale industrial
systems remains to be validated. Second, adsorption experi-
ments were limited to two model anionic dyes (SR and SB); the
performance may differ for other dye classes or complex
industrial effluents. Third, while SE-CP showed good regenera-
tion over five cycles, long-term stability and potential fouling
effects under repeated usage were not fully assessed. Finally,
the influence of competing ions or high ionic strength in real
wastewater matrices was not evaluated, which could affect
adsorption efficiency. Addressing these aspects in future work
will be essential to fully demonstrate the practical applicability
of SE-CP.

5. Conclusions

In the present work, a modified shrimp exoskeleton (SE-CP)
was successfully designed for its use as a biosorbent to remove
anionic dyes from aqueous media. The novelty of this new
biosorbent is revealed by the function of the chito-protein bio-
composite used to remove two anionic dyes from water to
reduce liquid and solid (marine by-products) pollution. The
SE-CP showed significant removal of the two dyes studied, SR
and SB, owing to the heterogeneous distribution of the active
sites on the biomaterial surface, leading to multilayer for-
mation. Moreover, the as-prepared biosorbent can be regener-
ated and reused by using either distilled water or NaOH
aqueous solution. Finally, the biosorbent SE-CP offers a high
level of efficiency in the removal of dye contaminants from
aqueous media, making it a suitable material for sustainable,
environmentally friendly remediation.

In future work, the scalability and applicability of SE-CP in
continuous treatment systems will be explored to support its
integration into industrial wastewater management.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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