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A B S T R A C T

Shrimp waste powder (SWP) and its mildly thermally treated derivative obtained at 200 ◦C in air (TT-SWP) were 
investigated as low-cost biosorbents for the removal of methylene blue (MB) and methyl orange (MO) from 
aqueous solution. The aim was to determine whether a simple reagent-free thermal treatment could improve the 
adsorption behavior of raw SW without harsh activation procedures. SWP and TT-SWP were characterized by 
SEM, EDX, FTIR, XRD, and ζ-potential analysis, and their adsorption performance was evaluated as a function of 
sorbent dose, pH, contact time, initial dye concentration, and temperature. Thermal treatment modified the 
surface morphology and near-surface properties of the material, producing a rougher and more fissured surface 
and improving adsorption behavior, particularly for MO. Adsorption was strongly pH-dependent, with MB 
favored at neutral to alkaline pH and MO under acidic conditions. Kinetic data were best described by the 
pseudo-second-order model, whereas equilibrium data were most consistently fitted by the Langmuir model, 
supporting a predominantly monolayer adsorption regime with limited heterogeneity. At 298 K, the Langmuir 
maximum adsorption capacities were 101.02 and 115.05 mg g− 1 for SWP toward MB and MO, respectively, and 
94.18 and 123.85 mg g− 1 for TT-SWP. Thermodynamic analysis indicated endothermic MB adsorption and 
exothermic MO adsorption, with relatively low enthalpy values supporting adsorption dominated by physical 
interactions. Desorption and regeneration tests showed feasible reuse of both sorbents, although with progressive 
performance loss over repeated cycles. These findings support mild thermal treatment as a simple upgrading 
strategy for SW derived sorbents.

1. Introduction

Industrial effluents, especially from the textile, paper, leather, and 
printing industries, contribute significantly to environmental pollution, 
impacting both ecosystems and human health [1]. These wastewaters 

frequently contain high loads of synthetic dyes; global dye production 
exceeds 700,000 t yr⁻¹ , and an estimated 10–15% is discharged with 
effluents during dyeing operations [2–4]. Representative dyes, namely 
MB and MO, are environmentally problematic due to their resistance to 
degradation and their toxic effects on both aquatic organisms and 
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human health [5–8]. Growing pressure on freshwater resources driven 
by climate change and population growth further underscores the need 
for effective, affordable dye-removal technologies [2]. Within this 
context, adsorption remains one of the most widely investigated treat
ment strategies because of its operational simplicity, flexibility, and 
comparatively low-cost relative to coagulation-flocculation, advanced 
oxidation, and membrane-based processes, which may involve high 
energy demand, higher operating costs, or the generation of secondary 
sludge [9].

A broad spectrum of adsorbents has been investigated for dye 
removal, including activated carbons, polymeric resins, mineral clays, 
biochars, and more recently developed porous materials, with perfor
mance depending on textural properties, surface chemistry, and affinity 
toward the target pollutant. In recent years, increasing attention has 
been directed toward low-cost biosorbents derived from agricultural, 
forestry, and food-processing residues, in line with waste-valorization 
and circular-economy strategies [7,10–13]. This growing interest re
flects the recognition that abundant biowastes may provide accessible 
adsorption sites through their natural content of oxygenated, 
nitrogen-containing, and mineral functional domains, while also 
reducing disposal burdens associated with agro-industrial residues [14].

Among these materials, shrimp-processing residues are particularly 
attractive because the shrimp industry generates large amounts of shells, 
heads, and tails, which can create disposal and environmental man
agement problems if not properly handled [8,15,16]; SW is a naturally 
heterogeneous matrix mainly composed of chitin, proteins, and calcium 
carbonate, together with minor lipidic and pigment fractions, and this 
compositional complexity makes it a potentially versatile precursor for 
sorbent development [17]. Accordingly, shrimp-derived materials have 
been widely studied in different forms, especially chitin, chitosan, and 
chemically modified shell-based adsorbents. However, despite this 
substantial body of work, the direct use of SWP itself, and particularly its 
thermally treated form, remains much less explored than more exten
sively processed derivatives. This gap is relevant from both scientific and 
practical perspectives. Compared with chemical modification routes, 
simple thermal treatment may offer several potential advantages, 
including a more straightforward preparation procedure, the avoidance 
of additional chemical reagents, reduced generation of secondary liquid 
waste, and potentially lower processing cost. At the same time, even 
mild heating may significantly alter surface morphology, accessibility of 

adsorption sites, the distribution of organic and mineral surface do
mains, and the acid-base or interfacial properties of the material. 
Therefore, thermally treated shrimp waste powder (TT-SWP) may 
represent an attractive intermediate between untreated biowaste and 
heavily modified shrimp-derived sorbents, combining process simplicity 
with potentially improved adsorption performance [8,12,18,19]. 
Another limitation in the available literature is that many studies focus 
either on a single dye system or on strongly processed shrimp-derived 
materials, making it difficult to isolate the specific effect of mild ther
mal treatment on adsorption behavior. In particular, direct comparisons 
between untreated SWP and its mildly thermally treated counterpart 
toward dyes of opposite charge remain limited. Such a comparison is 
relevant not only for evaluating adsorption efficiency, but also for 
clarifying how low-severity thermal treatment affects 
structure-property-performance relationships in a heterogeneous 
chitin-calcite-based sorbent.

On this basis, the originality of the present study lies in the 
comparative evaluation of raw SWP and its mildly thermally treated 
derivative obtained at 200 ◦C in air (TT-SWP) as low-cost biosorbents for 
the removal of both MB and MO from aqueous solution. The novelty 
does not reside solely in testing a SW derived adsorbent, but in specif
ically examining whether a simple and reagent-free thermal treatment 
can modify morphology, surface chemistry, and charge behavior suffi
ciently to improve adsorption performance, while retaining the practical 
advantages of a low-cost and scalable preparation route. To address this 
objective, SWP and TT-SWP were characterized by scanning electron 
microscopy coupled with energy-dispersive X-ray spectroscopy (SEM/ 
EDX), Fourier transform infrared spectroscopy (FTIR), X-ray diffraction 
(XRD), and zeta-potential (ζ-E) measurements, and their adsorption 
behavior was evaluated through batch experiments as a function of 
adsorbent dosage, pH, initial dye concentration, contact time, and 
temperature. By combining physicochemical characterization with 
adsorption, kinetic, isotherm, and thermodynamic analyses, the present 
work aims to clarify the dye-dependent effects of mild thermal treatment 
and to assess the potential of SW derived sorbents for sustainable water- 
treatment applications.

Scheme 1. Preparation of SWP and TT-SWP.
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2. Experimental section

2.1. Reagents and apparatus

MO (C14H14N3NaO3S), MB (C16H18ClN3S), sodium hydroxide 
(NaOH, ≥99.9%), and hydrochloric acid (HCl, 37%) were purchased 
from Sigma-Aldrich (St. Louis, USA) and used as received. Distilled 
water (DW) was used for all solution preparations and washing steps. 
UV-Vis spectra were recorded with a PerkinElmer Lambda 25 using 1 cm 
quartz cuvettes at λmax = 664–665 nm (MB) and 465 nm (MO). Solution 
pH was adjusted with standardized NaOH and HCl solutions and verified 
with a calibrated pH meter.

2.2. Preparation of sorbents

Shrimp processing waste (cephalothorax, head, and carapace) from 
Parapenaeus longirostris (deep-water pink shrimp) was collected from a 
local fish market in Tetouan (Morocco) and transported to the labora
tory on ice. The material was washed with DW, drained, and dried in an 
oven at 303 K for 3 days, until a constant mass was achieved [20]. The 
dried waste was then ground and sieved to a particle size of ≤ 250 µm to 
obtain the SWP. For thermal treatment, SWP was heated in an oven at 
473 K for 4 h in air and subsequently cooled to room temperature to 
produce the TT-SWP. The temperature of 473 K was selected as a mild 
thermal-treatment condition to induce physicochemical modification of 
the shrimp-shell-derived material while avoiding extensive degradation 
of its main constituents. This choice is consistent with literature on the 
thermal behavior of shrimp-shell biomass and chitin-rich materials, 
which shows that lower-temperature mass loss is mainly associated with 
moisture removal, whereas the main decomposition of the organic 
fraction becomes more pronounced at higher temperatures, while cal
cium carbonate remains stable until much higher temperatures. Both 
SWP and TT-SWP were stored in airtight containers in a desiccator until 
use. No additional chemical or physical activation was applied prior to 
the adsorption experiments (see Scheme 1).

2.3. Characterizations

SEM was performed on a Nova NanoSEM 450 (FEI, Hillsboro, OR, 
USA) to examine the surface morphology of SWP and TT-SWP. Powders 
were mounted on aluminum stubs using double-sided carbon tape. FTIR 
spectra were acquired on a PerkinElmer Spectrum 2000 equipped with 
an ATR accessory from 4500 to 500 cm− 1, at a resolution of 4 cm− 1 with 
16 co-added scans. XRD patterns were collected on a Bruker D8 
ADVANCE using Cu Kα radiation (λ = 1.5418 Å) operated at 40 kV and 
25 mA. Data were recorded over 2θ = 5–65◦ and processed with High
Score Plus software. Surface charge was evaluated by ζ-E measurements. 
For each adsorbent, 0.10 g was dispersed in 50 mL of deionized water, 
and the pH was adjusted from 2 to 11 using 0.1 M HCl or 0.1 M NaOH. 
After 360 min of agitation at room temperature on a rotary shaker, the 
final pH was recorded and the ζ-E was determined using a Zetasizer 
Nano instrument (Malvern Panalytical, UK).

2.4. Adsorption experiments

Batch equilibrium adsorption of MB and MO onto SWP and TT-SWP 
was evaluated. The effects of adsorbent dosage, pH, temperature, con
tact time, and initial dye concentration were investigated (Table 1). 
Stock solutions of MB and MO (1000 mg L− 1) were prepared in deion
ized water and diluted as required. For all experiments, 25 mL aliquots 
containing the desired adsorbent mass were transferred into 100 mL 
Erlenmeyer flasks. The solutions were adjusted to the target pH using 
0.1 M NaOH or 0.1 M HCl and shaken at 150 rpm for 360 min at 
ambient temperature. Equilibrium dye concentrations were determined 
using a UV-Vis spectrophotometer (PerkinElmer Lambda 25) at 664 nm 
for MB and 465 nm for MO. All batch adsorption experiments were 
performed in triplicate, and the results are reported as mean ± standard 
deviation. Error bars shown in the figures represent the standard devi
ation of three independent replicates (n = 3). For isotherm analysis, 
non-linear regressions were weighted by replicate standard deviations. 
The equilibrium adsorption capacity (qₑ) and the percentage of dye 
removal were determined using Eqs. (1) and (2) [21]: 

qₑ = (C0 − Ce)V
m

(1) 

% Adsorption =
(C₀ − Cₑ)

C₀
× 100 (2) 

where C0and Ce(mg L⁻¹) are the initial and equilibrium dye concentra
tions, V(L) is the solution volume, and m(g) is the mass of adsorbent.

2.5. Adsorption kinetics and adsorption isotherms

Adsorption kinetics describes the time-dependence of uptake (rate, 
approach to equilibrium, and possible mass-transfer contributions) [22]. 
Kinetic data for SWP and TT-SWP were fitted with the PFO and PSO 
models using non-linear regression. The PFO model for solid–liquid 
systems are expressed in non-linear form by Eq. (3) [23]: 

qt = qe(1 − e− k1 t) (3) 

where qt and qe(mg g− 1) are the amounts adsorbed at time t and at 
equilibrium, respectively, and k1 is the PFO rate constant (min− 1).

The PSO model is commonly used when the apparent rate depends 
on the sorbent capacity; although often associated with chemisorption, 
mechanistic assignments should not rely on goodness-of-fit alone. Its 
non-linear form is given by Eq. (4): 

qt =
K2q2

e t
1 + K2qet

(4) 

where K2 is the PSO rate constant (g mg− 1 min− 1).
Adsorption isotherms describe the distribution of solute between 

solid and liquid phases at equilibrium. Several models can interpret 
these interactions [24]. In this study, the Langmuir, Freundlich, and Sips 
models were used.

The Langmuir model assumes energetically equivalent sites and no 
lateral interactions [25]. The non-linear form used is Eq. (5): 

qe =
QmKLCe

1 + KLCe
(5) 

where Qm(mg g− 1) is the monolayer capacity, KL(L mg− 1) is the affinity 
constant, and Ce(mg L− 1) is the equilibrium concentration.

The Freundlich model, suitable for heterogeneous surfaces and/or 
multilayer adsorption [26], is expressed by Eq. (6): 

qe = KFC
1
n
e (6) 

where KF is the capacity constant [mg g− 1 (L mg− 1)
1/nF ] and 1/n repre

Table 1 
Process parameters and their levels.

Parameter Level 
1

Level 
2

Level 
3

Level 
4

Level 
5

Level 
6

pH 2 4 7 9 - -
Initial 

concentration 
(mg L− 1)

50 100 200 300 400 500

Contact time (min) 10 30 60 120 240 360
Adsorbent Dose 

(mg)
100 200 300 400 600 800

Temperature (K) 298 308 318 - - -
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sents adsorption intensity. Because non-linear regression is used, no 
logarithmic linearization was applied.

The Sips (Langmuir-Freundlich) model combines Freundlich het
erogeneity with Langmuir saturation and is appropriate for non-uniform 
surfaces [23]. The non-linear form used is Eq. (7): 

qe =
Qm(KSCe)

n

1 + (KS Ce)
n (7) 

where n quantifies system heterogeneity and KS has units (L mg− 1)
n to 

keep qe in mg g− 1.

3. Results and discussion

3.1. Characterizations

3.1.1. SEM and EDX analysis
SEM images of SWP (Fig. 1a) and TT-SWP (Fig. 1c) reveal marked 

Fig. 1. SEM images of (a) SWP and (c) TT-SWP, and EDX spectra of (b) SWP and (d) TT-SWP.

Table 2 
Elemental composition of SWP and TT-SWP as determined by EDX.

Sample name C wt% N wt% O wt% Na wt% Mg wt% Si wt% P wt% S wt% Cl wt% K wt% Ca wt%

SWP 25.88 7.45 33.6 1.37 1.61 0.39 3.74 2.99 0.61 0.35 23.88
TT-SWP 49.90 11.12 21.96 2.46 0.87 0.39 2.15 1.13 0.65 0.8 6.6

Fig. 2. (a) FTIR spectra; (b) XRD patterns of SWP and TT-SWP.
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changes in surface morphology after thermal treatment. SWP shows a 
comparatively smooth surface, whereas TT-SWP exhibits a rougher 
texture with abundant small pores and larger fissures. These features are 
consistent with partial removal and rearrangement of organic matter 
during heating.

EDX spectra (Fig. 1b and d; Table 2) indicate a relative increase in 
carbon and nitrogen and a decrease in oxygen for TT-SWP, consistent 
with near-surface deoxygenation and alteration of surface functional
ities; a modest apparent enrichment in sulfur may also be present. Given 
the surface-sensitive, semiquantitative nature of EDX, these variations 
are interpreted as near-surface compositional changes rather than pre
cise bulk values. Other inorganic elements (Na, Mg, Si, P, Cl, K, Ca) show 
lower weight percentages after treatment, which may reflect a combi
nation of surface redistribution, partial removal of loosely bound resi
dues, and matrix effects on EDX quantification rather than wholesale 
loss of the corresponding bulk phases. Overall, the elemental trends 
corroborate the SEM observations and indicate that thermal treatment 
substantially modifies both the surface texture and the near-surface 
composition of the SWP, enriching carbon and depleting oxygen at the 
surface, changes relevant to subsequent dye-adsorption performance. As 
discussed further in the FTIR section, these changes are consistent not 
only with partial oxygen loss, but also with chemical transformation and 
redistribution of oxygen-containing surface functionalities.

3.1.2. FTIR and XRD analysis
The FTIR spectra of SWP and TT-SWP (Fig. 2a) display the expected 

features of a chitin–calcite composite, with clear changes after thermal 
treatment. A broad band at ~3265 cm− 1 is assigned to O–H/N–H 
stretching. Bands at 2921 and 2851 cm− 1 arise from aliphatic C-H 
stretching of -CH2/-CH3 groups [27–30]. Signals at ~1739 and ~1633 
cm-1 are attributable to carbonyl (C––O) stretching and H-O-H bending 
(with possible overlap from amide I), respectively [28,30]. The band at 
~1542 cm− 1 is characteristic of amide II vibrations of chitin/protein 
residues [31]. Features near ~1161 and ~1032 cm− 1 are assigned to 

C-O-C bridge and C-O stretching typical of polysaccharides [32,33]. A 
band in the 870–850 cm− 1 region is consistent with the out-of-plane ν₂ 
mode of carbonate in CaCO3. After thermal treatment, bands appear/
intensify at ~1714 and ~1276 cm− 1, consistent with oxygenated sur
face groups formed during heating (non-conjugated C––O and C-O 
stretching, respectively) [34–36]. In parallel, a reduction of aliphatic 
C-H bending intensity is observed in the 1460–1370 cm− 1 region, indi
cating loss/modification of labile aliphatic moieties with temperature 
[37]. Overall, the spectral changes indicate that thermal treatment does 
not simply cause partial oxygen loss, but also promotes chemical 
transformation and redistribution of oxygen-containing organic func
tionalities, in agreement with the EDX results.

The powder XRD patterns of SWP and TT-SWP (Fig. 2b) are char
acteristic of calcite (CaCO3; JCPDS 86–0174) [15]. The most intense 
reflection at 2θ ≈ 29.4◦ (104) is accompanied by the expected calcite 
lines at ~23.0◦ (012), 36.0◦ (110), 39.4◦ (113), 43.1◦ (202), 47.5◦ (018), 
and 48.5◦ (116) (stars). Superimposed on this mineral background, 
broad low-intensity features attributable to α-chitin are visible at 
~9–10◦ (often assigned to the (020)/(021) family) and ~19–21◦ ((110)) 
(triangles). As XRD primarily probes crystalline material, the amorphous 
organic fraction is not represented in the diffractograms.

The TT-SWP pattern closely matches that of SWP, indicating pres
ervation of the calcite phase under the 473 K (200 ◦C) treatment. No 
reflections assignable to CaO (~37.3◦, 53.9◦) or Ca(OH)2 (~34.1◦, 
47.1◦) are detected within the instrument’s limits, consistent with the 
thermal stability of CaCO3 at this temperature. Compared with SWP, TT- 
SWP exhibits slightly higher relative intensities of calcite peaks and 
marginal peak sharpening, consistent with removal of amorphous or
ganics and an increased diffracting volume fraction of the mineral phase 
rather than mineral recrystallization. The chitin-associated broad bands 
remain present but appear weaker relative to calcite after treatment, 
again consistent with a lower amorphous contribution and/or partial 
disordering of polysaccharide domains during heating.

Fig. 3. Effects of sorbent dose on adsorption: (a) SWP–MB, (b) TT-SWP–MB, (c) SWP–MO, (d) TT-SWP–MO (C0 = 500 mg L− 1; V₀ = 25 mL; pH = 7; T = 298 K; 
t = 360 min). Error bars show standard deviation (n = 3).
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3.2. Adsorption studies

3.2.1. Effect of adsorbent dose
Fig. 3 illustrates the effects of varying adsorbent dosage, ranging 

from 10 to 80 mg, on the removal percentages of MB and MO. Notably, 
an impressive enhancement in the removal percentages of MB and MO 
by SWP was observed, surging from 54.39% to 82.63%, and from 
76.40% to 90.25%, correspondingly, as the mass of the adsorbent 
escalated from 10 to 40 mg. Analogously, concerning the removal per
centages of MB and MO through TT-SWP, substantial increments were 
detected, progressing from 66.43% to 80.82%, and from 86.21% to 
90.25%, respectively, within the 10–40 mg adsorbent mass range. This 
elevation in removal percentages can be attributed to the heightened 

availability of adsorption sites, resulting from the increased adsorbent 
dosage. Consequently, this allowed for more profound interactions with 
dye molecules, as expounded by [38,39]. The removal percentages 
began to reach a plateau at 40 mg for both dyes on both adsorbents. This 
phenomenon could be ascribed to the saturation of binding sites on the 
surface and/or the limited presence of adsorbate molecules [40]. A 
significant reduction in adsorption capacities for both dyes on both 
materials was observed. This trend stems from the persisting unoccupied 
sites subsequent to the adsorption of MB and MO molecules. Comparing 
the two adsorbents, TT-SWP demonstrated higher initial removal effi
ciencies for both MB and MO. Specifically, TT-SWP achieved 66.43% 
removal for MB and 86.21% for MO, while SWP started at 54.39% for 
MB and 76.40% for MO. The enhanced performance of TT-SWP can be 

Fig. 4. (a) Effect of pH on MB and MO adsorption onto SWP and TT-SWP; (b) ζ-E measurements (S/L = 4 g L− 1; C₀ = 500 mg L− 1; V₀ = 25 mL; pH = 2–9; T = 298 K; 
t = 360 min). Error bars show standard deviation (n = 3).

Fig. 5. Effect of temperature on removal efficiency for (a) SWP–MB, (b) TT-SWP–MB, (c) SWP–MO, (d) TT-SWP-MO (S/L = 4 g L− 1; C0 = 500 mg L− 1; pH = 7; 
T = 298–318 K; t = 360 min). Error bars show standard deviation (n = 3).
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attributed to its pretreatment process, which likely increases the number 
of available adsorption sites and improves interactions with dye mole
cules. Despite both adsorbents reaching a plateau at an adsorbent mass 

of 40 mg, TT-SWP consistently outperformed SWP across the dosage 
range. This suggests that TT-SWP, with its superior qe, could be more 
effective for applications requiring higher dye removal efficiency.

3.2.2. pH effects on MB and MO adsorption and ζ-E
The pH of the solution plays a pivotal role in governing the qe, 

affecting not only the surface charge of the adsorbents but also the 
solubility of dyes [41]. In this study, the effect of pH on the removal of 
MB and MO was evaluated (Fig. 4a). For SWP, MB removal increased 
slightly as pH went from 7 to 9, with the highest removal at pH 9 due to 
the electrostatic attraction between the negatively charged adsorbent 
surface and the cationic MB dye. Similarly, TT-SWP showed higher MB 
removal across all pH values, with an increase in removal from 63.64% 
to 67.05% as the pH rose from 2 to 9, following a similar trend as SWP 
[39]. For MO, the removal percentage decreased as pH increased from 2 

Table 3 
Thermodynamic parameters for MB and MO reduction onto SWP and TT-SWP 
adsorbents.

Parameter ΔH◦ (KJ 
mol¡1)

ΔS◦ (J mol¡1 

K¡1)
ΔG◦ (KJ mol¡1)

Temperature 
(K)

298 308 318

SWP-MB 18.9601 53.8963 2.9022 2.3535 1.8247
TT-SWP-MB 13.3689 40.2822 1.4610 0.7562 0.6688
SWP-MO -41.5675 -141.1634 0,4985 1,91456 3,3217
TT-SWP-MO -79.4145 -263.3293 -0,8756 1.5485 4.4002

Fig. 6. Experimental adsorption kinetics and non-linear fits to the PFO and PSO models for (a) MB and (b) MO on SWP and TT-SWP (S/L = 4 g L⁻¹; C₀ = 500 mg L⁻¹; 
pH = 7; T = 298 K). Error bars show standard deviation (n = 3).

Table 4 
Kinetic parameters for the removal of MB and MO onto SWP and TT-SWP.

Samples qe (mg g¡1) PFO kinetics PSO kinetics

K1 (min¡1) qe (mg g¡1) R2 K2 (g mg¡1min¡1) qe (mg g¡1) R2

SWP-MB 65.58 0.14760 63.90 0.99501 0.005602 65.76 0.99694
TT-SWP-MB 80.11 0.15200 79.40 0.99715 0.004847 81.47 0.99804
SWP-MO 90.15 0.12190 89.56 0.98266 0.005057 90.66 0.99389
TT-SWP-MO 98.61 0.10840 95.78 0.99573 0.002802 97.77 0.99867

Fig. 7. Experimental adsorption isotherms and non-linear fits to the Langmuir, Freundlich, and Sips models for (a) MB and (b) MO on SWP and TT-SWP (S/L =
4 g L− 1; C₀ = 10–300 mg L− 1; pH = 7; t = 360 min; T = 298 K). Error bars show standard deviation (n = 3).
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to 9, with peak removal at pH 2 on both SWP and TT-SWP. The thermal 
treatment effect was evident on TT-SWP, with higher MO removal 
observed at lower pH values and better overall removal efficiency 
compared to SWP [4]. Additionally, ζ-E measurements (Fig. 4b) 
revealed different behaviors for SWP and TT-SWP, highlighting how 
composition affects surface charge and electrostatic interactions. SWP 
exhibited a shift towards more negative values as pH increased, while 
TT-SWP consistently showed more negative ζ-E values, reflecting its 
enhanced surface charge density from thermal treatment. These results 
confirm the correlation between pH, surface charge, and pollutant 
removal efficiency for both adsorbents [42,43].

3.2.3. Temperature effect and thermodynamic study
This study investigated the effect of temperature on the adsorption of 

MB and MO onto SWP and TT-SWP at 298, 308, and 318 K. As shown in 
Fig. 5, the removal efficiency of MB increased with temperature, from 
55.35% to 66.73% for SWP and from 66.05% to 75.64% for TT-SWP. 
This behavior indicates that MB adsorption was favored at higher tem
peratures, consistent with an endothermic process. In contrast, MO 
removal decreased with increasing temperature, from 76.59% to 
53.24% for SWP and from 85.07% to 43.10% for TT-SWP, indicating 
that MO adsorption became less favorable as temperature increased. 
This opposite trend is consistent with an exothermic adsorption process, 
in which increasing thermal energy weakens the interactions respon
sible for dye uptake [44].

Thermodynamic analysis was performed to evaluate the energetic 
characteristics and temperature dependence of the adsorption process. 

The thermodynamic parameters, namely standard Gibbs free energy 
(ΔG◦), enthalpy change (ΔH◦), and entropy change (ΔS◦), were esti
mated using the following relationships [45]:

Where, R is the universal gas constant (8.314 J K− 1 mol− 1), T is an 
absolute temperature (K) and Kd is the equilibrium distribution 
coefficient. 

ΔG◦ = − RTlnKd (8) 

lnKd = −
ΔH◦

RT
+

ΔS◦

R
(9) 

ΔG◦ values were calculated using Eq. (8), while ΔH◦ and ΔS◦ were 
estimated using Eq. (9) from the slope and intercept of the van’t Hoff 
plot, respectively, as illustrated in Fig. 5. The corresponding thermo
dynamic parameters are presented in Table 3. Positive ΔH◦ values for 
MB adsorption on both SWP and TT-SWP indicate that this process was 
endothermic, in agreement with the observed increase in adsorption 
with temperature. In contrast, negative ΔH◦ values for MO adsorption 
on both sorbents confirm the exothermic nature of this process, consis
tent with the decrease in removal efficiency at higher temperature [46]. 
The ΔG◦ values indicate that the thermodynamic favorability of 
adsorption depends on both dye type and temperature. For MB, ΔG◦

decreased with increasing temperature, indicating that adsorption 
became more favorable at higher temperature. For MO, ΔG◦ increased 
with temperature for both sorbents, indicating that adsorption became 
less favorable as temperature rose. A slightly negative ΔG◦ was observed 
only for TT-SWP-MO at 298 K, whereas positive values were obtained at 
higher temperatures. The relatively low absolute values of ΔH◦ support 
the predominance of physical interactions in the adsorption process. In 
addition, positive values of ΔS◦ for MB reflect the affinity of the adsor
bent towards the adsorbate species. In addition, the positive ΔS◦ values 
obtained for MB suggest an increase in randomness at the solid-solution 
interface during adsorption, which may reflect favorable rearrangement 
of interfacial species. By contrast, the negative ΔS◦ values observed for 
MO indicate a decrease in interfacial randomness and suggest that 
adsorption proceeded through a more ordered interfacial state. This 
behavior is also consistent with the exothermic nature of MO adsorption 
and with the decrease in adsorption capacity as temperature increased 
[47].

3.2.4. Adsorption kinetics
Adsorption of MB and MO on SWP and TT-SWP increases rapidly at 

short contact times and approaches equilibrium within ~60 min for all 
systems. The initial surge reflects the abundance of accessible surface 
sites, whereas progressive site occupation diminishes the driving force 
and yields a plateau. Non-linear fits of the pseudo-first-order (PFO) and 
pseudo-second-order (PSO) models (Fig. 6a–b) capture these trends, and 
the corresponding parameters are summarized in Table 4.

Across all four systems, the PSO model shows the closest agreement 
with the kinetic data, with higher R2 values (≈0.994–0.999) and smaller 
residuals than the PFO model. PFO fits yield positive rate constants (k1 ≈

0.108–0.152 min− 1), indicating that the model is mathematically ad
missible but empirically inferior for these data. Overall, these results 
indicate that MB and MO uptake on SWP and TT-SWP follow a PSO-type 
rate law under the conditions studied.

3.2.5. Adsorption isotherms
The equilibrium uptake of MB and MO increases with Ceand ap

proaches a plateau for all sorbent–dye pairs, consistent with progressive 
occupation of a finite population of sites (Fig. 7). Non-linear regressions 
(weighted by replicate standard deviations) indicate that the Langmuir 
model provides the most accurate description across systems (highest 
R2 ≈ 0.984–0.998), while Sips yields comparably good fits and 
Freundlich tends to deviate at higher Ce, especially for MO. The Lang
muir capacities in Table 5 mirror the trends in the plots: Qm ≈ 101 and 
115mg g− 1 for SWP with MB and MO, and ≈ 94 and 124 mg g− 1 for TT- 

Table 5 
Parameters of different isotherm models for MB and MO adsorption by SWP and 
TT-SWP.

Isotherm models Samples Parameters Values

​ SWP-MB Qm (mg g− 1) 
kL (L mg− 1) 
R2

101.02 
0.0086 
0.9973

Langmuir SWP-MO Qm (mg g− 1) 
kL (L mg− 1) 
R2

115.05 
0.0366 
0.9964

TT-SWP-MB Qm (mg g− 1) 
kL (L mg− 1) 
R2

94.18 
0.0238 
0.9843

​ TT-SWP-MO Qm (mg g− 1) 
kL (L mg− 1) 
R2

123.85 
0.0488 
0.9852

​ SWP-MB kF (mg g− 1) (L mg− 1)1/n 

1/n 
R2

2.6888 
0.5993 
0.9858

Freundlich SWP-MO kF (mg g− 1) (L mg− 1)1/n 

1/n 
R2

8.3749 
0.5316 
0.9580

​ TT-SWP-MB kF (mg g− 1) (L mg− 1)1/n) 
1/n 
R2

7.3436 
0.4765 
0.9891

​ TT-SWP-MO kF (mg g− 1) (L mg− 1)1/n) 
1/n 
R2

9.4710 
0.5924 
0.9117

​ SWP-MB Qm (mg g− 1) 
ks (L mg− 1) 
n 
R2

108.96 
0.0073 
0.9480 
0.9976

Sips SWP-MO Qm (mg g− 1) 
ks (L mg− 1) 
n 
R2

124.98 
0.0295 
0.9244 
0.9979

​ TT-SWP-MB Qm (mg g− 1) 
ks (L mg− 1) 
n 
R2

177.06 
0.0046 
0.6589 
0.9972

​ TT-SWP-MO Qm (mg g− 1) 
ks (L mg− 1) 
n 
R2

110.94 
0.0632 
1.0996 
0.9738
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SWP, confirming that TT-SWP sustains higher loadings over much of the 
concentration range. The corresponding kLvalues (≈ 0.0086 − 0.049 L 
mg− 1) indicate stronger apparent affinity for MO than for MB on both 
substrates.

These findings are coherent with the effect of mild thermal treatment 
on the SWP matrix. Rather than introducing a fundamentally different 
adsorption pathway, thermal treatment appears to modify the surface 
morphology and accessibility of adsorption sites, as qualitatively sug
gested by the rougher and more fissured surface observed by SEM. The 
better performance of the Langmuir model relative to the Freundlich 
model at higher Ce suggests that, although some degree of energetic 
heterogeneity may be present, the dominant adsorption regime remains 
consistent with monolayer coverage on a finite number of sites [45]. In 
practical terms, Qmcaptures the limiting capacity under the tested con
ditions, whereas kLreflects the affinity/steepness of the isotherm at low 
Ce; thus, the larger kLvalues for MO explain the steeper initial rise and 
the tighter correspondence of the Langmuir curve with the MO data. The 
Sips model also provided competitive fits for some systems, indicating 
that limited heterogeneity may exist. However, for TT-SWP-MB, the Sips 
model yielded Qm ≈177.06 mg g− 1 and n = 0.6589, whereas the Lang
muir model gave Qm ≈94.18 mg g− 1; given that the experimental 
isotherm approaches a much lower plateau, the Sips parameters likely 
reflect overfitting rather than a physically realistic adsorption capacity. 
By contrast, the Freundlich model, which does not impose a saturation 
limit, showed larger deviations as Ce approached the plateau region, 
consistent with its lower R² values in Table 5 and its weaker represen
tation of the high-concentration behavior. Overall, the combined evi
dence from the approach to saturation, the generally better Langmuir 
fits, and the more cautious interpretation of the Sips parameters sup
ports a predominantly monolayer adsorption mechanism with limited 
surface heterogeneity.

3.2.6. Adsorption mechanism on TT-SWP surface
Scheme 2 illustrates the proposed adsorption mechanism for MB and 

MO on SW derived sorbents. Since both SWP and TT-SWP exhibited the 
same general adsorption trends, differing mainly in magnitude, the 
mechanistic interpretation is centered on TT-SWP, in which these effects 

were more clearly expressed. For MB, adsorption is favored at neutral to 
alkaline pH, where the surface becomes more negatively charged and 
electrostatic attraction toward the cationic dye is strengthened, with 
possible secondary contributions from hydrogen bonding and other 
weak interactions [48]. For MO, adsorption is favored under acidic 
conditions, where protonated surface groups enhance attraction toward 
the anionic dye, again with possible additional stabilization through 
weak intermolecular interactions. The rougher and more fissured sur
face of TT-SWP is consistent with improved accessibility of adsorption 
sites. Overall, the results indicate that both dyes are adsorbed through 
the same general mechanism on SWP and TT-SWP, while thermal 
treatment enhances the expression of these interactions rather than 
introducing a fundamentally different adsorption pathway [6].

3.2.7. Comparison of SWP and TT-SWP with other bio-sorbents in retaining 
MB and MO

The adsorption capacities of various bio-adsorbents for MB and MO, 
as compiled in Table 6, were reviewed. Comparing the adsorption ca
pacities of SWP and TT-SWP with those reported in the literature reveals 
that SWP and TT-SWP demonstrate superior effectiveness as adsorbents 
for MB and MO. Hence, they represent promising low-cost alternatives 
to other materials for the efficient removal of these dyes. However, it 
should be emphasized that the adsorption capacities reported in this 
table depend strongly on the experimental conditions used in each 
study, including pH, temperature, initial dye concentration, contact 
time, and adsorbent dosage. Therefore, the comparison should be 
interpreted with caution and regarded as indicative rather than 
absolute.

From a comparative perspective, the main strengths of the present 
study lie in the use of an abundant shrimp-processing residue, the 
adoption of a simple and reagent-free mild thermal-treatment strategy, 
and the direct evaluation of untreated and thermally treated sorbents 
toward both cationic and anionic model dyes. These aspects give the 
work practical relevance beyond adsorption capacity alone. At the same 
time, the literature comparison should be interpreted within the limits of 
the present experimental design, since the study was restricted to two 
model dyes under batch conditions, only one thermal-treatment 

Scheme 2. Proposal adsorption mechanism of MB and MO on SW derived sorbents, illustrated using TT-SWP.
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protocol was examined, and no BET surface-area analysis was available. 
Therefore, the present results provide proof-of-concept evidence for a 
simple and potentially scalable sorbent-upgrading strategy, rather than 
a definitive benchmark across all pollutant classes or operating 
conditions.

3.3. Desorption and regeneration study

The desorption behavior of MB and MO adsorbed onto SWP and TT- 
SWP was evaluated using HCl solutions with concentrations ranging 
from 0.1 to 0.6 mol L− 1. After the adsorption step, the dye-loaded sor
bents were separated by centrifugation and then contacted with the 
eluent under stirring for 90 min to promote dye desorption. Following 
desorption, the recovered sorbents were washed three times with 60 mL 
of 50% ethanol for 60 min in order to remove residual dye and acid, and 
were then reused in the subsequent adsorption cycle [45]. The desorp
tion efficiency was calculated from the ratio between the amount of dye 
released into the eluent and the amount previously adsorbed onto the 
sorbent. The desorption results showed that dye release depended 
strongly on both the sorbent type and the acid concentration (Figs. 8a 
and 8b). For SWP, MO exhibited markedly higher desorption than MB at 
low HCl concentrations, reaching its highest value at 0.1 mol L− 1, 
whereas MB desorption increased progressively and reached a 

maximum at intermediate acid concentration before decreasing again at 
higher HCl concentrations. A similar concentration-dependent behavior 
was also observed for TT-SWP, although the relative trends of the two 
dyes differed. In general, MO was more easily desorbed than MB at low 
acid concentration, while MB desorption became more pronounced at 
intermediate HCl concentrations. These results indicate that the 
reversibility of adsorption was strongly affected by dye type and by the 
interaction strength established with the sorbent surface. They also 
suggest that improved adsorption performance does not necessarily 
correspond to higher desorption efficiency under the same regeneration 
conditions.

The regeneration study further showed that both SWP and TT-SWP 
remained reusable over five consecutive adsorption-desorption cycles, 
although a progressive decline in removal efficiency was observed in all 
cases (Fig. 8c and d). For MB, SWP retained higher removal efficiency 
than TT-SWP throughout the investigated cycles, indicating better 
regeneration stability under the selected conditions. For MO, TT-SWP 
showed higher removal efficiency than SWP during the first cycles, 
confirming its superior initial adsorption performance, although the 
difference between the two sorbents became smaller at later cycles. The 
gradual decrease in removal efficiency for both dyes suggests partial 
regeneration of the active sites and progressive loss of adsorption ca
pacity upon repeated use, likely due to incomplete dye desorption and/ 
or partial blocking of adsorption sites.

Overall, these results confirm that regeneration of SWP and TT-SWP 
is feasible, but also show that cyclic stability remains moderate rather 
than complete under the present conditions. From a practical perspec
tive, the regeneration behavior supports the potential reuse of both 
sorbents, while indicating that further optimization of the regeneration 
medium and operating conditions would be required to improve long- 
term performance.

4. Conclusions

This study demonstrated that SWP and its thermally treated deriv
ative at 200 ◦C can serve as effective and low-cost biosorbents for the 
removal of MB and MO from aqueous solutions. Thermal treatment 
induced significant modifications in surface morphology and properties, 
leading to enhanced adsorption performance, particularly for MO. The 
experimental data were well described by the Langmuir isotherm model 
and a PSO kinetic model. Thermodynamic analysis revealed an endo
thermic process for MB adsorption and an exothermic one for MO, with 
physical interactions predominating in both cases. In addition, regen
eration tests indicated moderate reusability of the materials over several 
adsorption-desorption cycles. The main advantage of this work lies in 
the use of a simple, reagent-free thermal treatment applied to an 
abundant by-product, making this approach sustainable and potentially 
scalable for industrial applications. However, this study has some limi
tations, including the use of batch experimental conditions and a limited 
number of model pollutants. Future work should therefore focus on 
continuous-flow system investigations, evaluation using real industrial 
effluents, and extension to other classes of contaminants such as heavy 
metals, pesticides, and other organic pollutants. Furthermore, exploring 
different thermal treatment conditions and alternative treatment 
methods, as well as conducting additional surface characterization an
alyses such as Transmission electron microscopy, X-ray photoelectron 
spectroscopy, and Brunauer-Emmett-Teller, would provide deeper 
insight into the adsorption mechanisms. In this context, the present 
findings provide a promising proof of concept for the development of 
low-cost biosorbents for sustainable water treatment.
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