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Synthetic dyes are major water pollutants, with an estimated 280,000 tons released annually 
worldwide. The discharge of dye-containing effluents into aquatic environments can adversely affect 
water quality and may restrict the safe reuse of treated water in agricultural irrigation and food-
processing operations. Moreover, persistent dye contaminants may pose risks to soil health, crop 
production, aquatic ecosystems, and food-chain safety. Azo dyes, including Eriochrome Black T 
(EBT), in particular, cause difficult-to-repair environmental problems due to their high water solubility 
and resistance to degradation, while also posing a significant threat to human health. Starch is an 
abundant plant-derived agricultural biopolymer obtained from widely cultivated crops such as corn, 
wheat, potato, and cassava, whereas chitosan is commonly produced from chitin recovered from 
crustacean shell waste generated by the seafood-processing industry. The valorization of these 
renewable agricultural resources and food-industry by-products contributes to waste reduction and the 
development of sustainable, bio-based materials. Both biopolymers also possess advantageous 
properties, including low cost, biodegradability, non-toxicity, and the potential for large-scale 
production through relatively. When used together, their combined properties can yield significantly 
higher performance. In this study, double-crosslinked chitosan/starch biocomposite (CS/St) beads 
were synthesized using epichlorohydrin (ECH) and sodium tripolyphosphate (NaTPP) crosslinkers 
and characterized using DSC, XRD, and FTIR techniques. Subsequently, the biosorption performance 
of the synthesized biocomposite beads for the EBT azo dye was evaluated. The effects of pH, 
adsorbent amount, initial concentration, and contact time on biosorption were investigated, and the 
obtained experimental data were evaluated using isotherm and kinetic models, and the biosorption 
mechanism was explained in detail. Biosorption studies revealed that the optimum conditions for EBT 
removal were pH 6 and 100 mg adsorbent, providing approximately 95% removal efficiency. Isotherm 
and kinetic modeling indicated that the adsorption process followed the Freundlich model, suggesting 
multilayer adsorption on a heterogeneous surface. The mechanism was a multistage adsorption 
process, dominated by chemical interaction and compatible with PSO kinetics. 
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Introduction 

Access to clean water has become a global problem that 

is becoming increasingly difficult to overcome due to the 

increasing pollution of water resources by toxic pollutants, 

including synthetic dyes. Every year, 280,000 tons of 

synthetic dyes are released into the environment through 

industrial discharges worldwide (Al-Ghouti & Dib, 2020; 

Bool et al., 2022). Synthetic dyes are highly stable, 

generally resistant to biodegradation, and difficult to 

remove, and they are typically released as waste products 

from the textile, pharmaceutical, plastic, leather, ink, 

packaging, and paper industries. In addition, these dyes 

negatively impact the aquatic ecosystem and are highly 

hazardous to human health, causing mutagenic and 

genotoxic disorders and even cancer (Fathima et al., 2018; 

Waghchaure et al., 2022). 
The dye industry is a large global sector, with an annual 

production of approximately 800,000 tons of synthetic 
dyes worldwide (Jamee & Siddique, 2019). Synthetic dyes 
are divided into various classes, including cationic, 
anionic, chromium-based, sulfur-based, acid-based, 
oxidative, and azo dyes. Among these classes, azo dyes, 
including Eriochrome Black T (EBT), are the most 
preferred dyes in the industry due to their wide color range, 
high color fastness, and low cost. Indeed, azo dyes 
constitute 70% of the approximately 10,000 dyes used in 
various industries (Carliell et al., 1998). However, since 
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dyes become persistent in wastewater due to their high 
solubility and chemical stability and cause serious 
environmental problems, it is necessary to effectively 
remove these substances from water (Shahid-ul-Islam, 
2017). On the other hand, traditional water treatment 
methods used today are often inadequate in removing dye 
molecules, causing these substances to be carried into 
drinking water and thus have adverse effects on human 
health (Sirajudheen et al., 2021). 

EBT is an anionic dye with an azo bond between two 
aromatic rings. This azo bond, as the molecule's primary 
chromophore, is considered the primary source of toxic 
effects (Gomes et al., 2023). Widely used in textile and 
carpet manufacturing to impart a dark blue/black color, 
EBT is also used in various industries such as 
pharmaceuticals, paper, leather, and cosmetics. Washing 
processes performed to remove excess dye from products 
in these sectors lead to the release of large amounts of EBT 
into wastewater, creating a pollution problem that is 
difficult to reverse (De et al., 2022). This situation is 
increasingly driving the need for alternative and 
environmentally friendly treatment methods. In this 
context, the use of biopolymer-based sorbents (i.e., 
biosorption) offers significant advantages over traditional 
treatment methods due to their simple applicability, low 
cost, and environmental sustainability. Biosorbents are 
also widely evaluated to improve existing treatment 
processes (Zhou et al., 2015). 

Chitosan is a natural polymer widely preferred in various 
industries due to its low toxicity, good chemical reactivity, and 
physical/chemical flexibility. It is obtained through the 
deacetylation of chitin, which is commonly recovered from 
shrimp, crab, and lobster shell by-products generated by the 
seafood-processing industry. (Hamed et al., 2016; Synowiecki 
& Al-Khateeb, 2003). Due to these advantageous properties, 
chitosan has attracted considerable attention and has been the 
focus of numerous studies exploring its potential applications 
in both biomedical and environmental fields, particularly in 
areas such as drug delivery, tissue engineering, and 
wastewater treatment (J. Wang & Chen, 2014). Starch, on the 
other hand, is a low-cost, abundant, renewable, and 
biodegradable plant-derived polymer obtained from widely 
cultivated agricultural crops, making it a promising biosorbent 
component for sustainable environmental applications. (Chen 
et al., 2021; Ihsanullah et al., 2022). However, its low 
mechanical strength limits the use of starch alone; therefore, 
starch is often used in combination with other biodegradable 
polymers such as chitosan (Priya et al., 2023). 

Although chitosan/starch-based adsorbents have been 
investigated for dye removal (He et al., 2016; Ngwabebhoh 
et al., 2016; Noreen et al., 2020), their practical application 
may be limited by insufficient mechanical stability, 
polymer dissolution, and loss of structural integrity under 
aqueous treatment conditions (Hao et al., 2023; Mathew et 
al., 2006; Tan et al., 2022). Crosslinking is therefore 
commonly employed to improve the physicochemical 
stability of biopolymer-based adsorbents. However, a 
single crosslinking step may not provide an adequate 
balance between structural stability and the accessibility of 
functional groups responsible for adsorption (L. Huang et 
al., 2021). In this study, a double-crosslinking strategy was 
selected to obtain more stable and durable chitosan/starch 
beads while maintaining the availability of amino and 
hydroxyl groups that can interact with EBT molecules. In 

the first step, epichlorohydrin (ECH) formed a covalently 
crosslinked network mainly through reactions with the 
hydroxyl groups of chitosan and starch, while sodium 
tripolyphosphate (NaTPP) subsequently provided ionic 
crosslinking through interactions between phosphate 
groups and protonated amino groups. The resulting double-
crosslinked chitosan/starch biocomposite (CS/St) beads 
were characterized using FTIR, DSC, and XRD 
techniques. The biosorption performance of the prepared 
beads for EBT dye was subsequently evaluated. The effects 
of pH, adsorbent dosage, initial dye concentration, and 
contact time on biosorption were examined, and the 
experimental data were analyzed using isotherm and 
kinetic models to investigate the adsorption behavior. 

 
Materials and Methods 

 

Materials 

Analytical grade epichlorohydrin (ECH), Eriochrome 
Black T (EBT), ethanol (EtOH), hydrochloric acid (HCl), 
chitosan, starch, sodium hydroxide (NaOH), and sodium 
tripolyphosphate (NaTPP) were used in the experiments 
and were purchased from Merck and Sigma–Aldrich 
companies. Additionally, in all experiments, aqueous 
solutions were prepared with deionized water with a 
conductivity value of 18.2 MΩ.cm. 

 

Methods 

The synthesis route and the proposed double crosslinking 
mechanism of the CS/St beads are schematically illustrated in 
Figure 1. CS/St beads were prepared at room temperature 
(25 °C) by dissolving 4 g of chitosan and 4 g of starch in 
160 mL of 5% (v/v) acetic acid. The resulting suspension was 
vigorously stirred for 2 h. Subsequently, 160 mL of 0.01 M 
ECH solution (pH 10.0) was added dropwise, and the mixture 
was stirred vigorously for an additional 1 h. The suspension 
was then added dropwise to 500 mL of 0.05 M NaTPP 
solution and stirred at 100 rpm for 3 h. The formed 
biocomposite beads were filtered and washed with distilled 
water to remove excess crosslinkers. The collected CS/St 
beads were dried at 37 °C, ground to the desired particle size, 
and stored under ambient conditions (Çelik et al., 2025; Wan 
Ngah et al., 2012). 

Figure 1 illustrates the proposed synthesis pathway of 
the CS/St beads. Initially, ECH reacts with the hydroxyl 
and amino groups of chitosan and starch to form covalent 
ether linkages, producing a stable polymeric network. 
Subsequently, NaTPP ionically crosslinks the protonated 
amino groups of chitosan, resulting in the formation of a 
mechanically stable double cross-linked biocomposite 
structure. 

 

Characterizations 

Differential scanning calorimetry (DSC, Hitachi 7020) was 
used to evaluate the thermal behavior of chitosan, starch, and 
the CS/St beads and to determine the changes in thermal 
transitions associated with bead formation. Powder X-ray 
diffraction (XRD, PANalytical EMPYREAN) was performed 
to determine the crystalline or amorphous character of the CS/St 
beads and to examine the structural organization of the resulting 
biocomposite matrix. Fourier-transform infrared spectroscopy 
in attenuated total reflectance mode (FTIR–ATR, Bruker 
Tensor II) was employed to characterize the functional groups 
of EBT and the CS/St beads before and after adsorption. 
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Figure 1. Schematic illustration of the synthesis of Cs/St beads through covalent crosslinking with ECH followed by 

ionic crosslinking with NaTPP. 

 

The comparison of the FTIR spectra was used to 

identify spectral shifts or intensity changes associated with 

interactions between EBT molecules and the functional 

groups of the beads and to support the proposed adsorption 

mechanism. The residual EBT concentration in solution 

was measured using a UV–visible spectrophotometer 

(UV–Vis, PerkinElmer Lambda 20), and the obtained data 

were used to calculate the dye removal efficiency and 

adsorption capacity. 

 

Batch Biosorption Studies 

In batch biosorption experiments, a 200 mg L-1 stock 

solution of EBT was prepared by dissolving analytical-

grade EBT in deionized water. Working solutions of the 

desired initial concentrations were obtained by appropriate 

dilution of the stock solution with deionized water. All 

biosorption experiments were conducted at 25 °C for 24 h 

in polypropylene tubes containing 10 mL of a 100 mg L-1 

EBT solution (at its natural pH of 5.14) and 50 mg of CS/St 

beads. The effect of pH was examined by adjusting the 

initial pH of the biosorption solution within the range of 

2.0–10.0. In addition, the effects of biosorbent dosage (20–

100 mg), initial EBT concentration (10–200 mg L-1), and 

contact time (0–24 h) were systematically investigated at 

constant temperature. During each experiment, samples 

were withdrawn at predetermined time intervals, and the 

residual EBT concentrations were determined using a UV–

Vis spectrophotometer at 526 nm (Çaylak et al., 2025; de 

Luna et al., 2013). Biosorption (%) and the adsorption 

capacity Q (mol kg-1) were calculated using Equations 1 

and 2.  

𝐵𝑖𝑜𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 (%) = [
𝐶𝑖−𝐶𝑓

𝐶𝑖
] 𝑥 100  (1) 

 

 𝑄 = [
𝐶𝑖−𝐶𝑓

𝑚
] 𝑥 𝑉    (2) 

 

Here, Cᵢ is the initial dye concentration (mg L-1), Cf is 

the equilibrium concentration (mg L-1), m is the mass of the 

adsorbent (g), and V is the volume of the solution (L). 

 

Adsorption Isotherms 

Adsorption isotherms are very important for 

understanding biosorption mechanisms since they describe 

how much material is adsorbed by the sorbent versus how 

much remains in the solution environment at equilibrium 

under constant temperature (Shimizu & Matubayasi, 

2023). The parameters obtained from the models provide 

valuable information about the sorbent’s surface 

properties, affinity, and overall sorption behavior (Al-

Ghouti & Da’ana, 2020). In this study, the Langmuir, 

Freundlich, and Dubinin–Radushkevich (D-R) isotherm 

models were employed, and the corresponding equations 

are given below: 

 

𝑞𝑒 =
𝑞𝑚𝑏𝐶𝑒

1+𝑏𝐶𝑒
                   (3) 

 

𝑞𝑒 = 𝐾𝐹𝐶𝑒
1/𝑛

                  (4) 

 

𝜀 = 𝑅𝑇𝑙𝑛(1 +
1

𝐶𝑒
)           (5) 

 

𝐸𝐷𝑅 = (2𝐾𝐷𝑅)−0.5         (6) 

 

Here, qe is the adsorbed amount (mg g-1), qm is the 

maximum adsorption capacity (mg g-1), b is the Langmuir 

isotherm equilibrium constant (L mg-1), Ce is the adsorbate 

concentration (mg L-1), KF is the Freundlich constant, n is 

the adsorption intensity, ε is the Polanyi potential, R is the 

ideal gas constant (8.314 Jmol-1K-1), T is the absolute 

temperature (K), EDR is the mean adsorption energy 

(kJ mol-1), and KDR is the D-R constant related to the 

adsorption energy (mol2 KJ-2). 

 

Adsorption Kinetics 

Determining the uptake rate of the sorbate by an 

adsorbent is essential for both effective process design and 

industrial scale-up. Accordingly, the experimental kinetic 

data should be analyzed using appropriate kinetic models 

(Lima et al., 2021). The most frequently employed kinetic 

models in adsorption studies, including Pseudo-First Order 

(PFO), Pseudo-Second Order (PSO), Intraparticle 

Diffusion (IPD), and Elovich models, were applied (Akin 

et al., 2025; Guo & Wang, 2019). The corresponding 

equations are presented below: 

 

𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡)        (9) 

 

𝑞𝑡 =
𝑡

(
1

𝑘2𝑞𝑒
2)+(

𝑡

𝑞𝑒
)
                (10) 
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𝑞𝑡 = 𝑘𝐼𝑃𝐷𝑡0.5 + 𝐶𝐼𝑃𝐷                    (11) 

 

𝑞𝑡 =
ln(𝛼𝛽)

𝛽
+

𝑙𝑛𝑡

𝛽
               (12) 

 

Here, qt is the amount adsorbed at time t (mg g-1), qe is 

the adsorption capacity at equilibrium (mg g-1), t is the 

contact time (min), k₁ is the PFO rate constant (min-1), k₂ is 

the PSO rate constant (g mg-1  min-1), kIPD is the 

intraparticle diffusion rate constant (mg g-1 min-0.5), CIPD is 

the boundary layer thickness constant (mg g-1), α is the 

initial adsorption rate (mg g-1 min-1), and β is the Elovich 

constant associated with surface coverage and activation 

energy (g mg-1). 

 

Results and Discussion 

 

Characterization of CS/St beads 

The CS/St beads were thoroughly characterized using 

DSC, XRD, and FTIR analytical techniques. To evaluate 

the thermal properties and stability of the synthesized 

biocomposite beads, DSC analysis was subsequently 

performed. In the DSC analysis, chitosan, starch, and the 

CS/St beads were examined separately to identify the 

characteristic thermal transitions of each component and to 

determine how these properties changed after bead 

formation. This comparison allows the thermal effects of 

blending and crosslinking to be clearly distinguished. For 

the DSC analysis, 5 mg of each sample was loaded into the 

sample pan, while an empty cup was used as the reference. 

The samples were examined under a dry nitrogen 

atmosphere (10 mL/min) and subjected to a controlled 

heating program from 0 to 350 °C at a rate of 10 °C/min. 

The DSC thermograms of chitosan, starch, and the CS/St 

beads are presented in Figure 2. 

The DSC thermograms display the characteristic 

thermal transitions of the individual components and of the 

biocomposite structure. Chitosan shows a broad 

dehydration endotherm around 80–120 °C and a major 

degradation onset above 260–300 °C, while starch exhibits 

moisture loss between 70–110 °C followed by its primary 

decomposition beginning near 280–320 °C (Ben Seghir & 

Benhamza, 2017; Rashid et al., 2012). In contrast, the 

CS/St beads present an earlier initial degradation in the 

range of 200–250 °C, indicating a shift of the onset toward 

lower temperatures. This shift is commonly associated 

with structural reorganization induced by crosslinking, 

which produces a more compact and integrated polymer 

network that facilitates earlier thermal cleavage of the 

modified chains. Despite the lower degradation onset, the 

altered thermal profile of the beads supports successful 

crosslinking between the polymeric components. From an 

adsorption perspective, the formation of an integrated bead 

structure is important because it enables the biosorbent to 

maintain its physical form during contact with aqueous 

EBT solutions and facilitates its separation after 

adsorption. 

The XRD patterns were recorded using Cu–Kα 

radiation (λ = 1.54 Å) under an operating voltage and 

current of 43 kV and 170 mA, respectively. Data were 

collected in the θ–2θ configuration over the 5–50° range 

with a scan rate of 2.0° min-1 and a step size of 0.02°. The 

result of XRD analysis is presented in Figure 3. 

The XRD pattern of CS/St beads exhibits a 

predominantly amorphous profile, characterized by a broad 

diffuse halo between 10° and 30° (2θ). Chitosan typically 

exhibits a broad semi-crystalline peak near 20° (2θ) (Ali et 

al., 2018; Kumar & Koh, 2012), whereas starch shows 

multiple reflections within the 15–25° region (Hassani et 

al., 2022; S. Wang et al., 2016). The characteristic 

semi-crystalline peaks of chitosan and starch are 

significantly suppressed after cross-linking, indicating 

disruption of their ordered domains. A weak diffraction 

signal near ~26° may be attributed to residual crystalline 

NaTPP. These results confirm that the double cross-linking 

process leads to the formation of an amorphous, highly 

interlinked polymeric network. From an adsorption 

perspective, the increased amorphous character may 

enhance polymer-chain flexibility and improve the 

accessibility of amino, hydroxyl, and phosphate-containing 

functional groups to EBT molecules. The less ordered 

structure may also facilitate the diffusion of dye molecules 

into the biocomposite matrix, thereby contributing to the 

improved adsorption performance of the CS/St beads. 

FTIR analysis was performed to identify the 

characteristic functional groups of the chitosan–starch 

network and to verify successful crosslinking, and the 

FTIR spectra of the EBT dye and the synthesized 

biocomposite beads before and after biosorption are 

presented in Figure 4. The dry samples were ground into 

fine powder and analyzed at room temperature in the range 

of 4000–400 cm-1 using a diamond ATR crystal, with 16 

scans collected at a spectral resolution of 1 cm-1.  

In the FTIR spectrum of the pure CS/St beads, a broad 

band observed around 3230 cm-1 corresponds to the 

extensive hydrogen-bonding network formed by the 

abundant O–H groups of chitosan and starch, as well as the 

N–H functionalities of chitosan. 

 
Figure 2. DSC thermograms of chitosan, starch, and 

CS/St beads 

 

 
Figure 3. XRD diffraction pattern of CS/St beads 
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Figure 4. FTIR spectra of EBT dye, CS/ST beads before biosorption, and CS/ST beads after biosorption 

 

The peaks at 2929 and 2832 cm-1 are attributed to the 

asymmetric and symmetric stretching vibrations of 

aliphatic C–H groups arising from both chitosan and starch 

within the polymer backbone (Fernandes Queiroz et al., 

2015). The band at 1634 cm-1 indicates the C=O stretching 

vibrations of the acetyl groups in chitosan (amide I) 

together with the vibrations arising from bound water 

molecules, whereas the band at 1535 cm-1 is associated 

with N–H bending and C–N stretching vibrations (amide 

II) (Lim & Hudson, 2004; Zawadzki & Kaczmarek, 2010). 

Intense absorptions detected at 1149, 1070, and 1010 cm-1 

correspond to C–O–C ether linkages produced through 

ECH crosslinking, the glycosidic bonds of the starch–

chitosan structure, and P–O–C bridges formed via 

tripolyphosphate crosslinking (Atangana et al., 2019; Lee 

et al., 2001; Li et al., 2019). In the fingerprint region, the 

weak peaks at 761 and 706 cm-1 are assigned to out-of-

plane C–H bending vibrations of the polysaccharide 

skeleton and are also associated with the stretching 

vibration of the C–Cl bond originating from ECH units 

(Tang et al., 2014). These FTIR findings support the 

successful synthesis of the CS/St beads, with characteristic 

functional groups and crosslinking-related structures 

evident in the spectrum. 

The FTIR spectrum of the CS/ST beads after EBT 

biosorption exhibited several characteristic peak shifts and 

new absorption bands, suggesting binding of the dye 

molecules to the biopolymer surface. The broad O–H/N–H 

stretching vibration originally observed at 3230 cm-1 

shifted to 3249 cm-1 with an increase in intensity, 

indicating strengthened hydrogen-bonding interactions 

between the hydroxyl and amino groups of the beads and 

the phenolic or azo functionalities of EBT. The aliphatic 

C–H stretching band showed a slight shift from 2926 to 
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2923 cm-1, accompanied by a minor intensity increase, 

which is consistent with changes in the local environment 

caused by hydrophobic and π–π interactions between the 

aromatic moieties of EBT and the polymer matrix. The 

band at 1633 cm-1 shifted to 1626 cm-1 with a small 

intensity enhancement, reflecting perturbation of the amide 

I region as well as contributions from the aromatic C=C 

and conjugated C=N stretching modes of EBT. Similarly, 

the amide II-associated band shifted from 1535 to 1531 cm-

1, becoming slightly broader and more intense, suggesting 

the involvement of N–H/C–N groups in electrostatic 

interactions with the dye’s anionic functional groups. A 

distinct new band appearing at 1335 cm-1 was assigned to 

the symmetric S=O stretching of the sulfonate (–SO₃-) 

groups of EBT, supporting the presence of dye molecules 

on the bead surface. In addition, the shift of the 1016 cm-1 

band to 1019 cm-1 reflects altered S=O vibrational behavior 

due to electrostatic or hydrogen-bonding interactions 

between –SO₃- groups and –NH₃+/–OH groups of CS/ST 

beads. Another new absorption band at 647 cm-1 

corresponds to out-of-plane C–H bending vibrations of the 

substituted aromatic rings of EBT, further indicating the 

presence of dye chromophores on the biocomposite 

surface. Overall, the observed peak shifts and newly 

appearing vibrational bands suggest that EBT was 

adsorbed onto the CS/St beads. These spectral changes 

support the involvement of electrostatic interactions and 

hydrogen bonding, with possible contributions from other 

weak intermolecular interactions. The FTIR results 

therefore indicate that the amino and hydroxyl groups of 

the beads likely participated in EBT binding. 

Based on the observed FTIR peak shifts and the 

functional groups present in both the adsorbent and the dye 

molecules; a schematic adsorption mechanism is proposed 

in Figure 5. The mechanism suggests that electrostatic 

interactions between protonated amino groups (–NH3
+) of 

the CS/St beads and sulfonate groups (–SO3
-) of EBT, 

together with hydrogen bonding involving hydroxyl 

groups, are the dominant interactions governing dye 

adsorption. 

 

Effect of pH 

Solution pH plays a decisive role in the adsorption 

process because it determines the charge on the adsorbent 

surface and the degree of dissociation of adsorbate 

molecules (Agarwala & Mulky, 2023). Experiments were 

conducted in the range of 2 to 10 to evaluate the effect of 

pH on EBT biosorption using CS/St beads, and the results 

are shown in Figure 6. As can be clearly seen from Figure 

6, pH has a significant effect on both biosorption efficiency 

(%) and adsorption capacity (Qe). The maximum 

biosorption efficiency (89.08%) and capacity (22.27 mg g-

1) were observed at pH 6. This pH was determined as the 

optimum condition for EBT biosorption. This can be 

attributed to the electrostatic interactions between the 

surface charge of the biosorbent and the ionic structure of 

the EBT molecules, which vary depending on pH. 

At low pH values, the -NH2 (amino) groups in 

chitosan's structure are protonated to -NH3
+ groups due to 

their weak basic nature. Strong electrostatic attractions 

occur between the anionic EBT molecules and the 

positively charged biosorbent. However, as can be seen in 

the graph, the degree of biosorption decreases at very low 

pHs. This may be due to the high concentration of 

competitive H+ ions and possibly to deterioration of the 

biosorbent structure due to high acidity (Ardean et al., 

2021; C. Huang et al., 2021). As the pH increases to 6, 

competition for the high H+ ions at low pHs decreases, but 

even if some of the -NH3
+ groups are deprotonated, the 

surface remains sufficiently positive for EBT anions. This 

pH is the optimal pH for biosorption, as shown in the 

graph.  

 

 

 
Figure 5. Proposed adsorption mechanism of EBT onto CS/St beads through electrostatic interactions and hydrogen 

bonding 
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Figure 6. Effect of pH on EBT biosorption of CS/St beads 

 

 
Figure 7. Effect of adsorbent mass on biosorption 

efficiency and equilibrium capacity 

 

The significant decreases in biosorption efficiency at 

high pHs can be attributed to the amino groups in chitosan 

reverting to the -NH2 form, thus decreasing their affinity 

for anionic EBT dye molecules (Kurczewska, 2022). 

Furthermore, it should be considered that increasing OH- 

ion concentrations may be competitive with anionic dye 

molecules (Shin et al., 2022). Consequently, the effect of 

pH on the EBT biosorption mechanism appears to be a 

process based on electrostatic interactions. CS/St beads are 

effective in removing anionic dyes under acidic and neutral 

conditions, while their efficiency is lower under basic 

conditions. The biocomposite has the potential to be used 

for the treatment of acidic and neutral industrial 

wastewater. 

 

Effect of adsorbent amount 

Adsorbent mass is a key parameter affecting the 

efficiency and cost-effectiveness of the adsorption process. 

In this context, the effect of CS/St Beads on EBT removal 

was investigated in the range of 20 mg to 100 mg. The 

results are presented in Figure 7. As can be clearly seen 

from graph, opposite trends were observed for biosorption 

efficiency and adsorbent capacity with increasing 

adsorbent mass (Gorzin & Bahri Rasht Abadi, 2018; 

Mashkoor et al., 2018). Biosorption efficiency increased 

proportionally with increasing biosorbent mass, entering a 

saturation region starting at 60 mg and stabilizing at ~95%. 

This is because the number of available active sites for a 

fixed amount of EBT molecules increases with increasing 

adsorbent volume (Homagai et al., 2022). The maximum 

removal efficiency obtained in the present study is 

comparable to those reported for various chitosan-based 

adsorbents. Karimi et al. (2018) reported a maximum 

removal efficiency of 94.7% using ionically crosslinked 

magnetic chitosan/κ-carrageenan bioadsorbents, while 

Khnifira et al. (2021) achieved 96.77% using chitosan 

extracted from local shrimp shells. Mohamed et al. (2025) 

reported a removal efficiency of 97.8% for a crosslinked 

chitosan–Schiff base adsorbent, whereas Al-Wasidi et al. 

(2022) obtained 91.67% using a chitosan/Fe₃O₄/graphene 

oxide hydrogel. Similarly, Zubair et al. (2022) reported 

approximately 95% removal using a biochar/layered 

double hydroxide/chitosan hybrid composite. These 

comparisons indicate that the double-crosslinked CS/St 

beads developed in this study exhibit a removal 

performance comparable to that of more complex 

magnetic, graphene-based, and hybrid chitosan adsorbents. 

However, the value representing the adsorption 

capacity per unit adsorbent mass (Qe) decreased 

significantly. The highest Qe value of 22.14 mg g-1 was 

observed at 20 mg mass, but this value decreased as the 

adsorbent mass increased, reaching 4.74 mg g-1 at 100 mg. 

This behavior is a result of the "dilution" of the dye present 

over the increasing adsorbent surface area at a constant 

initial dye concentration and is a common phenomenon in 

the adsorption literature (Sharma et al., 2024). 20 mg 

adsorbent mass was determined as the optimum dose in this 

study because it provided a balance of both relatively high 

removal efficiency (89.08%) and good adsorption capacity 

(22.14 mg g-1). 

 

Isotherms 

To understand the nature of adsorption capacity and 

adsorbate-adsorbent interactions, experimental data were 

analyzed using the Langmuir, Freundlich, and D-R 

isotherm models. The resulting graphs are shown in Figure 

8, and the model constants and coefficients of 

determination (R2) are summarized in Table 1. 

The analysis results showed that the Freundlich model 

(R2 = 0.9995) was the best fit to the experimental data 

compared to the Langmuir (R2 = 0.9888) and D-R (R2 = 

0.9849) models. This indicates that the biosorption of EBT 

dye onto CS/St beads occurred in a multilayer structure and 

on a heterogeneous surface, rather than a homogeneous 

monolayer adsorption (Isiuku et al., 2021). A value of n, 

the Freundlich constant, greater than 1 (1.629) indicates 

that EBT adsorption is favorable and that there is a strong 

physical-chemical interaction between the biocomposite 

surface and the dye molecules (Hashemi et al., 2023). The 

Kf value is an indicator of adsorption capacity, and a value 

of 2.61 indicates that the biocomposite has a reasonable 

adsorption capacity. 

The Langmuir model also exhibited a high R2 value 

(0.9888), which may indicate the presence of 

homogeneous regions during the biosorption process. The 

theoretical maximum adsorption capacity (Qm) of the 

model was calculated as 67.11 mg g-1. This value is higher 

than those reported for a chitosan/chabazite composite 

(4.25 mg g-1) by Guzmán Grijalva et al. (2021), unmodified 

starch (25.00 mg g-1) by Hadadi et al. (2023), a polyvinyl 

alcohol/starch/ZSM-5 zeolite membrane (2.17 mg g-1) by 

Radoor et al. (2020), and a starch-cl-poly(lactic acid-g-

acrylamide) nanohydrogel (56.834 mg g-1) by Inamuddin 

(2018). However, it is lower than the capacities reported 

for a chitosan/glutaraldehyde/zinc oxide composite 
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(1201.42 mg g-1) by Shah & Naglah (2022), a magnetic 

chitosan–poly(glycidyl methacrylate) hybrid adsorbent 

(360.8 mg g-1) by Alghamdi et al. (2024), a 

hydroxyapatite/chitosan/microcrystalline-cellulose 

composite (248 mg g-1) by Benali et al. (2024), and a 

hydroxyapatite/chitosan/magnetite nanocomposite (222.22 

mg g-1) by Kotnala et al. (2023). Overall, the adsorption 

capacity of the CS/St beads can be considered moderate 

and compares favorably with several starch- and chitosan-

based adsorbents. Although the obtained Qm value is lower 

than those of some metal oxide-, magnetic-, and 

hydroxyapatite-containing composites, the CS/St beads 

offer potential advantages such as the use of low-cost 

biopolymers, a relatively simple preparation route, and 

easy separation from aqueous media. Additionally, the 

adsorption process's viability is further supported by the 

value of RL, a dimensionless separation factor, which 

ranges from 0 to 1.  

The D-R model was used to distinguish whether 

adsorption is physical or chemical. Chemical adsorption is 

the process if the average free energy (E) value is between 

8 and 16 kJ mol-1; physical adsorption is the process if the 

E value is less than this (Liang et al., 2017). In this 

investigation, the E value was determined to be 70.71 kJ 

mol-1. This is significantly above the typical threshold and 

higher than anticipated. This implies that the biosorption 

mechanism is dominated by a chemical process, such as 

ion exchange or strong chemical bonds. On the other hand, 

the Langmuir model's saturation capacity (67.11 mg g-1) is 

substantially higher than the D-R model's (32.21 mg g-1). 

This discrepancy might suggest that the D-R model is 

better suited for microporous structures or that it is less 

appropriate for predicting capacity for this system. 

Kinetics 

Practical applications require an understanding of the 

adsorption process's rate and capacity. PFO, PSO, Elovich, 

and IPD kinetic models were used to analyze the 

experimental data for this purpose. The results are shown 

in the linear graphs in Figure 9 and Table 2. 

When the kinetic modeling results are examined, it is 

seen that the PSO model has the highest statistical 

coefficient of determination (R2 = 0.9752) and that the 

calculated equilibrium capacity value (qe,cal = 16.31 mg g-

1) is in much better agreement with the experimentally 

measured value (qe,exp = 14.50 mg g-1) compared to the 

other models. These results indicate that the EBT 

adsorption kinetics are successfully described by the PSO 

model. The dominance of the PSO model suggests that the 

adsorption rate is proportional to the square of the number 

of active sites on the adsorbent surface, suggesting that the 

process may have a chemisorptive character (Mohamed 

Nasser et al., 2024). This is likely due to interactions such 

as electrostatic attraction or chemical bonding between the 

amino groups of chitosan and the EBT anions. The PFO 

model gave a relatively lower R2 value (0.9267) and the 

calculated qe,cal value (13.49 mg g-1) was lower than the 

experimental value. This demonstrates that this system 

cannot be adequately described by the PFO model. 

The Elovich model is particularly suitable for 

heterogeneous surfaces, and the high R2 value (0.9545) 

supports the energetically heterogeneous nature of the 

adsorbent surface (Debord et al., 2022). This finding is 

consistent with the finding of good fit of the Freundlich 

model in previous isotherm studies. 

 

 
Figure 8. Plots of nonlinear (a), linear Langmuir (b), Freundlich (c) and D-R (d) isotherms for the EBT adsorption 

process 

 



Dere et al. / Turkish Journal of Agriculture - Food Science and Technology, 14(7): 1779-1791, 2026 

1787 

 

Table 1. Adsorption isotherm model constants. 

Isotherms Constants Value 

Langmuir 

Qm, mg g-1 67.11 

b, L mg-1 0.016 

R2 0.9888 

RL 0.24-0.861 

Freundlich 

n 1.629 

Kf 2.61 

R2 0.9995 

Dubinin-Radushkevich 

Q, mg g-1 32.21 

KDR, mol2 kJ-2 0.0001 

E, kJ mol-1 70.71 

R2 0.9849 

 

Table 2. Kinetic model parameters for the biosorption of EBT onto the CS/St beads. 

Pseudo first order (PFO) Pseudo second order (PSO) 

qe exp. 

(mg g-1) 

K1 

(min-1) 

qe cal. 

(mg g-1) 
R2 K2 

(g mg-1 min-1) 

qe cal. 

(mg g-1) 
R2 

14.5 0.0058 13.49 0.9267 0.0003 16.31 0.9752 

Intraparticle diffusion kinetic (IPD) Elovich 

 KIPD 

(mg g-1 min-0.5) 

CIPD 

(mg g-1) 
R2 α 

(mg g-1 min-1) 

β 

(g mg-1) 
R2 

 0.367 2.280 0.9573 0.126 0.241 0.9545 

 

 
Figure 9. Linear regression analysis of kinetic models for EBT biosorption: (a) PFO, (b) PSO, (c) IPD, and (d) Elovich. 

 

 

Analysis of the IPD model generally yields a very linear 

graph, reflecting the different stages of adsorption (Silva et 

al., 2021). The high R2 value obtained (0.9573) indicates 

that intraparticle diffusion is one of the rate-determining 

steps. However, the graph does not pass through the origin 

(CIPD = 2.280 mg g-1) and exhibits linearity, indicating that 

intraparticle diffusion alone is not the sole rate-determining 

mechanism. The CIPD value being greater than zero 

suggests that boundary layer diffusion also has a certain 

influence on the process (Matos et al., 2025). 

In conclusion, kinetic studies revealed that the 

biosorption of EBT onto the CS/St beads followed a PSO 

kinetic model, with chemisorption being the dominant 

mechanism. However, the Elovich model indicated surface 

heterogeneity, and the IPD model indicated that 

intraparticle diffusion played an important, but not solely 

rate-determining, role. These findings suggest that 

adsorption occurs via a multistage mechanism. 
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Proposed adsorption mechanism 

 

The adsorption mechanism of EBT onto the double 

cross-linked CS/St beads was interpreted based on the 

FTIR results together with the pH, isotherm, and kinetic 

studies (Figure 5). At the optimum pH of 6, a considerable 

proportion of the amino groups in chitosan remains 

protonated (–NH3
+), allowing electrostatic attraction 

between the positively charged adsorption sites and the 

negatively charged sulfonate (–SO3
-) groups of EBT. 

Besides electrostatic attraction, the abundant hydroxyl 

groups present in both chitosan and starch can form 

hydrogen bonds with the hydroxyl and sulfonate groups of 

the dye molecules, further contributing to the adsorption 

process. These interactions are supported by the shifts 

observed in the FTIR spectra after adsorption, particularly 

in the O–H/N–H stretching region and the fingerprint 

region. Moreover, the better fit of the experimental data to 

the Freundlich isotherm and the PSO kinetic model 

suggests that adsorption occurs on a heterogeneous surface 

through multiple active sites. Based on these findings, the 

adsorption of EBT onto the CS/St beads is suggested to 

occur mainly through electrostatic interactions and 

hydrogen bonding. 

 

Conclusion 

 

In this study, CS/St beads were synthesized using ECH 

and NaTPP as crosslinking agents to develop a sustainable 

biosorbent combining plant-derived starch from renewable 

agricultural resources with chitosan commonly obtained 

from seafood-processing by-products, and the resulting 

beads were characterized using DSC, XRD, and FTIR 

techniques. DSC analysis revealed that the thermal 

transitions of chitosan and starch were altered after 

crosslinking, with the beads showing an earlier degradation 

onset (200–250 °C), confirming the successful network 

formation. XRD results demonstrated that the 

characteristic semi-crystalline peaks of chitosan and starch 

were largely suppressed, and the biocomposite exhibited 

an amorphous halo between 10°–30°, confirming the 

formation of a highly interlinked amorphous structure 

through cross-linking. FTIR analysis of the beads after 

biosorption revealed distinct peak shifts and new 

vibrational bands originating from –SO₃-, aromatic, and 

azo functional groups of EBT, conclusively confirming 

dye adsorption through electrostatic interactions, hydrogen 

bonding, and π-interaction mechanisms. Also, biosorption 

experiments identified pH 6 and 100 mg adsorbent dosage 

as the optimum conditions, yielding approximately 95% 

removal efficiency. Isotherm modelling indicated that the 

process followed a multilayer, heterogeneous Freundlich-

type adsorption, whereas kinetic analyses showed that the 

PSO model best represented the process, consistent with a 

chemisorption-dominated, multistage adsorption 

mechanism. Overall, the results demonstrate that CS/St 

beads are promising biosorbents for the removal of EBT 

from contaminated water, with potential benefits for 

protecting aquatic and agricultural environments, 

improving the quality of water intended for irrigation or 

food-related processes, reducing the transfer of persistent 

dye pollutants into the food chain, and minimizing 

associated risks to environmental and human health. 
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