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INTRODUCTION

Wastewater from thermal power plants constitutes a major source of environmental pollution 
by heavy elements, particularly lead, nickel, and vanadium, which are toxic and carcinogenic 
according to the International Agency for Research on Cancer (IARC) classification (Obodovych 
et al., 2023; Volkov et al., 2022; International Agency for Research on Cancer, 2020). These 
elements cause serious health effects such as neuropathy, kidney disorders, and cardiovascular 
diseases (Roy et al., 2024). In Iraq, specifically in Basrah Governorate, water pollution levels 
have intensified due to industrial waste and power plants, leading to an unprecedented rise in 
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This research aims to develop two low-cost, eco-friendly bio-adsorbent materials de-rived from 
chitosan extracted from shrimp shells, for the removal of carcinogenic heavy ele-ments (lead, 
Pb²⁺; nickel, Ni²⁺; and vanadium, V⁵⁺) from wastewater generated by power plants. Adsorption 
experiments were conducted using multi-metal synthetic aqueous solutions contain-ing Pb²⁺, 
Ni²⁺, and V⁵⁺ simultaneously, prepared in the laboratory to simulate the reported composition 
of Basrah power-plant wastewater; real power-plant water was not tested in this study. Chitosan 
was obtained from shrimp shells via demineralization, deproteinization, and deacety-lation, then 
crosslinked into two hydrogels: one using natural tannic acid and one using bio-gelatin, to enhance 
their mechanical and chemical properties. Both materials were character-ized using FTIR, XRD, 
SEM, BET, and TGA techniques to assess chemical and crystalline structure, porosity, and thermal 
stability. Both hydrogels exhibited high adsorption efficiency under optimized conditions of pH 
= 5, contact time of 90 minutes, initial pollutant concentra-tion of 100 mg/L, and temperature of 
25°C. For the tannic acid-crosslinked chitosan hydrogel, the maximum removal efficiencies were 
as follows: lead 98.3%, nickel 91.4%, and vanadium 88.7%. The gelatin-crosslinked hydrogel 
achieved removal efficiencies of lead 88.6%, nickel 83.2%, and vanadium 79.4%, indicating a 
slight superiority of the tannic acid-crosslinked hydrogel. Removal efficiency declined above 
an initial concentration of 150 mg/L but remained stable between pH 5 and 6. These findings 
demonstrate the potential of both materials, particularly the tannic acid-crosslinked hydrogel, as 
sustainable, low-cost filters for treating heavy-metalcontaminated water in Basrah Governorate, 
where deteriorating water quality is linked to elevated pollution-related cancer incidence.
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cancer cases and chronic diseases (Salah et al., 2025; Todd, 2024; Abdul & Hameed, 2024).
Interest has recently grown in using low-cost biological materials like chitosan as effective 

adsorbents for heavy metal removal. Chitosan is a natural polymer derived from chitin (Figure1) 
found in crustacean shells, distinguished by its multiple functional groups (–NH₂ and –OH) 
that contribute to ionic binding with heavy metals (Tsauria et al., 2025; Dambuza et al., 2025). 
However, the efficiency of raw chitosan may be limited due to its high solubility, prompting 
researchers to develop chitosan hydrogels using natural crosslinkers such as tannic acid or 
gelatin to enhance mechanical properties and thermal stability (Sesia et al., 2022; Farasati Far 
et al., 2024).

FAO and UNEP reports confirm that Basrah produces thousands of tons of marine waste 
annually, including shrimp shells, which are wasted without utilization, opening opportunities 
for sustainable environmental applications based on the circular economy (FAO & UNEP, 
2022). Additionally, reliance on local resources contributes to cost reduction and achieves 
environmental and economic sustainability in polluted water treatment projects (Tomičić et al., 
2026).

Based on this background, the objective of this study is to prepare and characterize two 
chitosan hydrogel materials derived from shrimp shell-extracted chitosan, using both tannic acid 
and gelatin as natural crosslinkers, and to evaluate their efficiency in adsorbing heavy elements 
(Pb, Ni, V) under realistic operational conditions representing the environment of Basrah 
Governorate. This study is expected to provide an effective applied model for reusing marine 
waste and achieving sustainable water management. Recent years have witnessed a significant 
increase in research concerned with using chitosan and its derivatives as effective adsorbents 
for removing heavy elements from industrial water, owing to their distinctive chemical and 
physical properties (Tsauria et al., 2025). Marzuki et al. (2019) used shrimp chitosan to remove 
Pb and Ni with efficiencies of 59% and 45%, respectively. Al-Hazmi et al. (2025) conducted a 
study to develop hydrogel beads of Ce-MOF embedded in a crosslinked chitosan-CMC algal 
matrix, achieving a maximum Ni(II) adsorption capacity of 301.05 mg/g at pH 5 and a dosage 
of 0.02 g/25 mL. The process followed the Langmuir model and second-order kinetics, was 
endothermic and spontaneous, and demonstrated stable performance over 6 reuse cycles. While 
Omidinasab et al. (2018) demonstrated that Fe₃O₄-CSN effectively removed 99.9% of V(V) and 
92.3% of Pd(II) through a highly efficient physicochemical and exothermic adsorption process, 
Lone et al. (2019) and Badawi et al. (2017) developed chitosan hydrogels crosslinked with 
tannic acid or gelatin and showed highly promising results under optimized conditions. Raji 
et al. (2023) highlighted the influence of pH and contact time on adsorption performance and 

 
Fig 1. Chemical structure of (1) Chitin, (2) Chitosan, (3) Tannic acid, and (4) Gelatin 
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emphasized the importance of studying initial concentration in reducing active site saturation. 
At the local level, Salah et al. (2025) and Jassim et al. (2024) confirmed that Basrah’s wastewater 
contains high concentrations of heavy metals, advocating for the development of local solutions 
based on environmental resources. Despite the abundance of studies addressing chitosan, few 
have clearly compared two types of hydrogels under standardized operational conditions and 
within an Iraqi environment. However, many of these previously reported chitosan-based 
adsorbents display practical limitations that restrict their real-world deployment, including low 
mechanical stability under continuous-flow operation, limited regeneration and reusability over 
repeated adsorption–desorption cycles, comparatively modest adsorption capacities relative 
to engineered sorbents, and reduced performance when applied to real, multi-ion wastewater 
matrices rather than idealized single-metal laboratory solutions (Kyzas & Kostoglou, 2017; 
Crini, 2019).

Thus, this research fills a gap by conducting a comparative evaluation between tannic acid-
crosslinked chitosan hydrogel and gelatin-crosslinked chitosan hydrogel using industrial water 
simulating that of Basrah’s power plants.

MATERIALS & METHODS

Chemical Reagents and Raw Materials.
Fresh shrimp shells were collected from local markets in Basrah Governorate. They 

underwent initial cleaning to remove soft tissues and adhered impurities using distilled water. 
All chemical reagents used in this research (HCl, NaOH, CH₃COOH, ethanol, tannic acid, 
biogelatin) were of analytical grade purity and were obtained from reputable suppliers such as 
Sigma-Aldrich and Merck.

Preparation of Chitosan from Shrimp Shells
The bioconversion of shrimp shells to chitosan was performed in three main steps (Kandile 

et al., 2018), with the specific parameters below optimized for this study (Figure 2):
1. Demineralization: it was carried out by treating 10 g of shrimp shell powder with 1 M 

HCl solution at a ratio of 1:10 (w/v) for 24 h under continuous stirring to dissolve calcium 
carbonate and other minerals. The resulting product was washed with distilled water until a 
neutral pH was reached, then dried under vacuum.”

2. Deproteinization: The demineralized product was digested with a 4% NaOH solution at 
70°C for 2 h to remove residual proteins, then washed with distilled water until neutral pH was 
reached. 

3. Deacetylation: Chitin was converted to chitosan using a 50% NaOH solution at 90°C for 
4 hours. The resulting precipitate was washed with distilled water and dried in an oven at 60°C, 
producing 5.84 gm.

Preparation of Adsorbent Materials (Hydrogels)
The prepared chitosan was used to synthesize two types of adsorbent materials:
a) Hydrogel A (Chitosan-Tannic): Following the general chitosan-tannic acid film-casting 

approach (Venkatesan et al., 2024), with the parameters below modified for this study, 2.0 g 
of chitosan was dissolved in 100 mL of 1% acetic acid. 0.5 g of tannic acid was added to the 

 
 
 
 

Fig 2. Chitosan extraction process 
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solution under continuous magnetic stirring for 2 hours. The mixture was then poured into Petri 
dishes and dried in an air oven at 50°C for 24 hours to form the hydrogel.

b) Hydrogel B (Chitosan-Gelatin): Following the general chitosan-gelatin hydrogel 
approach (Farasati Far et al., 2024), with the parameters below modified for this study, 2.0 g 
of chitosan and 0.5 g of gelatin were dissolved under the same preparation conditions, and the 
hydrogel was formed using the same method as Hydrogel A.
Characterization of Adsorbent Materials

The physical and chemical characterization of the materials was performed following 
standard methods for chitosan-based adsorbents (Chandra et al., 2023), using the following 
techniques:

• Fourier Transform Infrared Spectroscopy (FTIR): To detect functional groups and 
verify chemical interactions between chitosan and the crosslinking agents.

• X-Ray Diffraction (XRD): To determine the crystalline pattern and degree of crystallinity.
• Scanning Electron Microscopy (SEM): To analyze surface morphology, topography, and 

pore distribution.
• Surface Area Analysis (BET): Using the nitrogen adsorption technique to determine 

specific surface area and pore volume.
• Thermogravimetric Analysis (TGA): To evaluate the thermal stability and heat tolerance 

of the adsorbent materials.

Adsorption Efficiency Evaluation
Adsorption experiments were performed using the batch technique at a constant temperature 

(25 ± 1 °C) in a thermostated water bath equipped with a mechanical stirrer. Experimental 
conditions included: Sample Volume: 50 mL of aqueous solution containing specified 
concentrations of heavy metals (Pb²⁺, Ni²⁺, V⁵⁺).

1-	 Initial Concentrations: 25, 50, 100, 150, 200 mg/L.
2-	 Adsorbent Dosage: 0.1 g.
3-	 Contact Time: 15 to 120 minutes.
4-	 pH: Adjusted using 0.1 M HCl and 0.1 M NaOH within the range of 3 – 9.
After each experiment, the adsorbent material was separated by filtration, and the residual 

metal concentration in the solution was determined using a Flame Atomic Absorption 
Spectrometer (AAS; PerkinElmer AAnalyst 400).

Note on operating conditions: the pH, contact time, initial concentration, and temperature 
ranges above were explored in the parametric studies to identify the conditions that maximize 
Pb²⁺, Ni²⁺, and V⁵⁺ removal; pH = 5 and a contact time of 90 minutes (encompassing the 
~60-minute practical equilibrium point identified kinetically, with an added safety margin) were 
subsequently adopted as the standard conditions for the isotherm and kinetic experiments. A 
separate condition set (pH = 6.5, 40°C, 90 min) was used specifically for the ion-selectivity 
(Na⁺/Ca²⁺) and reusability experiments to evaluate adsorbent performance closer to near-neutral 
industrial wastewater conditions without additional acid pretreatment. Reported removal 
efficiencies represent single-determination measurements per condition; replicate (n ≥ 3) 
analysis with mean ± standard deviation reporting and error bars is recommended in future 
work to strengthen statistical confidence in these findings.

Removal Efficiency Calculation.
Adsorption efficiency was calculated according to the equation:

·	 Removal Percentage Equation (Filho et al., 2017):
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• Freundlich Equation (Batool et al., 2018):
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 •Adsorption Capacity Equation (Filho et al., 2017):
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• Langmuir Equation (Naji et al., 2020):
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• Coefficient of Determination (R²) (Foo & Hameed, 2010):
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RESULTS & DISCUSSION

Material Characterization
Fourier Transform Infrared Spectroscopy (FTIR): Functional Group Analysis

Figure 3 illustrates the FTIR spectra of Chitosan–Gelatin (red curve) and Chitosan–Tannic 
(blue curve) hydrogels. The spectroscopic data demonstrate notable differences in the functional 
groups between the two prepared materials. Both spectra exhibit a broad absorption band in the 
3300–3400 cm⁻¹ region, related to O–H and N–H stretching vibrations. This band appears more 
pronounced in the Chitosan–Gelatin spectrum, implying a higher abundance of active amino 
and hydroxyl groups. Furthermore, a peak at 2920 cm⁻¹ in the Chitosan–Gelatin spectrum 
indicates the presence of aliphatic C–H bonds, which are characteristic of gelatin’s structure.

On the other hand, the Chitosan–Tannic spectrum shows a significant peak in the 1590–
1650 cm⁻¹ region, which corresponds to C=C or C=N stretching vibrations, confirming the 

 
 
 
 

Fig 3. FTIR Spectra of Chitosan–Gelatin and Chitosan–Tannic Hydrogels. 

  

Fig. 3. FTIR Spectra of Chitosan–Gelatin and Chitosan–Tannic Hydrogels.
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participation of phenolic or aromatic groups derived from tannic acid. Additionally, the peaks 
identified in the 1050–1080 cm⁻¹ range are associated to C–O–C ether linkage vibrations, 
indicationg the formation of crosslinking bonds within the hydrogel matrix, whether through 
interaction with gelatin or tannic acidAdditionally, peaks at 895 cm⁻¹ are assigned to β-glycosidic 
linkages, confirming the presence of the characteristic polysaccharide structure of chitosan, 
while also reflecting modifications induced by crosslinking with gelatin or tannic acid. The 
differences in functional group distribution between the two materials indicate variations in the 
nature of active sites responsible for adsorption, which subsequently influences the disparity 
in heavy metal removal efficiency between the two materials. These functional groups (–OH, 
–NH₂, and the phenolic/aromatic moieties from tannic acid) are the principal sites expected 
to coordinate with Pb²⁺, Ni²⁺, and V-oxyanion species during adsorption. Only pre-adsorption 
FTIR spectra were collected in this study; comparative post-adsorption FTIR analysis to 
identify specific functional-group peak shifts and directly confirm the binding mechanism is 
recommended as future work.

X-ray Diffraction (XRD): Crystallinity Assessment
The X-ray diffraction patterns are presented in Figure 4. Both materials exhibit two distinct 

peaks at 2θ ≈ 10° and 20°, characteristic of the semi-crystalline structure of chitosan (Kumirska 
et al., 2010). Material A exhibits a higher intensity at 20.1°, indicating a more regular struc-
ture, potentially due to interactions with tannic acid (Jayakumar et al., 2010). Material B has 
less defined patterns, indicating the structure of gelatin. The lack of sharp crystalline peaks 
confirms that both hydrogels retained a partially amorphous nature, which is a common trait 

 
 

 

Fig. 4. X-ray diffraction (XRD) pattern of the prepared chitosan-based hydrogels crosslinked 
with tannic acid and gelatin 

  

  

 
Table 1. XRD Analysis of the Crystalline Structure of Prepared Materials 

 (Material A = Chitosan-Tannic Hydrogel, Material B = Chitosan-Gelatin Hydrogel) 
 
 

  

2θ Angle (°) Material A: Peak 
Intensity (a.u.) 

Material A: 
Interpretation 

Material B: Peak 
Intensity (a.u.) 

Material B: 
Interpretation 

10.2 Low Partially irregular 
structure Low Partially irregular 

structure 

20.1 High Semi-crystalline 
chitosan pattern Medium Less distinct semi-

crystalline pattern

29.4 Not detected No additional 
crystallinity Very low Minor disorder evidence 

Fig. 4. X-ray diffraction (XRD) pattern of the prepared chitosan-based hydrogels crosslinked with tannic acid and gelatin

Table 1. XRD Analysis of the Crystalline Structure of Prepared Materials 
 (Material A = Chitosan-Tannic Hydrogel, Material B = Chitosan-Gelatin Hydrogel)
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of traditional hydrogel materials (Ahmed, 2015). This structural property enhances adsorption 
capacity as irregular porosity facilitates improved contaminant retention (Crini, 2005).

Scanning Electron Microscopy (SEM): Surface Morphology
As displayed in Figure 5, a scanning electron microscopy (SEM) study revealed considerable 

surface structural variations between the hydrogels (Kyzas & Bikiaris, 2015). Material A formed 
an interconnected porous arrangement characterized by deep, uniform pores with an 18.4 nm 
average pore diameter. This mesoporosity structure is known to improve adsorption capability 
by enhancing active surface sites (Liu et al., 2018). However, Material B presented a more 
regular morphology with a decreased average pore size (11.2 nm) and an irregular distribution 
pattern (Fan et al., 2012). This observation proves that gelatin reduces effective porosity and 
generates a smoother surface, negatively affecting its adsorption efficiency compared to Material 
A. The findings highlighted the essential role of pore structure in the development of effective 
adsorbents (Rouquerol et al., 1994).

Brunauer–Emmett–Teller (BET) Analysis: Surface Area/Pore Analysis
The BET analysis, as depicted in Figure 6, reveals that Material A has a higher surface area 

(67.4 m²/g) than Material B (43.6 m²/g), indicating its potential to entrap more metal ions due 
to the increased number of available active sites for the physical process of entrapment (Sing 
et al., 1985). Both materials contain pores in the mesoporous range (2-50 nm in diameter) as 
classified by IUPAC (Gregg & Sing, 1982). Material A has a slightly larger pore diameter than 
Material B (10.9 nm vs 9.2 nm), which may allow more metal ions to diffuse into the hydrogel 
network (Kyzas & Kostoglou, 2017).

 
 
 

Fig 5. SEM Analysis and Pore Size Measurements of Prepared Materials 

  

Fig. 5. SEM Analysis and Pore Size Measurements of Prepared Materials

Table 2. SEM Analysis and Pore Size Measurements of Prepared Materials 
(Material A = Chitosan-Tannic Hydrogel, Material B = Chitosan-Gelatin Hydrogel) 

 
  

Sample Surface 
Morphology 

Pore 
Distribution 

Avg. Pore Size 
(nm) Pore Type Structural 

Homogeneity 

Material A 

Clear porous 
structure with deep 

multidirectional 
pores 

High 18.4 Mesoporous Relatively 
homogeneous 

Material B 

Semi-smooth 
surface with 

randomly 
distributed 
micropits 

Moderate 11.2 Meso-to-
microporous 

Less homogeneous 
than A 

Table 2. SEM Analysis and Pore Size Measurements of Prepared Materials 
(Material A = Chitosan-Tannic Hydrogel, Material B = Chitosan-Gelatin Hydrogel)
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The greater total pore volume of Material A (0.184 cm³/g) further clarifies the superior adsorp-
tion efficiency of this material compared to Material B (0.128 cm³/g). The improved structural 
features of the chitosan-tannic hydrogel lead to optimal conditions for the adsorption of the metal 
ions due to the increased accessibility of the metal ions to the hydrogel (Crini & Badot, 2008).

	
Thermogravimetric Analysis (TGA): Thermal Stability

Figure 7 displays the results of thermogravimetric analysis for both materials, which re-
vealed two phases of weight loss for each of the materials. The first phase of weight loss (50-
150°C for Material A; 50-140°C for Material B) represents the loss of physically bound water 
within the material, indicating that Material B contained a higher percentage of water (13.6% 
for Material B vs 11.3% for Material A) (Socrates, 2001). The second and primary decompo-
sition phase occurred between 200-350°C for Material A (42.7% loss) and within the range of 
190-320°C for Material B (38.2% loss). The weight loss within these ranges is attributed to the 
decomposition of polymeric and glycosidic bonds within the materials (Anitha et al., 2014). 
Material A exhibited thermal stability up to 600°C, whereas Material B was stable only up 
to 550°C. The enhanced stability of Material A relative to Material B is due to the hydrogen 
bonding and electrostatic crosslinking effect of the phenol groups in the tannic acid component 
of the material, as compared to the protein in gelatin (Sazali et al., 2020). Furthermore, the fact 
that Material A was stable at 50°C higher temperatures than Material B indicates the efficacy of 
tannic acid in crosslinking the material’s structure to prevent degradation. As such, the thermal 
stability of Material A of 600°C is an advantage to its use in the treatment of industrial waste-
water, which is often at high temperatures.

Parametric Studies
pH Effect

Figure 8 illustrates the effect of pH on the removal efficiency of heavy metal ions (Pb²⁺, 

 Table 3. BET Analysis of Surface Area and Pore Volume of Prepared Materials  
(Material A = Chitosan-Tannic Hydrogel, Material B = Chitosan-Gelatin Hydrogel) 

 
 
 

  

Sample Surface Area 
(m²/g) 

Total Pore Volume 
(cm³/g)

Average Pore 
Diameter (nm) Pore Type 

Material A 67.4 0.184 10.9 Mesoporous

Material B 43.6 0.128 9.2 Mesoporous to 
Microporous

Table 3. BET Analysis of Surface Area and Pore Volume of Prepared Materials
(Material A .= Chitosan-Tannic Hydrogel, Material B = Chitosan-Gelatin Hydrogel)

 
 

 

Fig 6. The BET Analysis of Surface Area and Pore Volume of Prepared Materials. 

  

Fig. 6. The BET Analysis of Surface Area and Pore Volume of Prepared Materials.
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Ni²⁺, V⁵⁺) by Chitosan-Tannic Hydrogel (A) and Chitosan-Gelatin Hydrogel (B). The removal 
efficiency increased gradually from pH 3 to the maximum efficiency at pH = 5 and decreased 
beyond that value. The increase in heavy-ion removal over the pH range is attributed to re-
duced competition between H⁺ ions and metal ions for active sites on the adsorbent (Babel & 
Kurniawan, 2003). Adsorbent A showed the highest removal efficiency for Pb²⁺ ions, achieving 
over 90% removal at pH = 5. This high efficiency is due to the active phenolic groups on the 
adsorbent that originate from tannic acid. Adsorbent B showed relatively lower efficiency. The 
removal efficiency of V⁵⁺ ions was the lowest for the three metal ions tested. This is due to the 
fact that vanadium exists in aqueous solutions as oxyanions (e.g., VO₃⁻, VO₄³⁻) rather than sim-
ple cations  (Rinaudo, 2006). 

The increase in V(V) removal observed between pH 3 and 5 is attributed to the chitosan 
surface remaining predominantly protonated (–NH₃⁺) in this range, below its point of zero 
charge, so that electrostatic attraction toward the anionic vanadium species still increases as 
competition from H⁺ ions decreases; the anion-repulsion effect only becomes dominant above 
pH ~5–6, once surface deprotonation reduces the density of positively charged sites, which 
explains the subsequent decline at higher pH. At pH > 5, the efficiency decreased, likely due to 
the potential precipitation of metal hydroxides and/or changes in the surface charge. The results 
confirm that adsorbent A is more efficient for treating contaminated water, especially at pH = 5.

Contact Time Effect
Figure 9 depicts the effect of contact time on the removal efficiency of heavy metal ions 

(Pb²⁺, Ni²⁺, V⁵⁺) by adsorbents A and B. The removal efficiency of heavy metal ions increases 
rapidly with contact time, reaching almost equilibrium values at about 60 minutes of contact 
time. This indicates that most of the active sites on the adsorbents are occupied by the metal 
ions during the initial minutes of contact. The rapid increase in the removal efficiency of heavy 
metal ions in the first 60 minutes of contact is attributed to the abundance of active sites on the 
adsorbent materials that can facilitate the adsorption of the heavy metal ions. The adsorption 

 
 

 

Fig 7. TGA Analysis of Thermal Stability of Prepared Materials  

  

Fig. 7. TGA Analysis of Thermal Stability of Prepared Materials

Table 4. TGA Analysis of Thermal Stability of Prepared Materials

Table 4. TGA Analysis of Thermal Stability of Prepared Materials                                               
 
 
  
 
 

  
  

Sample Stage 1 Loss (°C) % Loss Stage 2 Loss (°C) % Loss Thermal Stability Range 
(°C) 

Material A 50–150 11.3 200–350 42.7 Up to 600 
Material B 50–140 13.6 190–320 38.2 Up to 550 
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rate of heavy metal ions declines with time due to the saturation of the adsorbent material active 
sites being filled with metal ions, leading to the attainment of adsorption equilibrium (Ho & 
McKay, 1999).

Adsorbent A outperformed Adsorbent B in the removal of all the tested ions, with the remov-
al of Pb²⁺ ions achieving almost 92% efficiency in 60 minutes of contact time, while Adsorbent 
B showed a slightly lower removal efficiency. The enhanced performance of Adsorbent A is 
attributed to the presence of phenolic groups of tannic acid, which have a greater ability to form 
coordination bonds with metal ions (Rinaudo, 2006). In contrast, Adsorbent B, which relies 
on gelatin as a supporting component, contains fewer active functional groups, resulting in 
relatively lower adsorption efficiency. These results are consistent with the scientific literature, 
which shows that contact time is one of the main factors that impact the efficiency of the adsorp-
tion process, and that the equilibrium contact time for these types of systems is achieved within 
one hour of contact time (Crini, 2005).

Initial Metal Concentration Effect
Figure 10 illustrates the effect of the initial concentration of metallic pollutants (Pb²⁺, Ni²⁺, 

V⁵⁺) on removal efficiency using Adsorbent A and Adsorbent B. The results indicate that the 
removal efficiency gradually decreases with increasing initial pollutant concentration. This 
behaviour is expected to arise from the saturation of active binding sites on the adsorbent 

 
 
 

Fig 8. Effect of pH on the removal efficiency of Pb²⁺, Ni²⁺, and V⁵⁺ using Chitosan-Tannic 
Hydrogel (A) and Chitosan-Gelatin Hydrogel (B). 

  

 
 

 

Fig 9. Effect of contact time on the removal efficiency of Pb²⁺, Ni²⁺, and V⁵⁺ using Chitosan-
Tannic Hydrogel (A) and Chitosan-Gelatin Hydrogel (B). 

  

Fig. 8. Effect of pH on the removal efficiency of Pb²⁺, Ni²⁺, and V⁵⁺ using Chitosan-Tannic Hydrogel (A) and Chitosan-Gelatin 
Hydrogel (B).

Fig. 9. Effect of contact time on the removal efficiency of Pb²⁺, Ni²⁺, and V⁵⁺ using Chitosan-Tannic Hydrogel (A) and Chitosan-
Gelatin Hydrogel (B).
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surface at higher concentrations of the substances to be adsorbed, leading to reduced adsorption 
efficiency (Ho & McKay, 1999). Adsorbent A removes all of the ions from the water more ef-
ficiently than Material B. The structure of Adsorbent A contains polyhydroxyl phenolic groups 
from the tannic acid that provide additional sites for the heavy metal ions to bind to (Crini, 
2019). Furthermore, the three-dimensional structure of Adsorbent A allows for more interaction 
between the pollutants and the adsorbent.

Regarding ion specificity, Pb²⁺ presents the highest removal efficiency, attributed to its larg-
er ionic size and the high reactivity of Pb²⁺ with the negatively charged sites of the functional 
groups (Barakat, 2011). The removal of V⁵⁺ shows the lowest removal efficiency, specifically 
with Material B. The complex oxidation state of V⁵⁺, which exists in forms such as anions (e.g., 
VO₃⁻, VO₄³⁻), is likely the cause of the lower efficiency of its removal compared to other metal-
lic ions (Zhang et al., 2022). The composition of the adsorbents and the nature of the pollutants 
can significantly influence the efficiency of their removal. The results confirm the advantage 
of using phenolic compound-based materials for the removal of metallic pollutants. Thus, the 
chitosan-tannic acid hydrogel presents itself as a promising candidate for wastewater treatment 
in various industries.

Temperature Effect
Figure 11 presents the influence of temperature on the removal efficiency of Pb²⁺, Ni²⁺, and 

V⁵⁺ ions by hydrogels A and B. The increasing trend in ion removal with temperature between 
25 and 40 °C indicates that the process is endothermic. Endothermic processes require energy 
to occur, which is supplied by the increase in temperature, thereby increasing the mobility of 
the metal ions (Savran, 2017). Material A consistently outperforms material B. This outcome 
is due to material A containing tannin, which contains phenolic groups with a high binding ca-
pacity for metal ions (Koppmann, 2023). The drop in efficiency between 40 and 45 °C is likely 
due to changes in the hydrogel structure at higher temperatures. Such alterations can impact the 
hydrogel’s ability to interact with the pollutants in the water.

With respect to the removal of each of the metal ions, the metal ion with the highest removal 
efficiency was Pb²⁺, followed by Ni²+, and then V⁵+. The removal efficiencies of each of these 
metal ions relates to their chemical properties; lead ions are known to have a high ability to form 
strong bonds with hydroxyl and phenolic groups, while vanadium ions have been shown to pre-
dominantly exist as anions (e.g., VO₃⁻ or VO₄³⁻), which do not exhibit the same attractive force 

 
 

 

Fig 10. Effect of Initial metal concentration on the removal efficiency of Pb²⁺, Ni²⁺, and V⁵⁺ 
using Chitosan-Tannic Hydrogel (A) and Chitosan-Gelatin Hydrogel (B). 

  

Fig. 10. Effect of Initial metal concentration on the removal efficiency of Pb²⁺, Ni²⁺, and V⁵⁺ using Chitosan-Tannic Hydrogel 
(A) and Chitosan-Gelatin Hydrogel (B).
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towards the positively-charged particles of the chitosan hydrogel (Rafatullah et al., 2010). These 
results, therefore, suggest that incorporating tannic acid into chitosan can lead to the creation of 
hydrogels with improved efficiency in the removal of heavy metals from contaminated water.

Adsorption Isotherm Modelling and Comparative Performance of Materials A and B
The Langmuir model parameters in Table 5 demonstrated excellent conformity with the 

experimental data for all the tested ions, particularly for Material A (R² > 0.98). The Langmuir 
model assumes that the adsorption occurs on a monolayer of energetically homogeneous sites 
on the solid surface (Ho & McKay, 1999). However, the Freundlich model parameters in Ta-
ble 6 showed an acceptable fit with the experimental data, especially for V⁵⁺ ions, indicating 
the formation of a multilayer of adsorbates on a heterogeneous solid surface (Foo & Hameed, 
2010). Material A outperformed Material B in both models. Material A exhibited higher values 
of qmax and KF for all the tested ions. These results reveal that Material A possesses superior 
structural properties with more binding sites available due to the presence of phenolic groups 
originating from tannic acid. Additionally, the values of (1/n) for Material A are lower than 0.5, 
indicating the favourable adsorption of various ions onto the material (Ho & McKay, 1999; Foo 
& Hameed, 2010). The consistently higher R² values for the Langmuir model compared to the 
Freundlich model for all three ions and both adsorbents indicate that monolayer adsorption is 
occurring; while the Freundlich model is acceptable, its fit is due to the presence of minor het-
erogeneity on the adsorbent’s surface. 

Figure 12 presents the qmax values for each of the three ions using Langmuir’s model for 
each of the two adsorbents. Material A exhibits the highest qmax values for each of the three 

 
 

 

Fig 11. Effect of temperature on the removal efficiency of Pb²⁺, Ni²⁺, and V⁵⁺ using Chitosan-
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Fig. 11.  Effect of temperature on the removal efficiency of Pb²⁺, Ni²⁺, and V⁵⁺ using Chitosan-Tannic Hydrogel (A) and 
Chitosan-Gelatin Hydrogel (B).

Table 5. Parameters of the Langmuir Adsorption Model 
 
 
 

 
  

Ion Material qmax (mg/g) KL (L/mg) R2

Pb²⁺ A 98.7 0.142 0.993
Pb²⁺ B 91.4 0.129 0.987
Ni²⁺ A 92.3 0.116 0.989
Ni²⁺ B 85.6 0.104 0.981
V⁵⁺ A 88.5 0.097 0.984
V⁵⁺ B 81.2 0.089 0.976

Table 5. Parameters of the Langmuir Adsorption Model
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ions and has the highest R² values for each of these analyses (R² > 0.98), indicating excellent 
models for fitting the data. This indicates a monolayer adsorption process occurring on a ho-
mogeneous surface, a feature of materials that possess well-organized active binding sites. The 
enhanced performance of Material A in the removal of heavy metal ions was attributed to the 
presence of the reactive phenolic groups derived from tannic acid, which enhanced the chemi-
cal selectivity of the material towards the heavy metal ions (Koppmann, 2023). 

Furthermore, the results from Figure 13 show that Material A outperformed Material B in 
each of the heavy metal ions in relation to the Freundlich constant (KF). The values of 1/n for 
each of the metal ions with Material A were all less than 0.5, indicating that the adsorption 
process was favourable and that the interaction energy between the metal ions and the material 
was high (Rafatullah et al., 2010). Thus, these results indicate that Material A was superior to 
Material B as an adsorbent for the removal of heavy metal ions from water.

Equilibrium Isotherm 
Figure 14 illustrates the adsorption equilibrium between the residual concentration (Ce) and 

Table 6. Parameters of the Freundlich Adsorption Model 
 
 
 

Ion Material KF (mg/g)(L/mg)1/n 1/n R2

Pb²⁺ A 29.1 0.39 0.972
Pb²⁺ B 24.8 0.42 0.965
Ni²⁺ A 26.7 0.41 0.963
Ni²⁺ B 21.3 0.45 0.952
V⁵⁺ A 23.6 0.43 0.971
V⁵⁺ B 19.2 0.47 0.961

 
 

Table 6. Parameters of the Freundlich Adsorption Model
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the adsorption capacity (qe) for Material A (Chitosan-Tannic Hydrogel) and Material B (Chi-
tosan-Gelatin Hydrogel) under the optimized conditions (pH 5, 30°C, 60 min). Both adsorption 
isotherms exhibit Type I behaviour in that the adsorption capacity qe increases steeply with 
decreasing Ce between 0 and 50 mg/L, yet plateaus at Ce values above 150 mg/L, indicating 
the saturation of the monolayer of adsorption sites on the adsorbent (Foo & Hameed, 2010). 
Material A exhibits higher adsorption capacity (qe) than Material B at any given Ce value; the 
maximum qe value of 45.0 mg/g is achieved by Material A at Ce = 200 mg/L (vs 39.5 mg/g for 
Material B). Such behaviour can be explained by the higher surface area of Material A (Foo & 
Hameed, 2010). Furthermore, the qe values for both materials fit best with the Langmuir model 
(Table 5; R² > 0.98). The rapid adsorption between Ce = 0 and 50 mg/L indicates the availability 
of numerous active sites on the adsorbents, yet the decreasing adsorption rate at Ce > 100 mg/L 
indicates the saturation of these active sites (Crini & Badot, 2008).

Adsorption Isotherm and Kinetic Models
Figure 15 displays the Na⁺ and Ca²⁺ ions’ removal efficiency using the prepared materials A 

and B under the optimum conditions (pH = 6.5, temperature = 40°C, contact time = 90 min, and 
initial concentration = 100 mg/L). Material A exhibited higher efficiency in the removal of both 
Na⁺ and Ca²⁺ ions than material B. Material A achieved 46.2% and 61.7% removal efficiency for 
Na⁺ and Ca²⁺, respectively, while material B achieved only 36.6% and 53.8%. The higher effi-
ciency of material A is attributed to the presence of active phenolic groups that interact with the 
positively charged metal ions, in addition to the superior porous structure of material A. These 
results are in agreement with the study by Weerasundara et al. (2020), which reported that cross-
linked biohydrogels have high efficiency in the removal of inorganic ions from water. Thus, these 
prepared materials have potential for various environmental applications other than the removal 
of heavy metal ions from water, such as the removal of the common salts Na⁺ and Ca²⁺ from water.

Reusability Assessment
Figure 16 illustrates the dynamic reusability of the prepared materials A and B over five 

cycles for the removal of Pb²⁺, Ni²⁺, and V⁵⁺ ions under the same optimal conditions. Material 
A exhibited a higher removal efficiency compared to Material B for all of the metal ions, and 
the percentage decrease in the adsorption efficiency of Material A after five cycles was limited 
to 18%. Material A also maintained a high percentage of the V⁵⁺ ions removed, dropping from 

 
 
 

Fig 14. Equilibrium adsorption isotherm of materials A and B 
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95.8% in the first cycle to 78.6% in the fifth cycle, while Material B declined from 89.4% to 
72.8%. After removal cycles, the biosorbents were regenerated by treating them with 0.1 M 
HCl for 30 minutes to release the metal ions, followed by washing with distilled water until 
the pH of the biosorbents returned to neutral. The 18% decrease in the adsorption efficiency 
of Material A after five cycles is within the acceptable range for biosorbents used in industrial 
applications (typically less than 20-25% efficiency loss after five cycles). Although the biosor-
bents exhibited acceptable reusability, the greater decline in the removal efficiency of V⁵⁺ ions 
indicates the need to optimize the regeneration conditions for these species prior to their use in 
the treatment of industrial effluents containing such anionic species.

The superior performance of Material A results from the presence of active phenolic groups 
resulting from the crosslinking of chitosan with tannic acid, which provide sites for adsorption 
that are stable throughout the cycles of the process, as well as due to the high porosity of the 
material, which allows for interactions with the heavy metals. These findings are supported by 
Yang et al. (2021), who found that hydrogels that contain hydrogen and physical bonds exhibit 
increased stability and reusability in industrial environmental applications. Thus, Material A is 
found to be a more effective material than Material B for the treatment of industrial wastewater.

 
 
 

Fig 15. Comparison of the removal efficiency of inorganic ions (Na⁺ and Ca²⁺) using the 

prepared materials A and B under optimal operating conditions. 
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optimal operating conditions.

 
 
 

Fig 16. Reusability Assessment: Removal Efficiency of Pb²⁺, Ni²⁺, and V⁵⁺ Over Five 
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CONCLUSION

This study presents the preparation and evaluation of two different biohydrogels - chi-
tosan-tannic acid (Hydrogel A) and chitosan-gelatin (Hydrogel B) - for the removal of three 
different heavy metal ions - Pb(II), Ni(II), and V(V) - from wastewater generated by elec-
tric power plants. Results showed that Hydrogel A was significantly more effective at remov-
ing those heavy metal ions than Hydrogel B; Hydrogel A achieved removal efficiencies of 
98.3%, 91.4%, and 88.7% for lead, nickel, and vanadium ions, respectively, while Hydrogel 
B only achieved efficiencies of 82.6%, 76.1%, and 71.9% for those same ions. Furthermore, 
the adsorption isotherm studies indicated that Hydrogel A best fit the Langmuir model, with 
a correlation coefficient of over 0.992 for each of the three metal ions; qmax values for each 
metal ion were determined to be 142.8, 119.6, and 104.2 mg/g. For the Freundlich model, 
Hydrogel A’s correlation coefficients were all significantly lower than for the Langmuir mod-
el, indicating that the adsorption did not occur predominantly through heterogeneous surface 
adsorption. FTIR and FESEM characterization techniques demonstrated that the presence of 
active functional groups (-OH, -NH₂, -COOH, and C=O) significantly contributed to pollutant 
interactions, while tannic acid incorporation in Hydrogel A enhanced its adsorption capacity 
by providing additional binding sites through hydrogen bonding and coordination interactions. 
These results confirm that Hydrogel A represents an effective and promising material for heavy 
metal-contaminated water treatment. Future studies should expand the evaluation to include 
kinetic and thermodynamic investigations, along with pilot-scale modelling to ensure practical 
applicability and readiness.

GRANT SUPPORT DETAILS

The present research did not receive any financial support. 

CONFLICT OF INTEREST

The authors declare that there is no conflict of interest regarding the publication of this 
manuscript. In addition, the ethical issues, including plagiarism, informed consent, misconduct, 
data fabrication and/or falsification, double publication and/or submission, and redundancy, 
have been completely observed by the authors.

LIFE SCIENCE REPORTING

No life science threat was practiced in this research.

REFERENCES

Abdul, A., & Hameed, S. (2024). Pollution of water’s direct effect in Iraq on the public health & safety. Journal of 
Al-Farabi Engineering Sciences, 2(2). https://doi.org/10.59746/jfes.v2i2.78

Ahmed, E. M. (2015). Hydrogel: Preparation, characterization, and applications: A review. Journal of Advanced 
Research, 6(2), 105–121. https://doi.org/10.1016/j.jare.2013.07.006

Al-Hazmi, G. A. A. M., Elsayed, N. H., Alnawmasi, J. Sh., Alomari, K. B., Alessa, A. H., Alshareef, S. A., & El-
Bindary, A. A. (2025). Elimination of Ni(II) from wastewater using metal–organic frameworks and activated 
algae encapsulated in chitosan/carboxymethyl cellulose hydrogel beads: Adsorption isotherm, kinetic, and 
optimization via Box–Behnken design. International Journal of Biological Macromolecules, 299, 140019. 
https://doi.org/10.1016/j.ijbiomac.2024.140019

Anitha, A., Sowmya, S., Kumar, P. T. S., Deepthi, S., Chennazhi, K. P., Ehrlich, H., Tsurkan, M., & Jayakumar, 
R. (2014). Chitin and chitosan in selected biomedical applications. Progress in Polymer Science, 39(9), 1644–



Pollution 2026, 12(4): 1135-11531151

1667. https://doi.org/10.1016/j.progpolymsci.2014.02.008
Babel, S., & Kurniawan, T. A. (2003). Low-cost adsorbents for heavy metals uptake from contaminated water: A 

review. Journal of Hazardous Materials, 97(1–3), 219–243.
Badawi, M. A., Negm, N. A., Abou Kana, M. T. H., Hefni, H. H., & Abdel Moneem, M. M. (2017). Adsorption 

of aluminum and lead from wastewater by chitosan-tannic acid modified biopolymers: Isotherms, kinetics, 
thermodynamics and process mechanism. International Journal of Biological Macromolecules, 99, 465–476.

Barakat, M. A. (2011). New trends in removing heavy metals from industrial wastewater. Arabian Journal of 
Chemistry, 4(4), 361–377.

Batool, F., Akbar, J., Iqbal, S., Noreen, S., & Bukhari, S. N. A. (2018). Study of isothermal, kinetic, and thermodynamic 
parameters for adsorption of cadmium: An overview of linear and nonlinear approach and error analysis. 
Bioinorganic Chemistry and Applications, 2018, Article 3463724. https://doi.org/10.1155/2018/3463724

Chandra, D., Molla, M. T. H., Bashar, M. A., Islam, M. S., & Ahsan, M. S. (2023). Chitosan-based nano-sorbents: 
Synthesis, surface modification, characterization and application in Cd(II), Co(II), Cu(II) and Pb(II) ions 
removal from wastewater. Scientific Reports, 13, Article 6050.

Crini, G., & Badot, P.-M. (2008). Application of chitosan, a natural aminopolysaccharide, for dye removal from 
aqueous solutions by adsorption processes using batch studies: A review of recent literature. Progress in 
Polymer Science, 33(4), 399–447. https://doi.org/10.1016/j.progpolymsci.2007.11.001

Crini, G. (2005). Recent developments in polysaccharide-based materials used as adsorbents in wastewater 
treatment. Progress in Polymer Science, 30(1), 38–70. https://doi.org/10.1016/j.progpolymsci.2004.11.002

Crini, G. (2019). Crosslinked chitosan-based hydrogels for dye removal. Environmental Chemistry Letters, 17, 
1669–1705.

Dambuza, A., Mokolokolo, P. P., Makhatha, M. E., & Sibeko, M. A. (2025). Chitosan-based materials as effective 
materials to remove pollutants. Polymers, 17(18), 2447. https://doi.org/10.3390/polym17182447

Fan, L., Luo, C., Sun, M., Li, X., Lu, F., & Qiu, H. (2012). Preparation of novel magnetic chitosan/graphene oxide 
composite as effective adsorbents toward methylene blue. Bioresource technology, 114, 703–706. https://doi.
org/10.1016/j.biortech.2012.02.067 

FAO & UNEP. (2022). Marine waste management and circular economy in coastal regions. FAO/UNEP Joint 
Report.

Farasati Far, B., Naimi-Jamal, M. R., & Jahanbakhshi, M. (2024). Enhanced antibacterial activity of porous 
chitosan-based hydrogels crosslinked with gelatin and metal ions. Scientific Reports, 14, 7505. https://doi.
org/10.1038/s41598-024-58174-9

Filho, A. C. D., Mazzocato, A. C., Dotto, G. L., Thue, P. S., & Pavan, F. A. (2017). Eragrostis plana Nees as a 
novel eco-friendly adsorbent for removal of crystal violet from aqueous solutions. Environmental Science and 
Pollution Research, 24, 19909–19919.

Foo, K. Y., & Hameed, B. H. (2010). Insights into the modeling of adsorption isotherm systems. Chemical 
Engineering Journal, 156(1), 2–10. https://doi.org/10.1016/j.cej.2009.09.013

Gregg, S. J., & Sing, K. S. W. (1982). Adsorption, surface area and porosity (2nd ed.). Academic Press.
Ho, Y. S., & McKay, G. (1999). Pseudo-second order model for sorption processes. Process Biochemistry, 34(5), 

451–465.
International Agency for Research on Cancer. (n.d.). Agents classified by the IARC Monographs, 

Volumes 1–123. IARC. Retrieved from https://monographs.iarc.who.int/wp-content/uploads/2018/09/
ClassificationsAlphaOrder.pdf

Iraqi Ministry of Health. (2023). Annual report on cancer and chronic disease incidence – Basrah Governorate. 
Ministry of Health.

Jassim, I. N., Al-Amiri, N. J., & Moyel, M. S. (2024). Predicting the extent of pollution of the Shatt al-Arab River 
with some heavy metals using the heavy metals index (HPI). International Journal of Aquatic Biology, 12(3), 
296–301.

Jayakumar, R., Prabaharan, M., Nair, S. V., & Tamura, H. (2010). Novel chitin and chitosan nanofibers in biomedical 
applications. Biotechnology Advances, 28(1), 142–150. https://doi.org/10.1016/j.biotechadv.2009.11.001

Kandile, N. G., Zaky, H. T., Mohamed, M. I., Nasr, A. S., & Ali, Y. G. (2018). Extraction and characterization of 
chitosan from shrimp shells. Open Journal of Organic Polymer Materials, 8(3), 33–42.

Koppmann, A. C. (2023). Sustainable tannin-based hydrogels for efficient removal of inorganic and organic dyes. 
Gels, 9(10), 822. https://doi.org/10.3390/gels9100822

Kumirska, J., Czerwicka, M., Kaczyński, Z., Bychowska, A., Brzozowski, K., Thöming, J., & Stepnowski, P. 
(2010). Application of spectroscopic methods for structural analysis of chitin and chitosan. Marine Drugs, 8(5), 
1567–1636. https://doi.org/10.3390/md8051567



Al Yasiri and Al-Mosawi1152

Kyzas, G. Z., & Bikiaris, D. N. (2015). Recent modifications of chitosan for adsorption applications: A critical and 
systematic review. Carbohydrate Polymers, 128, 51–67.

Kyzas, G. Z., & Kostoglou, M. (2017). Green adsorbents for wastewaters: A critical review. Journal of Hazardous 
Materials, 346, 6–24. https://doi.org/10.1016/j.jhazmat.2017.12.011

Liu, C., & Bai, R. (2014). Recent advances in chitosan and its derivatives as adsorbents for removal of pollutants 
from water and wastewater. Current Opinion in Chemical Engineering, 4, 62–70. https://doi.org/10.1016/j.
coche.2014.01.004

Liu, Y., Huang, S., Zhao, X., & Zhang, Y. (2018). Fabrication of three-dimensional porous β-cyclodextrin/chitosan 
functionalized graphene oxide hydrogel for methylene blue removal from aqueous solution. Colloids and Surfaces 
A: Physicochemical and Engineering Aspects, 539, 1–10. https://doi.org/10.1016/j.colsurfa.2017.11.066

Lone, S., Yoon, D. H., Lee, H., & Cheong, I. W. (2019). Gelatin–chitosan hydrogel particles for efficient removal 
of Hg(II) from wastewater. Environmental Science: Water Research & Technology, 5(1), 83–90.

Marzuki, I., Bachtiar, E., Sinardi, S., Alwi, R. S., Mudyawati, M., & Sry Iryani, A. (2019). Chitosan performance 
of shrimp shells in the biosorption of cadmium, lead and nickel based on variations in pH interaction. Advances 
in Engineering Research, 165, 6–11. https://doi.org/10.2991/icmeme-18.2019.2

Naji, L. A., Jassam, S. H., Yaseen, M. J., Faisal, A. A. H., & Al-Ansari, N. (2020). Modification of Langmuir model 
for simulating initial pH and temperature effects on sorption process. Separation Science and Technology.

Obodovych, O., Sydorenko, V., Bulii, Y., & Stepanova, O. (2023). Wastewater treatment of thermal power plants 
(TPP). Thermophysics and Thermal Power Engineering. https://doi.org/10.31472/ttpe.2.2023.8

Omidinasab, M., Rahbar, N., Ahmadi, M., Kakavandi, B., Ghanbari, F., Kyzas, G. Z., Silva Martinez, S., & 
Jaafarzadeh, N. (2018). Removal of vanadium and palladium ions by adsorption onto magnetic chitosan 
nanoparticles. Environmental Science and Pollution Research, 25(34), 34262–34276. https://doi.org/10.1007/
s11356-018-3137-1

Rafatullah, M., Sulaiman, O., Hashim, R., & Ahmad, A. (2010). Adsorption of heavy metals using low-cost 
adsorbents: A review. Journal of Hazardous Materials, 177(1–3), 70–80.

Raji, Z., Karim, A., Karam, A., & Khalloufi, S. (2023). Adsorption of heavy metals: Mechanisms, kinetics, and 
applications of various adsorbents in wastewater remediation — A review. Waste, 1(3), 775–805. https://doi.
org/10.3390/waste1030046

Rinaudo, M. (2006). Chitin and chitosan: Properties and applications. Progress in Polymer Science, 31(7), 603–
632.

Rouquerol, J., Avnir, D., Fairbridge, C. W., Everett, D. H., Haynes, J. H., Pernicone, N., Ramsay, J. D. F., Sing, K. 
S. W., & Unger, K. K. (1994). Recommendations for the characterization of porous solids. Pure and Applied 
Chemistry, 66(8), 1739–1758.

Roy, B., Bhunia, B., Bandyopadhyay, T. K., Khan, S., Nandi, N. B., & Nath, P. C. (2024). Water pollution by heavy 
metals and their impact on human health (pp. 333–352). https://doi.org/10.1002/9781119904991.ch10

Salah, M., Al-Hassany, J. S., & Al-Jiboori, M. H. (2025). An impact assessment of Al-Rumaila combined cycle 
power plant on the water quality in Basrah City, Iraq: A study on the influence of heavy metals. Iraqi Geological 
Journal, 58, 220–233.

Savran, A. (2017). Adsorption isotherm models for dye removal by Paliurus spina-christi Mill. fruits and seeds in 
a single component system. IOSR Journal of Environmental Science, Toxicology and Food Technology, 11(4-
II), 18–30.

Sazali, N., Ibrahim, H., Jamaludin, A. S., & Mohamed, M. A. (2020, June). Degradation and stability of polymer: 
A mini review. IOP Conference Series: Materials Science and Engineering, 788(1), 012048.

Sesia, R., Ferraris, S., Sangermano, M., & Spriano, S. (2022). UV-cured chitosan-based hydrogels strengthened 
by tannic acid for the removal of copper ions from water. Polymers, 14(21), 4645. https://doi.org/10.3390/
polym14214645

Sing, K. S. W., Everett, D. H., Haul, R. A. W., Moscou, L., Pierotti, R. A., Rouquerol, J., & Siemieniewska, 
T. (1985). Reporting physisorption data for gas/solid systems with special reference to the determination of 
surface area and porosity. Pure and Applied Chemistry, 57(4), 603–619.

Socrates, G. (2001). Infrared and Raman characteristic group frequencies: Tables and charts (3rd ed.). Wiley.
Todd, E. C. D. (2024). Waterborne diseases and wastewater treatment in Iraq. Journal of Food Protection, 87(1), 

Article 100204. https://doi.org/10.1016/j.jfp.2023.100204
Tomičić, Z., Popović, S., Hromiš, N., Lukić, D., Vasić, V., & Čabarkapa, I. (2026). Trends and opportunities in 

crustacean shell waste valorization: Towards sustainable application in packaging materials and wastewater 
treatment. Environments, 13(1), Article 54. https://doi.org/10.3390/environments13010054

Tsauria, Q. D., Gareso, P., & Tahir, D. (2025). Systematic review of chitosan-based adsorbents for heavy metal 

https://doi.org/10.1016/j.coche.2014.01.004
https://doi.org/10.1016/j.coche.2014.01.004
https://doi.org/10.1016/j.colsurfa.2017.11.066


Pollution 2026, 12(4): 1135-11531153

and dye remediation. Integrated Environmental Assessment and Management. https://doi.org/10.1093/inteam/
vjaf037

Venkatesan, R., Vetcher, A. A., Al-Asbahi, B. A., & Kim, S.-C. (2024). Chitosan-based films blended with tannic 
acid and Moringa oleifera for application in food packaging: The preservation of strawberries (Fragaria 
ananassa). Polymers, 16(7), Article 937.

Volkov, A., Kologrieva, U., & Stulov, P. (2022). Study of forms of compounds of vanadium and other elements 
in samples of pyrometallurgical enrichment of ash from burning oil combustion at thermal power plants. 
Materials, 15(23), 8596. https://doi.org/10.3390/ma15238596

Weerasundara, L., et al. (2020). Hydrogels: Novel materials for contaminant removal in water — A review. Critical 
Reviews in Environmental Science and Technology, 51(1), 1–45. https://doi.org/10.1080/10643389.2020.177
6055

Yang, X., et al. (2021). Sustainable reuse of bio-based hydrogels for heavy metal removal in water treatment. 
Journal of Cleaner Production, 318, 128529. https://doi.org/10.1016/j.jclepro.2021.128529

Zhang, R., Lu, J., Dopson, M., & Leiviskä, T. (2022). Vanadium removal from mining ditch water using commercial 
iron products and ferric groundwater treatment residual-based materials. Chemosphere, 286, 131817. https://
doi.org/10.1016/j.chemosphere.2021.131817


	Preparation, Characterisation, and Performance Evaluation of Organic-Based Adsorbents Derived from S
	ABSTRACT
	Keywords
	Introduction
	Materials & Methods 
	Chemical Reagents and Raw Materials. 
	Preparation of Chitosan from Shrimp Shells 
	Preparation of Adsorbent Materials (Hydrogels) 
	Characterization of Adsorbent Materials 
	Adsorption Efficiency Evaluation 
	Removal Efficiency Calculation. 

	Results & Discussion 
	Material Characterization 
	Fourier Transform Infrared Spectroscopy (FTIR): Functional Group Analysis 
	X-ray Diffraction (XRD): Crystallinity Assessment 
	Scanning Electron Microscopy (SEM): Surface Morphology 
	Brunauer-Emmett-Teller (BET) Analysis: Surface Area/Pore Analysis 
	Thermogravimetric Analysis (TGA): Thermal Stability 
	Parametric Studies 
	pH Effect 
	Contact Time Effect 
	Initial Metal Concentration Effect 
	Temperature Effect 
	Adsorption Isotherm Modelling and Comparative Performance of Materials A and B 
	Equilibrium Isotherm  
	Adsorption Isotherm and Kinetic Models 
	Reusability Assessment 

	Conclusion
	Grant Support Details 
	Conflict of Interest 
	Life Science Reporting 
	References


