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ABSTRACT

The increasing contamination of water bodies by heavy metals, particularly cadmium (Cd?*"), poses a significant
threat to environmental and public health due to its toxicity, persistence, and bioaccumulate nature. This study
investigates the potential of citric acid-modified chitosan, derived from oyster shells, as an eco-friendly and
cost-effective adsorbent for the removal of cadmium ions from aqueous solutions. Chitosan was extracted through
deproteination, demineralization, and deacetylation processes, followed by chemical modification using citric acid to
enhance its adsorption properties. Characterization of the modified chitosan was conducted using Fourier Transform
Infrared Spectroscopy (FTIR), UV-Visible Spectroscopy (UV—Vis), and Atomic Absorption Spectrophotometry (AAS).
FTIR analysis confirmed the successful transformation of oyster shell into chitosan, with the emergence of functional
groups such as hydroxyl, carbonyl, and amine groups critical for metal ion binding. UV—Vis. spectroscopy revealed
strong absorbance in the UV region and optical transparency in the visible range, indicating high purity and suitability
for biomedical and environmental applications. Batch adsorption experiments were performed to evaluate the effects of
initial cadmium concentration, contact time, and temperature. The results showed that maximum adsorption occurred at
low concentrations, with equilibrium reached at 60 minutes and optimal performance at 40°C. Isotherm modeling

revealed that the Freundlich model (R? = 0.8389) better described the adsorption behavior than the Langmuir model (R?
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= 0.0245), suggesting multilayer adsorption on a heterogeneous surface. Kinetic studies indicated that the
pseudo-second-order model (R? = 0.9738) best fit the data, implying chemisorption as the dominant mechanism. Overall,
the study demonstrates that citric acid-modified chitosan is a promising biosorbent for cadmium removal, offering a
sustainable solution for wastewater treatment. Further optimization and real-world application studies are recommended

to enhance its practical viability.

Keywords: Wastewater treatment; adsorption studies; kinetics; crustaceans shells; cadmium metal

1. Introduction

Heavy metal contamination in aquatic environments has become a pressing global concern due to its
persistence, toxicity, and increasing bioaccumulation levels in nature. Among these pollutants, cadmium
(Cd*") is particularly notorious due to its high toxicity, non-biodegradability, and tendency to bioaccumulate
in living organisms. Cadmium exposure, even at low concentrations, has been linked to severe health
conditions such as kidney damage, renal dysfunction, bone demineralization, and carcinogenic effects [, Its
primary sources include industrial discharges from battery manufacturing, electroplating, pigment production,
and mining operations >3],

Traditional methods for cadmium removal, such as chemical precipitation, ion exchange, and membrane
filtration, are often limited by high operational costs, sludge generation, and inefficiency at low metal
concentrations . Also, the generation of secondary pollutants is highly probable, making them less
sustainable for long-term environmental management. The success of adsorption largely depends on the
choice of adsorbent, and in recent years, biopolymers like chitosan derived from chitin have gained
significant attention for its high affinity toward heavy metal ions, owing to its amino and hydroxyl functional
groups I,

Recent studies have explored the modification of chitosan to enhance its adsorption capacity and
selectivity. Gamage et al. ! reviewed the application of chitosan-based composites and nanocomposites,
highlighting their improved physicochemical properties and performance in removing metals like cadmium,
lead, and chromium from contaminated water. These modifications often involve cross-linking with organic
acids, incorporation of nanoparticles, or blending with other biopolymers to increase surface area and
binding sites. Wang et al. [l developed chitosan-based carbon nanoparticles (chi-CNPs) that not only
removed heavy metals efficiently but also served as fluorescent indicators for metal ion detection. Their
study demonstrated a cadmium removal efficiency of over 54%, significantly outperforming conventional
carbon-based adsorbents. Similarly, a systematic review by Tsauria et al. ! emphasized the role of
functionalized chitosan in improving adsorption kinetics, regeneration potential, and adaptability for
industrial-scale wastewater treatment. Despite these advancements, challenges remain. Many studies are
conducted under controlled laboratory conditions using synthetic wastewater, which may not accurately
reflect the complexity of real industrial effluents. Additionally, the regeneration and reuse of chitosan-based
adsorbents, while promising, require further optimization to ensure economic viability and environmental
sustainability.

Chitosan, derived from the deacetylation of chitin found in crustacean shells, is a biodegradable,

1. However, raw chitosan has

non-toxic, and renewable material with excellent metal-binding properties
limitations in terms of mechanical strength, solubility, and adsorption capacity. To overcome these
drawbacks, chemical modifications such as cross-linking or functionalization with organic acids have been
employed to enhance its performance !, Although chitosan has demonstrated significant potential as an

eco-friendly adsorbent for heavy metal removal, its practical application in real-world wastewater treatment
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systems remains limited. Most existing studies focus on synthetic solutions and do not account for the
complex matrix of industrial effluents, which may contain competing ions and organic matter that affect
adsorption efficiency [®!. Furthermore, while chemical modifications such as citric acid activation have been
shown to enhance chitosan’s performance, there is a lack of standardized protocols for optimizing these
modifications across different wastewater conditions !, The scalability, cost-effectiveness, and long-term
stability of modified chitosan also remain underexplored. Therefore, there is a critical need for
comprehensive studies that bridge the gap between laboratory research and field application, particularly in
developing regions where affordable and sustainable water treatment solutions are urgently required.

This study explores the use of citric acid-modified chitosan, extracted from oyster shells, as a
sustainable and efficient adsorbent for the removal of cadmium ions from synthetic wastewater. The
modification process aims to increase the number of active binding sites and improve the structural integrity
of the chitosan matrix. The research is grounded in the broader context of circular economy and waste
valorization, as it transforms seafood waste into a valuable material for environmental remediation [':'?]. The
study aims to evaluate the effectiveness of citric acid-modified chitosan in adsorbing cadmium ions from
synthetic wastewater under varying conditions: temperature, contact time, and initial metal concentration.
The objective seeks to characterize the modified chitosan using analytical techniques such as FTIR, UV-Vis.
spectroscopy, and AAS, and to model the adsorption process using kinetic and isotherm equations to better
understand the underlying mechanisms. Ultimately, the study explores the potential of modified chitosan as a
low-cost, eco-friendly solution for cadmium removal in wastewater treatment applications. By addressing
these objectives, this research contributes to the growing body of knowledge on biopolymer-based
adsorbents and offers a sustainable pathway for mitigating heavy metal pollution in water systems

2. Materials and methods

2.1. Preparation of adsorbent

Chitosan was extracted from oyster shells through a multi-step process involving deproteination,
demineralization, and deacetylation (Figure 1). The shells were first washed, sun-dried, pulverized, and
sieved (300pm mesh) to a fine powder. Deproteination was carried out using 1 M NaOH on 150g of fine
powder at 90°C for 1 hour, followed by demineralization with 1 M HCI under continuous stirring. The
resulting chitin was then deacetylated using 0.5 M NaOH at 50°C for 12 hours to yield chitosan 3. To
enhance its adsorption capacity, 80g of chitosan was modified by treating it with 0.25 M citric acid at 60°C
for 1 hour under magnetic stirring. The modified chitosan was rinsed with distilled water and air-dried at

room temperature (1214,

2.2. Preparation of adsorbate

Aqueous cadmium ion solutions were prepared by dissolving cadmium nitrate in distilled water to
obtain concentrations ranging from 2, 3, 5 and 10 ppm. The pH of the solutions was adjusted to pH 5.0 using
dilute HCI or NaOH, as required.

2.3. Characterization

To evaluate the structural, chemical, and functional properties of the modified chitosan used for
cadmium ion adsorption, three key analytical techniques were employed; Fourier Transform Infrared
Spectroscopy (FTIR), Atomic Absorption Spectrophotometry (AAS), and UV—Visible Spectroscopy (UV—
Vis). Each technique was selected for its ability to provide specific insights into the material’s composition
and performance %,
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2.3.1. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analysis was conducted to identify the functional groups present in both the pulverized oyster
shell and the extracted chitosan. The spectra were recorded in the range of 4000—400 cm™ using a calibrated
FTIR spectrometer. Before analysis, the instrument was baseline-corrected using a clean KBr pellet as a
reference. The samples were prepared by mixing with KBr and pressing into pellets. In the Quality assurance
and control (QA/C), where spectral resolution was maintained at 4 cm™, each sample was scanned three

times to ensure reproducibility, and the background scans were performed before each sample run 6],

2.3.2. Atomic Absorption Spectrophotometry (AAS)

AAS was used to quantify cadmium ion concentrations in solution before and after adsorption. The
analysis was performed using a flame AAS equipped with a cadmium hollow cathode lamp, operated at a
wavelength of 228.8 nm. Calibration was performed using standard cadmium solutions (0.5, 1.0, 2.0, 5.0,
and 10.0 ppm) prepared from certified reference materials. The instrument was zeroed with deionized water,
and a calibration curve was generated with an R? value above 0.995 to ensure linearity. Sample solutions
were filtered and acidified with HNOs before analysis to prevent precipitation and matrix interference ['71.
The QA/C measures were that calibration standards were run before and after every 10 samples, a blank and
a quality control check standard were analyzed every 5 samples, and all glassware was acid-washed and
rinsed with deionized water.

2.3.3. UV—Visible Spectroscopy (UV-Vis)

UV-Vis. spectroscopy was employed to assess the purity and structural integrity of the extracted
chitosan. The absorbance spectrum was recorded from 200 to 700 nm using a double-beam UV-Vis
spectrophotometer. The chitosan sample exhibited a strong absorbance peak between 200—230 nm, attributed
to m—m* transitions of chromophores such as carbonyl groups. The absence of significant absorbance beyond
300 nm confirmed the optical clarity and low impurity content of the sample. The QA/C measures were that
the spectrophotometer was calibrated using a quartz cuvette and baseline-corrected with distilled water, all
measurements were performed in triplicate and the instrument was validated using a potassium dichromate

standard solution ['7°1,

2.4. Experimental studies

Batch adsorption experiments were conducted to evaluate the effects of Initial metal ion concentration,

20-22

Contact time and temperature 2°?21. All experiments were conducted in triplicate to ensure reproducibility.

2.4.1. Initial metal concentrations

100 mL of cadmium solutions at varying concentrations (2 ppm, 3 ppm, 5 ppm and 10 ppm) were
treated with 0.5 g of modified chitosan. After 60 minutes of agitation at 40°C, the residual cadmium
solutions were filtered and analyzed using AAS.

The absorption efficiency (%) was calculated as

Co — C,

Co

Absorption capacity (%) = x 100 (D

Where:
Co is the initial concentration (ppm)

Ce is the equilibrium concentration (ppm)
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2.4.2. Effect of contact time

0.5 g of adsorbent was added to 100 mL of 5.32 ppm cadmium solution. Samples were withdrawn at
intervals (20 to 60 min), filtered, and analyzed using AAS. The absorption capacity at time, t:
Co—Ct
m

Absorption capacity (q;) = XV (2)
Where:

q: is the absorption capacity at time t (mg/g)

C. is the concentration at time t (ppm)

V is the volume of solution (L)

m is the mass of absorbent (g)

2.4.3. Effect of temperature

For the effect of temperature, 0.5 g of adsorbent was added to 100 mL of 10 ppm cadmium solution and
agitated at 40°C, 60°C, 80°C, and 100°C for 60 minutes. The residual concentration was measured. The
mixtures were agitated in a water bath and filtered after equilibrium. Residual cadmium concentrations were
measured using Atomic Absorption Spectrophotometry (AAS).

2.5. Adsorption studies

Equilibrium data were analyzed using both Langmuir and Freundlich models, as they helped determine
the adsorption capacity and surface characteristics of the modified chitosan 12324,

Langmuir isotherm model, which assumes monolayer adsorption on a homogeneous surface. The formula is

1 1 1
Linear Form: (—) = ( ) + ( ) 3)
de QmaxKLCe Amax

Where:

qe is the amount adsorbed at equilibrium (mg/g)
(max 1S the maximum adsorption capacity (mg/g)
Ky is the Langmuir constant (L/mg)

Freundlich isotherm model, which accounts for heterogeneous surface energies and multilayer adsorption

1
Linear Form:logq, = log Ky + Elog Ce 4)

Where:
K is Freundlich constant (mg/g) (L/mg)/™

n is the adsorption intensity

2.6. Kinetic studies

The adsorption kinetics were evaluated using Pseudo First and second order models. The kinetic

parameters were derived from linear plots of the respective models, and the best-fitting model was

determined based on correlation coefficients 21,
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Pseudo-first-order model, which assumes the rate of occupation of adsorption sites is proportional to the
number of unoccupied sites

log(ge — q¢) =10gqe-§§%§t (5)
Where:
e is the amount adsorbed at equilibrium (mg/g)
qt is the amount adsorbed at time, t (mg/g)

ki is rate constant (1/min)

Pseudo-second-order model, which assumes chemisorption as the rate-limiting step

t 1 t

= + —
qc  kpq% g

(6)

Where:

K. is the rate constant of second order adsorption (g/mg.min)

Oyster shells (washed Sieving process of the
and dried) pulverized shells

Pulverized shells Adsorption; Kinetics,
undergoing Characterization and
demineralization Statistics

Figure 1. Methodology Flow Process

2.7. Statistical Analysis

Experimental data were analyzed using regression analysis to determine the best-fitting kinetic and isotherm
models. Regression analysis was performed using Microsoft Excel. Model accuracy was assessed using
correlation coefficients (R?), and residual plots were examined to evaluate goodness-of-fit.

6
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3. Results and discussion

3.1. Characterization
3.1.1. FTIr characterization of pulverized shells and extracted chitosan

FTIR spectroscopy was employed to identify the functional groups present in both the pulverized oyster shell
and the extracted chitosan. The spectra data provide insight into the chemical transformations that occurred
during the extraction and modification processes. The FTIR spectrum of the pulverized oyster shell revealed
several characteristic peaks (Figure 2 and Table 1). A broad peak at 3360 cm™ corresponds to O-H
stretching, indicating the presence of hydroxyl groups, which are commonly found in alcohols, phenols, or
carboxylic acids. The peak at 3020 cm™ is attributed to =C—H stretching, suggesting the presence of aromatic
or alkene compounds. A distinct peak at 1637 cm™ corresponds to C=O stretching, which is indicative of
carbonyl or carboxyl groups, possibly from proteins or organic acids. The peak at 1238 cm™ is associated
with C—N stretching, pointing to the presence of amines or amide functionalities. Additional peaks at 2047
cm™' (C=C) and 2244 cm™' (C=N) suggest the presence of alkyne and nitrile groups, which may be due to
impurities or trace organic compounds. The presence of S—H stretching at 2540 cm™ and aldehyde C-H
stretching at 2744 cm™ further supports the complex organic composition of the raw shell material. These
findings confirm that the pulverized oyster shell contains a variety of organic and inorganic functional
groups, including hydroxyl, carbonyl, amine, and aromatic structures, which are typical of biological calcium
carbonate matrices 2627,

The FTIR spectrum of the extracted chitosan showed significant changes, indicating successful
deacetylation and modification (Figure 3 and Table 2). A broad and intense peak at 3417 cm™, along with a
secondary peak at 3602 cm™, corresponds to O—H stretching vibrations, confirming the presence of hydroxyl
groups. The peak at 1748 cm™ is due to C=O stretching, suggesting the presence of carbonyl groups, likely
from residual acetyl groups or ester linkages introduced during citric acid modification. A strong peak at
1166 cm™ is attributed to C—O stretching, indicating the presence of alcohols, ethers, or esters. Peaks at 2852
cm™ and 2924 cm™ correspond to C-H stretching in alkanes, confirming the presence of aliphatic
hydrocarbon chains. Additional peaks at 1427 cm™ (O—H bending) and 1626 cm™ (C=C stretching) suggest
the presence of phenolic and aromatic structures, possibly from residual organic matter or modification

agents [16],

These spectral features are consistent with those reported in the literature for chitosan and its derivatives.
The presence of hydroxyl, carbonyl, and amine groups confirms the successful extraction and chemical
modification of chitosan from oyster shells. The similarity of these peaks to those reported by Sumaila et al.
(29 and Lalit Mahatma [?! further validates the identity and purity of the extracted chitosan.
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Figure 2. FTIR analysis of pulverized shell
Table 1. FTIR analysis of pulverized oyster shell
Wave Number (cm™) Peak Area Bond Vibration Mode Functional Group Classification
740.82 2.45 C-H Out-of-plane bending Aromatic groups
881.52 60.25 C-H Out-of-plane deformation Aromatic compounds
1238.50 138.71 C-N Stretching Amines or Amides
1637.20 22.46 C=0 Stretching Carbonyl or Carboxyl groups
2047.23 499.36 C=C Stretching Possible impurities
2244.90 23.47 C=N Stretching Nitrile functional groups
2540.04 162.57 S-H Stretching Thiol groups
2744.85 125.57 C-H Stretching Aldehyde groups
3020.97 148.15 =C-H Stretching Alkenes or Aromatic compounds
3161.41 106.09 N-H Stretching Amines or Amides
3360.04 216.78 O-H Stretching Hydroxyl groups
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Figure 3. FTIR analysis for the extracted chitosan sample
Table 2. FTIR analysis of extracted chitosan sample
Wave Number (cm™) Peak Area Bond Vibration Mode Functional Group Classification
715.36 160.47 C-H Out-of-plane bending Aromatic rings
870.63 268.70 C-H  Out-of-plane deformation Aromatic or Vinyl groups
1166.03 10206.27 Cc-0 Stretching Alcohols, Ethers, or Esters
1363.01 128.74 C-H Bending Alkanes
1427.57 3209.15 O-H Bending Phenolic group
1626.15 1135.51 Cc=C Stretching Alkenes or Aromatic rings
1748.03 7391.16 C=0 Stretching Carbonyl groups in Esters or Ketones
1977.55 1707.97 - - Overtone or combination bands
2084.59 522.62 C=N Stretching Nitrile groups
233291 5386.40 CO: - Nitrile groups
2489.28 8.26 - - Rarely seen functional groups.
2852.54 2617.17 C-H Stretching Alkanes
292435 16214.60 C-H Stretching Alkanes or Alkyl groups
3417.53 19101.95 O-H Stretching Hydroxyl groups
3602.10 2459.01 O-H Stretching Free Hydroxyl groups

3.1.2. Ultraviolet and Visible Spectrophotometry of Chitosan

Figure 4 presents the UV—Vis absorption spectrum of the extracted chitosan sample, measured across a
wavelength range of 200 to 700 nm. The absorbance values range from approximately 1.3 at 200 nm to 0.2 at
700 nm, forming a smooth, downward-sloping curve. The key observation is that the spectrum shows a
strong absorbance peak in the 200-230 nm range, which is characteristic of n—n* electronic transitions.
These transitions are typically associated with chromophore groups such as carbonyl (C=0) or conjugated
double bonds, which may be present due to residual acetyl groups or minor impurities in the chitosan

9
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structure. Beyond 300 nm, the absorbance gradually declines, and by 700 nm, it approaches a baseline level
of ~0.2, indicating minimal absorption in the visible region. This implies that the high absorbance in the UV
region confirms the presence of functional groups such as carbonyls, amines, and hydroxyls, which are
typical in chitosan and its derivatives. The lack of significant absorbance in the visible range (400—700 nm)
suggests that the chitosan sample is optically transparent in this region, which is desirable for applications in
biomedical films, coatings, and packaging. The smooth decline in absorbance also indicates that the sample
is relatively pure, with no strong visible-light-absorbing impurities. Previous studies by Gonzalez-Martinez
et al. ) showed that chitosan typically exhibits a strong UV absorbance peak around 210-230 nm due to n—
m* transitions in carbonyl-containing groups. Meynaud et al. 3% also reported that chitosan and its derivatives
show minimal absorbance beyond 300 nm, confirming the trend observed in your sample.

Raw Spectra

N e

1.
1
1
1

1.0
0.94
0.8
0.7

0.51 T

0.4 e —
—
0.3 —
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Figure 4. UV spectroscopy of chitosan

3.2. Experimental data
3.2.1. Effect of initial cadmium ion concentration

Figure 5 shows the relationship between the initial concentration of cadmium ions (Cd?*) in solution and the
percentage removal efficiency by citric acid-modified chitosan. The initial concentrations tested ranged from
approximately 2 to 10 ppm. The removal efficiency was highest (91%) at 2 ppm, indicating that the number
of available adsorption sites on the chitosan surface was sufficient to capture nearly all Cd*" ions. As the
concentration increased to 3 ppm, a sharp decline in removal efficiency to 85% was observed. This suggests
that the number of cadmium ions began to exceed the number of available active sites, leading to competitive
adsorption. Beyond this point, from 5 ppm to 10 ppm, the removal efficiency reaches equilibrium around 84—
85%, indicating that the adsorbent surface was approaching saturation. The data implies that at low
concentrations, the driving force for mass transfer is high, and the adsorbent surface is largely unoccupied,
resulting in high removal efficiency. At higher concentrations, the adsorption sites become saturated, and the
removal efficiency levels off despite the increase in available metal ions ['*l. Similar trends were reported by
Abbasi and Yousefi. B! observed that chitosan-MWCNT nanocomposites showed high removal efficiency at
low Cd** concentrations, with a decline and plateau at higher concentrations due to site saturation. Brandes et
al. B2 using phosphorylated chitosan-cellulose composites, also reported a high removal efficiency beyond
10 ppm, consistent with monolayer adsorption behavior.

10
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Figure 5. Effect of initial concentration

3.2.2. Effect of contact time on adsorption capacity

Figure 6 shows the effect of different contact time between cadmium ions (Cd*") and citric acid-modified
chitosan. The rapid initial uptake shows that from 0 to 60 minutes; the adsorption capacity increases sharply.
This indicates that the adsorbent surface has abundant active sites available for cadmium ion binding during
the early stages of contact. At equilibrium, the data flattens, showing equilibrium has been achieved, thus
desorption equals desorption. The initial phase is dominated by external surface adsorption, where cadmium
ions rapidly bind to available functional groups (-NHz, -OH, -COOH) on the chitosan surface ¥, As time
progresses, intraparticle diffusion becomes the limiting step, and fewer active sites remain unoccupied.
Abbasi and Yousefi B! reported similar equilibrium behavior for chitosan-MWCNT composites, with
equilibrium reached within 60 minutes and maximum adsorption capacity observed at that point. Brandes et
al. *% found that phosphorylated chitosan nanocomposites also reached equilibrium within 60-90 minutes,
depending on temperature and pH.

50

'S
5]
1
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g
1

AN

N\

0 T T T T T
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Figure 6. Effect of contact time
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3.2.3. Effect of temperature on adsorption capacity

Figure 7 shows the effect of temperature on the adsorption capacity (qe) of citric acid-modified chitosan for
cadmium ion (Cd*") removal from aqueous solution. It was observed that at 40°C, the adsorption capacity is
highest (96 %). As the temperature increases to 60°C, 80°C, and finally 100°C, the adsorption capacity
decreases progressively, reaching a minimum of 20 units at 100°C. The trend is consistently downward,
indicating an exothermic nature and a negative correlation between temperature and adsorption capacity. At
lower temperatures, the interaction between Cd** ions and the functional groups (—NHz, -OH, —COOH) on
the chitosan surface is stronger, leading to higher adsorption [**. As temperature increases, the kinetic energy
of cadmium ions increases, which may disrupt the adsorbent—adsorbate interactions, cause desorption of
previously adsorbed ions and alter the structure of the adsorbent, reducing the number of active sites ).
Abbasi and Yousefi B! reported a similar decrease in adsorption capacity with increasing temperature for
chitosan-based nanocomposites, confirming the exothermic nature of Cd** adsorption. In contrast, Brandes et
al. 32! observed endothermic behavior for phosphorylated chitosan-cellulose composites, where adsorption
increased with temperature due to enhanced diffusion and activation of binding sites.

100 -
90 -+
80
70

60
] .\

40 -

o \

20 -+

Adsorption capacity (qe)

T
40 50 60 70 80 90 100
Temperature (°C)

Figure 7. Effect of temperature

3.3. Adsorption Isotherm

Figure 8 and Table 3 show the Langmuir isotherm model plot, which is a linearized form of the Langmuir
equation. qmax Was 49.26mg/g, which is the theoretical maximum adsorption capacity of the modified
chitosan. It represents the amount of cadmium that can be adsorbed per gram of adsorbent when all active
sites are occupied. K (0.141 L/mg) is the Langmuir constant, which reflects the affinity between the
adsorbent and the adsorbate. A higher value indicates stronger binding. In this case, the value is moderate,
suggesting a reasonable interaction strength. The coefficient of determination, R? = 0.0245 value implies that
the adsorption of cadmium onto modified chitosan does not follow Langmuir behaviour, which assumes
monolayer adsorption on a homogeneous surface. This could be due to surface heterogeneity of the modified
chitosan, multilayer adsorption or interactions between adsorbed species and incomplete saturation of

adsorption sites 37,

Figure 9 and Table 3 depict the Freundlich isotherm model plot, which is a linearized form of the
Freundlich equation. Kr indicates the adsorption capacity of the adsorbent (6.072), as a higher value reflects

12
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a greater ability of the modified chitosan to adsorb cadmium ions. n (1.163) reflects the adsorption intensity
and surface heterogeneity, as such since n > 1, this suggests favorable adsorption and a relatively
homogeneous surface. R? (0.8389) indicates a moderate to good fit of the experimental data to the Freundlich
model, which is significantly better than the Langmuir model (R? = 0.0245), suggesting that the adsorption

occurs on a heterogeneous surface with multilayer formation %1,
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Figure 8. Langmuir isotherm plot
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Figure 9. Freundlich isotherm plot

Table 3. Adsorption isotherm parameters

parameters Langmuir
qm(mg/g) 49.26
R? 0.0245
Kvr(L/mg) 0.141
Freundlich
Kr(L/g) 6.072
n 1.163
R? 0.8389
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3.4. Kinetics Isotherm

The kinetics studies were evaluated using two widely accepted models, the pseudo-first-order and
pseudo-second-order kinetic models. These models help to understand the rate and mechanism of the
adsorption process. The pseudo-first-order model assumes that the rate of occupation of adsorption sites is
proportional to the number of unoccupied sites. In Figure 10 and Table 4 (pseudo-first-order plot), the
experimental equilibrium adsorption capacity (qeexp) Was found to be 51 mg/g, while the calculated value (qe,
ca) from the model was 101.92 mg/g. The rate constant (k;) was determined to be 0.036 min™', and the
coefficient of determination (R?) was 0.8730. Although the R? value indicates a moderate correlation, the
large discrepancy between the experimental and calculated (q.) values suggests that the pseudo-first-order
model does not accurately describe the adsorption kinetics in this case .

The pseudo-second-order model, on the other hand, assumes that the adsorption process is governed by
chemisorption, involving valence forces through sharing or exchange of electrons between the adsorbent and
the adsorbate. From the experimental plot (Figure 11 and Table 4), the pseudo-second-order model yielded a
rate constant (k») of 0.0004 g/mg-min and a calculated (q.) of —27.54 mg/g. Despite the non-physical
negative value of (q.), the model showed a very high R? value of 0.9738, indicating an excellent fit to the
experimental data. This strong correlation suggests that the adsorption process is better described by the
pseudo-second-order model, supporting the hypothesis that chemisorption is the dominant mechanism 49!,
The negative qe value obtained from the pseudo-second-order model, despite a high R?, indicates a potential
limitation in the linearization method. This anomaly suggests that non-linear kinetic modeling may provide a
more accurate representation of the adsorption mechanism and should be explored in subsequent studies.
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Figure 10. Pseudo-first order
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Table 4. Kinetics Isotherm data
parameters Pseudo first order
geexp (Mg/g) 51
k1 (min") 0.036
gecal (mg/g) 101.92
R? 0.8730
Pseudo-second order
k2 (mg/g.min) 0.0004
gecal (mg/g) -27.54
R? 0.9738

Conclusion

The comprehensive characterization and experimental evaluation of citric acid-modified chitosan derived
from oyster shells have demonstrated its potential as an effective biosorbent for cadmium ion removal from
aqueous solutions. The FTIR analysis confirmed the successful transformation of raw oyster shell material
into chitosan through the disappearance of peaks associated with nitrile and thiol groups and the emergence
of prominent hydroxyl and carbonyl bands. These functional groups are essential for cadmium ion chelation,
providing the necessary active sites for adsorption. The UV—Vis. Spectroscopy further validated the
structural integrity and purity of the extracted chitosan. The strong absorbance in the UV region (200-230
nm) and the absence of significant absorption in the visible range confirmed the presence of chromophoric
groups and the optical clarity of the material, making it suitable for applications requiring biocompatibility
and transparency. Experimental studies revealed that the modified chitosan exhibited high adsorption
efficiency at low cadmium concentrations, with over 90% removal at 2 ppm. However, as the concentration
increased, efficiency plateaued, indicating the need for higher adsorbent dosages or multi-stage treatment at
elevated contaminant levels. The optimal contact time was determined to be 60 minutes, beyond which no
significant increase in adsorption was observed. This equilibrium behavior aligns with the
pseudo-second-order kinetic model, suggesting that chemisorption is the dominant mechanism governing the
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adsorption process. Temperature studies indicated that cadmium adsorption is exothermic, with higher
adsorption capacities observed at lower temperatures. This finding has practical implications for wastewater
treatment, as it supports the use of ambient or slightly elevated temperatures to maximize efficiency while
minimizing energy input. Isotherm modelling showed that the Langmuir model, despite predicting a high
theoretical maximum adsorption capacity (Qm = 49.26 mg/g), did not fit the experimental data well (R* =
0.0245), indicating that monolayer adsorption on a homogeneous surface is not the dominant mechanism. In
contrast, the Freundlich isotherm provided a better fit (R*> = 0.8389), suggesting that cadmium adsorption
occurs on a heterogeneous surface with varying binding site affinities, consistent with the structural
complexity introduced by citric acid modification. Kinetic modeling reinforced these findings, with the
pseudo-second-order model yielding a higher correlation coefficient (R* = 0.9738) compared to the
pseudo-first-order model (R* = 0.8730). Although the calculated equilibrium adsorption capacity in the
second-order model was negative, likely due to linearization plots, the overall fit supports the conclusion that
chemical interactions, rather than simple physical adsorption, play a significant role in cadmium uptake. In
summary, the study confirms that citric acid-modified chitosan is a promising, low-cost, and environmentally
friendly adsorbent for cadmium removal from wastewater. Surface heterogeneity, chemisorption
mechanisms, and optimal operational parameters such as contact time and temperature govern its
performance. Further optimization through nonlinear modelling and real-world wastewater testing is
recommended to enhance its practical applicability. Future studies should explore non-linear modeling
approaches and alternative isotherm models such as Temkin or Dubinin—Radushkevich to better capture the
adsorption behavior. Validation using real industrial wastewater is also recommended to assess the
adsorbent’s performance under complex environmental conditions.
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