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Abstract

This study investigates the application of natural chitosan as an efficient adsorbent for the
removal of heavy metals from aqueous solutions. Experimental results showed that
Mn(II), Co(Il), and Ni(Il) ions were effectively retained on the chitosan surface. Kinetic
analysis revealed a preferential adsorption order of Co(Il) > Mn(II) > Ni(Il), following a
pseudo-second-order model with rapid kinetics. Equilibrium adsorption capacities were
influenced by initial concentration, temperature, and pH. Thermodynamic analysis indi-
cated that the adsorption process was exothermic and physical in nature. Overall, chitosan
proved to be a promising and cost-effective adsorbent for water decontamination.
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1. Introduction

The rapid development and continuous growth of industrial activities have signifi-
cantly increased the release of toxic pollutants into the environment [1]. Among them,
heavy metal contamination of water resources has become one of the most pressing envi-
ronmental concerns, attracting global attention due to its persistence, non-biodegradabil-
ity, and harmful effects on ecosystems and human health [2]. As a result, the search for
reliable and efficient techniques to treat wastewater contaminated with heavy metals has
become a major research priority.

Over the past decades, various conventional treatment methods have been applied
for the removal of heavy metals from aqueous solutions, including chemical precipitation,
ion exchange, reverse osmosis, membrane filtration, and evaporation [3,4]. While these
methods have demonstrated effectiveness under certain conditions, they are often associ-
ated with limitations such as high operational costs, energy consumption, incomplete
metal removal, and the generation of secondary waste. These drawbacks have motivated
researchers to explore alternative technologies that are not only efficient but also econom-
ically and environmentally sustainable.

Among the available approaches, adsorption has emerged as one of the most effec-
tive and promising techniques for wastewater removal [5-8]. Its advantages include high
removal efficiency, operational simplicity, and the possibility of using low-cost and abun-
dant natural adsorbents. In recent years, increasing attention has been directed toward
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the utilization of bioadsorbents derived from renewable biomass sources [9-11]. In partic-
ular, chitosan, a biopolymer obtained through the deacetylation of chitin has gained sig-
nificant interest due to its low cost, biodegradability, non-toxicity, and high adsorption
capacity [12]. The presence of amino and hydroxyl functional groups in its structure en-
hances its affinity for heavy metal ions, making it a versatile and eco-friendly material for
water treatment applications.

In this context, the present study was designed to evaluate the adsorption potential
of natural chitosan as a low-cost and sustainable adsorbent for the removal of selected
heavy metals from aqueous solutions. By employing supports derived from the recycling
of fishery by-products, this work aims to contribute to the development of environmen-
tally responsible strategies for wastewater remediation.

2. Materials and Methods
FTIR Spectroscopy

Figure 1. FTIR spectroscopy of chitosan.

Table 1. FTIR spectrum attribution [13].

Band (cm™ Attribution
3469 N-H and OH streching
2925-2975 C-H of CH2 and/or CHs groups
1644 C=0 groups
1550 N-H groups
1343 C-H bending in CHs groups
1305 C-N Bond stretching vibration
1154 C-O bendig vibration
1079 C-O-C Bond stretching vibration
597 C-H group bending vibration

3. Results and Discussion
3.1. Effect of Contact Time

Figure 2 illustrates the evolution of the amounts of metals adsorbed as a function of
the contact time between chitosan and the aqueous solutions containing Mn(II), Ni(II),
and Co(II) ions. The adsorption kinetics exhibited similar trends, characterized by a rapid
uptake of metal ions during the initial minutes of contact, followed by a slower increase
until equilibrium was reached. This rapid initial phase can be attributed to the large num-
ber of available active sites on the chitosan surface at the beginning of the process, which
gradually become saturated over time [14].

At equilibrium, chitosan showed a higher affinity toward Co(II), followed by Mn(lI),
and then Ni(Il). The equilibrium contact time was the same for all three metals, approxi-
mately 180 min. The maximum adsorption capacities reached 30 mg/g for Co(II), 22.91
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mg/g for Mn(Il), and 19.38 mg/g for Ni(Il), confirming the preferential adsorption order
Co(II) > Mn(II) > Ni(II).

0O 30 60 90 120 150 180 210
Time (min)

Figure 2. Effect of contact time of the adsorption of heavy metals on chitosan Cmeta= 100 mg/L, Vsolution
=300 mL, maitosan=1 g, pH = neatural, T ambient, stirring speed = medium. Same results was ob-

tained in previous investigation [15].

3.2. Kinetic Study

The adsorption rate constants of the different heavy metals onto chitosan were
determined graphically using three kinetic models. The first-order model was expressed as:

e Istorder: log (qe — qt)/qe = f(t) pour la détermination de Kv (Equation (1))
e  Pseudo 2nd order: t/qt = {(t) pour la détermination de K’ (Equation (2))
e  2nd order: 1/(qe - q:) = f(t) pour la détermination de K. (Equation (3))
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Figure 3. First order kinetic model.
Table 2. Results of first order rate constent K.
Metal R2 Kv (min-)
Mn 0.97 33.42.10-3
Co 0.98 64.86. 103

Ni 0.94 5.47.10%
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Figure 4. Pseudo second order kinetic model.
Table 3. Results of the pseudo second order rate model.
Metal qe (mg/g) K’ (min-.g/mg) R?
Mn 23.04 81.23.10+ 0.99
Co 30.53 4.65.1073 0.99
Ni 19.31 32.79.102 0.99
5.00 -
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Figure 5. Pseudo second order kinetic model.
Table 4. Results of the second order rate model.
Metal qe (mg/g) K (min.g/mg) R?
Mn -4.59 24.26.10°3 0.97
Co -102.04 12.03. 103 0.98
Ni 14.29 32.95.10°3 0.98

Based on the results presented in Tables 1, 2, 4, and 5, it can be concluded that the
pseudo-second-order model provides the most reliable description of the adsorption ki-
netics of the different heavy metals onto chitosan. Furthermore, the calculated q. values
are in close agreement with the experimentally determined ones, and the correlation co-
efficient was found to be as high as 0.99.

3.3. Influence of the Initial Metal lon Concentration on the Adsorption

To investigate the influence of initial concentration on the adsorption of heavy metals
by chitosan, the following concentrations were selected: 30, 50, 70, 100, 300, and 500 mg/L.
The curves presented in Figure 6 exhibit similar trends, characterized by a rapid and
nearly linear increase in the amount of metal adsorbed at equilibrium as the initial con-
centration increases [16]. It was observed that the maximum adsorption capacity rises
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with higher initial concentrations, which can be attributed to the progressive saturation of
available adsorption sites on the chitosan surface. The adsorption curves are nearly su-

perimposed, indicating that the equilibrium amounts of metal retained are comparable
for each of the tested metals.
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Figure 6. Vsolution=300 mL, maitsan=1 g, pH = neatural, T ambient, stirring speed = medium.
3.4. Influence of the Temperature of Metal Solutions on the Adsorption
To investigate the influence of temperature on the adsorption capacity of heavy met-
als onto chitosan, we selected the following temperatures: 10, 20, 30, 40, and 50 °C.
The results of this study, presented in Figure 7, show a slight increase in the metal
binding capacity with increasing temperature.
20 22 22 4
18 e - 20 20 -
- 18 — 18 -
16 =
£ 16 § 16 -
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Figure 7. Csolution =100 mg/L, Vsolution=300 mL, mehitosan=1 g, pH = neatural, sttirring speed = medium.

Determination of Thermodynamic Parameters
The adsorption heats of the different heavy metals onto chitosan are determined in

Figure 8, which represent the plots of In Kc versus 1/T, where the temperature is expressed
in Kelvin. AH was obtained from the slope, while AS was calculated from the intercept.

1/T (K-1)
0.0030  0.0032  0.0034  0.0036
0.00

-0.20
040 | gt

Ln Kc

-0.60 @

-0.80
100 ®Mn ®Co ®Ni

Figure 8. Determination of thermodynamic parameters.

Table 5. Results of the thermodynamic parameters.

Metal AH (KJ/mol) AS (KJ/mol.K) R2

Mn -5.82 -0.023 0.97
Ni -6.9 -0.026 0.87
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Table 6. Results of free enthalpy at different temperature.

Metal T(°C) 10 20 30 40 50
Mn AG (KJ/mol.K) 0.69 0.92 1.15 1.38 1.61
Ni AG (KJ/mol.K) 0.46 0.72 0.98 1.24 1.50
Co AG (KJ/mol.K) 0.88 1.19 1.50 1.81 2.12

According to the results presented in Table 5, the values of AH are negative, indicat-
ing that the adsorption of heavy metals onto chitosan is an exothermic process. This im-
plies that the system releases heat to the external environment. The relatively low values
of AH suggest that the process corresponds to physical adsorption.

Furthermore, the AS values are also negative, which means that the adsorption of
heavy metals on chitosan is accompanied by an increase in order within the system [17].
In other words, the metal ions adsorbed on the surface of the adsorbent are more orga-
nized compared to their distribution in the aqueous phase.

3.5. Influence of the Initial pH of Metal Solutions on the Adsorption

To investigate the effect of pH on the adsorption of heavy metals onto chitin and
chitosan, the following pH values were selected:

. For manganese: 2, 4, 6, and 8;
e Fornickel: 2,4, 6,and 7;
e Forcobalt:2,4,6,and 7.

Figure 9 illustrates the amount of each metal adsorbed at equilibrium as a function
of pH.

24 -
30 - 2
— 20
W % ®
g 2 g 18
= L 16 -
18 - e
c S
14 - 12
s 10 10 : : : ‘ 10 : : ; : :
0 2 pH4 6 8 pH

Figure 9. Csolution=100 mg/L, Vsolution=300 mL, mehitosan=1 g, Temperature =ambient, sttirring speed =

medium.

At acidic pH values, metal ions compete with H3O* ions present in the solution. Due
to their higher mobility, hydronium ions are more readily adsorbed than metal ions [18].

At slightly acidic pH (between 4 and 7), the competitive effect of H3O* ions decreases
as the pH increases, which explains the higher adsorption of heavy metals by both sup-
ports within this pH range.

4. Conclusions

This study demonstrated that chitosan is an efficient and eco-friendly adsorbent for
the removal of heavy metals from aqueous solutions. The equilibrium contact time was
the same for all three metals, approximately 180 min. The maximum adsorption capacities
reached 30 mg/g for Co(ll), 22.91 mg/g for Mn(Il), and 19.38 mg/g for Ni(Il), confirming
the preferential adsorption order Co(Il) > Mn(II) > Ni(II).

Adsorption kinetics were best described by the pseudo-second-order model, and
thermodynamic analysis confirmed that the process is spontaneous, exothermic, and
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mainly physical in nature. The adsorption capacity increased with metal concentration
and was strongly influenced by pH, with optimal removal observed under slightly acidic
conditions. Overall, chitosan shows great potential as a low-cost and sustainable material
for wastewater treatment applications.
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