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Obstract

Chitosan-based adsorbents have high efficiency in removing heavy metals from water. In this study, the adsorption 
of Hg2+, Ni2+ and Cu2+ onto chitosan/glutaraldehyde hydrogels were analyzed using the semi-empirical method PM3. 
Based on thermodynamic analysis of these systems, the adsorption processes were spontaneous, exothermic and highly 
stable, because all the values   of the Gibbs free energy, the enthalpy of formation and the binding energy were negative, 
on the other hand, each of the systems were analyzed using electrostatic potential maps, where it was observed that 
the functional groups amino (NH2) and hydroxyl (OH) are the main active sites of the adsorbent. Through an FTIR 
analysis, the correct cross-linking between chitosan and glutaraldehyde was confirmed, as well as the union of the 
different cations on the surface of the adsorbent.
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1. Introduction

Treatment of polluted water is a very important issue for 
the society because it is currently required to improve its quality 
to minimize the negative impacts on these ecosystems and 
human health. Water quality has been mainly affected by the 
industrialization of developed countries, as well as a significant 
increase in the world’s population. There are different types 
of contaminants as, dyes, organic matter, pharmaceutical 
compounds, heavy metals, among others[1]. However, heavy 
metals are the contaminants that cause the greatest concern, 
since they are highly toxic even in low concentrations, in 
addition, they are not biodegradable, so their persistence 
in water could last for a long time[2]. Heavy metals such as 
mercury (Hg), nickel (Ni), copper (Cu), zinc (Zn), lead (Pb) 
and iron (Fe) have densities greater than 5 gr/cm3[3]. They 
have different applications at industrial level[4]. However, 
heavy metals can cause different toxicity symptoms[5]. For this 
reason, it is necessary to remove heavy metals from water.

Adsorption processes is a physicochemical process in 
which a substance present in a mobile phase adheres to the 
surface of a solid material. Different studies have confirmed 
the efficiency of this process in the single and multicomponent 
removal of heavy metals[6,7]. Chitosan is an insoluble linear 
polycationic polymer due to its bonds formed by hydrogen 
bonds. This polymer is highly biocompatible, low cost, 
biodegradable and can be easily chemically modified, 
which is why it has received great attention as a promising 
material for various processes including as adsorbent in 
the treatment of heavy metals[8,9]. Hydrogels are defined 
as three-dimensional networks composed by polymers 

(e.g., chitosan) that can swell and absorb a certain volume 
of water into their structure. These materials are made up 
of various polymeric molecules of a hydrophilic nature, 
which can be cross-linked through chemical bonds, ionic 
interactions, or hydrogen bonds.

The swelling capacity of hydrogels is mainly due to the 
hydrophilic functional groups found within the polymeric 
network that constitutes the hydrogel, which allows it to 
absorb and retain large amounts of water, up to 400 times 
its original weight[10,11]. There are several techniques 
adopted for the preparation of hydrogels. Specifically, 
chemical cross-linking involves the use of a cross-linking 
agent to join two polymer chains. Chemical crosslinking 
can be applied to natural polymers (chitosan, alginate, 
carboxymethylcellulose), which is achieved through the 
reaction of their functional groups (OH, COOH, NH2), 
with cross-linkers such as aldehyde (glutaraldehyde), so 
this type of cross-linking is permanent[11,12].

Several investigations have used chitosan hydrogel as 
an adsorbent in monocomponent systems or in the form of 
beads[13], which leads to several disadvantages, for example, 
a smaller adsorption surface, difficulty in controlling the 
size, less flexibility and difficulty in scaling up. On the other 
hand, the addition of graphene oxide[14] or carbon nanotubes 
functionalized with chitosan[15] increase the synthesis costs 
of chitosan-based adsorbents. This study proposes the use 
of chitosan hydrogels cross-linked only with glutaraldehyde 
to simultaneously remove 3 heavy metals from aqueous 
solutions, reducing the high costs in the synthesis of the 
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material by drying it at room temperature, reducing the risk 
of degradation and eliminating the formation of secondary 
products such as aldehydes and ketones by avoiding the 
use of sodium hydroxide in the synthesis.

On the other hand, simulation and computational modeling 
are used for the prediction and optimization of molecular 
structures, to obtain binding energies and thermodynamic 
and biological properties, using semi-empirical methods 
with the objective to optimize the synthesis of materials[16].

The semiempirical PM3 method has been used to 
identify evidence for the proposed kinetic models, as well 
as to explain the adsorption of heavy metals on polymeric 
materials. On the other hand, quantitative structure-activity 
relationship (QSAR) parameters are a useful tool to describe 
the relationships between the biological activity of a 
molecule and its physicochemical characteristics through its 
molecular structure[17]. So, the objective of this work was, 
the thermodynamic analysis, modeling, simulation, and 
the experimental adsorption of single and multicomponent 
systems of heavy metals as, Hg2+, Ni2+ and Cu2+ in chitosan 
hydrogels crosslinked with glutaraldehyde.

2. Materials and Methods

2.1 Geometry optimization

The computational analyzes were determined on a 
DELL brand PC with an i7 processor and 16 Gb of RAM. 
The molecules were analyzed individually and after the 
adsorption of the ions in the hydrogel using the Hyperchem 
software. Semi-empirical models combine quantum theory 
with empirical approximations to describe the electronic 
structure and properties of molecules, specifically the 
Parametric method 3 (PM3) was used to optimize and 
minimize the geometric energy based on the position of each 
heavy metal ion in the hydrogel. This model is applicable to 
organic and inorganic molecules with multiple bonds and 
functional groups and is more computationally efficient than 
AB initio quantum theory methods, making it suitable for 
studying large and complex molecular systems. This model 
is essentially a reparameterization of AM1 using a different 
parameterization strategy and only two Gaussian functions. 
The Polak-Ribiere algorithm and 2250 iterations were used 
with a convergence level of 0.01 kcal/Å mol.

The molecular structures were built according to the 
Hyperchem software operating manual using the “build” 
option; then, using the “model” option, the angles and bond 
distances of each of the complexes were corrected to obtain 
the optimization geometry, thermodynamic parameters and 
QSAR. For chitosan, four glucosamine units were studied, 
where one unit was acetylated to simulate a deacetylation 
degree of 75%.

2.2 Thermodynamic and QSAR properties, FTIR and 
electrostatic potential map

The FTIR spectra were obtained from 200 to 4000 cm-1 after 
the optimization geometry, where an analysis of the rotations 
and vibrations of the systems at room temperature was 
carried out. The calculated thermodynamic properties 
were Gibbs free energy (ΔG), binding energy, Enthalpy of 
formation (ΔHf) and dipole moment. On the other hand, 
the calculated QSAR properties were surface area, volume, 
and polarizability. The electrostatic potential map (EPM) 
provides a contour plot of a molecule, indicating the sites 
of highest and lowest electron density.

3. Results and Discussions

3.1 Chitosan/glutaraldehyde hydrogel

Table 1 shows the thermodynamic properties of 
glutaraldehyde, chitosan, and the hydrogel, where a negative 
Gibbs free energy is observed for all cases, specifically 
in the hydrogel of -464.183 Kcal/mol, indicating the 
spontaneous nature of the crosslinking through the primary 
amino groups of chitosan and the aldehyde groups of 
glutaraldehyde.

The values   of the binding energy and the enthalpy 
of formation of the hydrogel were -19,469.414 and 
-1,470.360 Kcal/mol respectively, which indicated that the 
hydrogel is highly stable and exothermic[18]. On the other 
hand, the dipole moment is higher in the hydrogel, due to 
the difference in the electronegativities of the C-H, N-H, 
C-C, C-O and O-H bonds, respectively.

The QSAR properties of glutaraldehyde, chitosan, and 
the hydrogel are shown in Table 2, where the surface area 
and volume in the hydrogel is significantly higher, due to 
chitosan/glutaraldehyde crosslinking from the Schiff bases 
reaction. On the other hand, the polarizability of the hydrogel 
is 130.28 Å3, that is, the tendency to generate induced 
electric dipole moments is greater, causing a fluctuation in 
the dipole moment of the hydrogel.

Figure 1 shows the FTIR spectra of glutaraldehyde, 
chitosan, and chitosan/glutaraldehyde hydrogel, respectively. 
Figure 1a) show the FTIR of glutaraldehyde where, the 
band show between 3103-2999 cm-1 corresponded to the 
asymmetric stretching of the H-C-H bonds, to 2058 cm-1 it 
was attributed to the stretching of the C=O bonds. The H-C-H 
scissoring was appreciated at 1375 cm-1 and at 1168 cm-1 was 
assigned to the asymmetric stretching of the C-C bonds. 
The bands located between 784 and 770 cm-1 were attributed 
to the swinging of the CH2 bonds and finally, the bands at 
600-574 and 226 cm-1 corresponded to the swinging in and 
out of plane of the C=O bonds, respectively.

Table 1. Thermodynamic properties.

System Gibbs free energy  
(Kcal/mol)

Binding energy  
(Kcal/mol)

Enthalpy of formation 
(Kcal/mol)

Dipole moment  
(Debyes)

Glutaraldehyde -32,031 -1,475.812 -85.428 1.763
Chitosan -243,798 -9,322.778 -854.680 5.317

Hydrogel (CG) -464,183 -19,469.414 -1,470.36 5.430



Polímeros, 34(3), e20240035, 2024 3/10

Analysis of the adsorption of Hg2+, Ni2+ and Cu2+ on chitosan hydrogels

The FTIR of chitosan can be seen in Figure 1b) where 
the stretching of the O-H bonds of chitosan were located 
between 3717 and 3598 cm-1, the symmetrical stretching of 
the amino groups (NH2) was appreciated at 3490-3483 cm-1. 
The range of 2951-2911 cm-1 was assigned to the symmetric 
and asymmetric stretching of CH3 of the residual acetyl 
group, in the range of 2836 to 2706 cm-1 the stretching of the 
CH2 bonds of hydroxymethyl and of the CH bonds of chitosan 
was observed. At 1793 cm-1 was attributed to the stretching 
of the C=O bond of the residual acetyl, while in the region 
of 1686 and 1673 cm-1 was assigned to the NH2 scissoring. 
At 1572 cm-1 was attributed to the stretching of the acetyl 
C-N-C bonds. The peak with the highest intensity located 
between 1297 and 1245 cm-1 was assigned to the swinging 
of the C-O and C-C bonds, and at 1086 cm-1 corresponded 
to the swinging of C-H. At 875 cm-1 the stretching of the 
chitosan C-C bonds was observed and, finally, in the region of 
626-600, 400 and 320 cm-1 were attributed to the out-of-plane 
swinging of the OH, NH and NH2 bonds, respectively[19].

The FTIR of the hydrogel is observed in Figure 1c), 
where a displacement and increase in the intensity of the 
characteristic peak between 3907-3796 cm-1 of the stretching 
of the O-H bonds due to the hydroxyl groups of chitosan is 

shown. In 1874 and 1872 cm-1 was assigned to the stretching 
of the C=N bond of the imine groups, which were formed 
from the Schiff base reactions due to the crosslinking of 
glutaraldehyde and chitosan[20].

The electrostatic potential is related to the electronic 
density, which represent an important descriptor to determine 
the sites of electrophilic attack and nucleophilic reactions, as 
well as the interactions of hydrogen bonds. Figure 2 shows 
the electronic distribution of chitosan, glutaraldehyde, and 
hydrogel where the electrophilic and nucleophilic regions 
are red and blue, respectively. Specifically in the hydrogel, 
the regions with negative electrostatic potential (-0.132 au) 
were in the oxygen atoms of the chitosan hydroxyl groups 
(red spheres), which are the most reactive sites for adsorbate 
binding.

On the other hand, the nitrogen atoms (blue color) of the 
amino groups also presented a slightly negative electrostatic 
potential, so they can also undergo an electrophilic attack. 
Chitosan is highly chelating[21], that is, it can interact or 
form coordinate bonds with other ions or ligands. This 
phenomenon depends on the availability of empty molecular 
orbitals and the pH of the solution due to the competition of 
protons with other ions[22]. For example, in chitosan, amino 
and hydroxyl groups represent the most reactive functional 
groups that are responsible for metal ion chelation due to 
the presence of a lone pair of electrons on the nitrogen and 
oxygen atoms[22,23].

3.2 Single and multicomponent adsorption

Table 3 shows the thermodynamic properties of the 
adsorption systems. The Gibbs free energy (ΔG) was negative 
for all the systems, where the adsorption of the different 

Table 2. QSAR properties.

System Surface area 
(Å2)

Volume  
(Å3)

Polarizability 
(Å3)

Glutaraldehyde 316.69 388.36 10.12
Chitosan 614.08 1,654.74 61.71

Hydrogel (CG) 1,320.43 3,450.20 130.28

Figure 1. FTIR spectra of the optimized structures were, (a) glutaraldehyde, (b) chitosan, (c) hydrogel.
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cations was spontaneous, in addition, the adsorption occurred 
due to the lone pair of electrons shared by the NH2 and OH 
functional groups generating covalent bonds[24]. The binding 
energy and enthalpy determined that the different adsorptions 
were stable and exothermic.

Finally, the dipole moment was related to electronegativity, 
that is, the greater the difference in electronegativities 
between two atoms in a molecule, the greater the dipole 
moment and, therefore, the polarity. Thus, in the different 
adsorptions, a higher dipole moment was observed due to 
the C-O, C-N, O-H and N-H bonds, which presented higher 
electronegativities differences compared to the rest of the 

bonds. Specifically, in the CG-Ni single system, a dipole 
moment of 10.56 debyes was generated, higher than that of 
the CG-Cu and CG-Hg systems with 9.047 and 8.655 debyes 
respectively, in the same way it occurred with the binary 
systems that contained Ni where the magnitude of the dipole 
moment was higher, so adsorption may also be higher in 
such systems[25].

Table 4 shows the QSAR properties of the single and 
multicomponent adsorption. In the CG-Hg system was 
observed that both the surface area and the volume are greater 
(1,320.61 Å2 and 3,493.96 Å3 respectively) than the other 
2 monocomponent systems CG-Ni and CG-Cu, due to the 

Table 3. Thermodynamic properties.

Systems Gibbs free energy  
(Kcal/mol)

Binding energy  
(Kcal/mol)

Enthalpy of formation 
(Kcal/mol)

Dipole moment  
(Debyes)

CG-Hg -464,858 -19,474.032 -1,460.288 8.655
CG-Ni -488,106 -19,596.771 -1,494.917 10.56
CG-Cu -469,805 -19,456.644 -1,362.590 9.047

CG-Hg-Ni -488,774 -19,597.320 -1,480.776 10.737
CG-Hg-Cu -470,474 -19,455.568 -1,346.824 9.011
CG-Ni-Cu -493,731 -19,591.584 -1,394.730 12.44

CG-Hg-Ni-Cu -494,396 -19,583.907 -1,372.360 12.46

Figure 2. EPM of (a) glutaraldehyde, (b) chitosan, and (c) hydrogel.
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volume of the Hg cation of 96.74 Å3, while the volume of 
Ni and Cu is 33.05 and 36.83 Å3, respectively[26]. On the 
other hand, the polarizability values   indicated that there 
may be a temporary fluctuation in the dipole moment of 
the systems in the presence of an electric field.

The binding energies, the dipole moment, the geometry 
of the heavy metals, as well as the polarizability of each 
complex allowed to predict the trend described in the study. 
Based on the previous results it can be inferred that the 
possible adsorption tendency would be Ni > Cu > Hg in 
any of the systems, however, the electronegativity of the 
heavy metal ions must be considered (2, 1.91 and 1.9, for 
Hg, Ni and Cu respectively)[27]. If the electronegativity of 
heavy metal ions is high, the affinity towards the functional 
groups of the adsorbent will be greater, adsorbing more 
easily[28], therefore, the trend could be the following: Hg > 
Cu > Ni. Hg has an electronegativity of 2, therefore, it will 
have a greater attraction for the electron pairs donated by 
the amine and hydroxyl groups of the chitosan structure.
[29] On the other hand, the stability constants of the amine 
complexes for Hg, Cu and Ni are approximately 1.3x1023, 
1.3x1013 and 1.1x108 respectively, the higher the value of 
the constant, the greater the affinity between the metal 
and the amine group, which represents a greater stability 
of the complex so, the values   are consistent with the 
predicted trend.[30] Besides, both Cu and Ni are considered 
intermediate acids, the difference is that Cu tends to form 
complexes with hard bases such as oxygen, while Ni forms 
complexes with hard bases such as nitrogen, this behavior 
is decisive in the adsorption capacities of each heavy 
metal[31]. The adsorption of Cu is in the middle because 
the amount of hydroxyl groups is greater in the chitosan 
structure, while Ni, by preferring the union with the groups 
containing nitrogen, is adsorbed less, due to the amount 
of amine groups present in the chitosan chains is lower 
because a significant part of said groups are converted into 
imine groups due to cross-linking.

There is no published information yet on the adsorption 
of these 3 heavy metals in a ternary system using a chitosan 
hydrogel, however, there are some others in binary systems 
using chitosan with similar deacetylation degrees, for 
example, Boddu et al, carried out the adsorption of Ni and 
Cu using a chitosan-based adsorbent, said polymer had a 
deacetylation degree ≥75%, the adsorption capacities they 
obtained were 86.2 and 78.1 mg/g for Cu and Ni respectively 
where the trend was Cu>Ni.[32] Kalyani et al synthesized 
a low molecular weight chitosan-based adsorbent for the 
removal of Cu and Ni, where the adsorption capacities were 

for Cu and Ni of 196.07 and 114.94 mg/g respectively, 
that is, the trend was Cu>Ni.[33] Finally, Vieira et al, 
investigated the adsorption mechanisms of Hg, Cu and Cr 
using glutaraldehyde cross-linked chitosan hydrogels with 
a cross-linking degree of 85%, where the adsorption trend 
obtained was Hg>Cu>Cr.[34]

Figure 3 shows the FTIR obtained from the adsorption 
of the ions in the chitosan/glutaraldehyde hydrogel. In the 
range of 3900 and 3700 cm-1 the stretching of the OH bonds 
increased, although the small displacements that were 
appreciated in the adsorptions were due to the fact that the 
excited atoms of the cations caused greater vibration and 
therefore a change in their dipole moment[25], that is, the 
adsorbates are interacting with the O atoms of the hydroxyl 
groups of chitosan[35]. The FTIR indicated a balancing of 
the NH2 groups at 1690 and 1660 cm-1. Additionally, slight 
increases in the intensity of the peaks and displacements 
were observed in comparison with the hydrogel, indicating 
that the cations are also interacting with the N atoms through 
the lone pair electrons shared from such atoms to the empty 
orbitals of heavy metals[36].

Specifically, Figure 3a) shows the FTIR of hydrogel-
Hg. The band assigned at 1667-1659 cm-1 indicates the 
swinging (scissoring) of the H-N-H bonds of the amino 
groups where Hg is bind. The peak at wave number 
1492 cm-1 was attributed to the in-plane rocking of the 
O-H bonds of the hydroxyl groups. The bands assigned at 
1375 and 592 cm-1 were attributed to the out-of-plane and 
in-plane rocking of the hydroxyl group where Hg binds, 
respectively. On the other hand, the bands located at 1259, 
and 1150-1089 cm-1 were assigned to C-O and C-C bonds 
of the chitosan monomers, as well as to the out-of-plane 
rocking of the H-C-H bonds respectively. The spectrum 
within the wavenumber of 345-294 cm-1 indicated the 
out-of-plane equilibrium of the O-H bonds of the hydroxyl 
groups. Figure 3b) shows the hydrogel-Ni system where, 
the band assigned at 1690 cm-1 indicated the rocking 
(scissoring) of the H-N-H bonds of the amino groups where 
the Ni ion binds. On the other hand, the peak at located 
at 514 cm-1 was attributed to the in-plane rocking of the 
hydroxyl group where Ni is bind.

The system hydrogel-Cu is shown in Figure 3c) where, 
the band located at 3647 cm-1 was attributed to the stretching 
of the hydroxyl group where the Cu ion is bind. Besides, 
the band located at wave number 3472 cm-1 was assigned 
to the symmetric stretching of the amino group where the 
same metal is bind.

On the other hand, in the band 1684-1655 cm-1 the 
rocking (scissor) vibrations of the amino groups were 
assigned, including the group where the Cu cation binds. 
The binary system of hydrogel-Hg-Ni is shown in Figure 3d) 
where, the band located at 3689 cm-1 was attributed to the 
stretching of the O-H bond where the Ni cation binds. 
The region between 3516 to 3351 cm-1 was assigned to the 
symmetric (3516-3491 cm-1) and asymmetric (3402 cm-1) 
stretching vibrations of the amino groups, including those 
where the Ni and Hg cations were bind. Figure 3e) shows the 
hydrogel-Hg-Cu where, the band located at 3646 cm-1 was 
attributed to the stretching vibration of the hydroxyl group 
where the Cu cation is bind. The bands between 3517 to 

Table 4. QSAR properties.

Systems Surface area 
(Å2)

Volume  
(Å3)

Polarizability 
(Å2)

CG-Hg 1,320.61 3,493.96 130.98
CG-Ni 1,316.25 3,446.97 129.42
CG-Cu 1,316.90 3,454.97 129.41

CG-Hg-Ni 1,305.90 3,484.11 128.72
CG-Hg-Cu 1,320.95 3,508.49 128.70
CG-Ni-Cu 1,299.22 3,438.29 127.84

CG-Hg-Ni-Cu 1,303.71 3,492.33 127.14
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3342 cm-1 were assigned to the symmetric stretching vibrations 
of the amino groups, including those where the binding of 
heavy metals Hg and Cu occurs, instead, the band located at 
1682 cm-1 was appreciated to the balancing (scissors) of the 
free amino groups and those occupied by the heavy metals 
Hg and Cu. Figure 3f) shows the hydrogel-Ni-Cu system 
where the peak located between 3695 and 3654 cm-1 was 
attributed to the stretching of the hydroxyl groups where 
the Ni and Cu cations are bind respectively.

Finally, Figure 3g) shows the multicomponent system 
hydrogel-Hg-Ni-Cu where, the characteristic bands located 
between 3911 and 3816 cm-1 were assigned to the stretching 
of the hydroxyl groups, where the Hg and Cu cations are 
bind, while the band located at 3686 cm-1 was localized to 
the stretching of the same functional group but where Ni 
binds. The first two low intensity bands within wave numbers 
3531 and 3344 cm-1 indicated the stretching vibrations of 
the free amino acid groups and occupied by heavy metals, 
specifically in 3531, 3491 and 3474 cm-1 was assigned to 
the symmetric stretching of NH2 where Cu, Hg and Ni 
bind respectively, while at 3402, 3367 and 3344 cm-1 were 

attributed to the asymmetric stretching of the amino groups 
where Ni, Hg and Cu bind respectively.

Figure 4 shows the electronic distribution of the 
different adsorptions where it is observed that heavy metal 
ions were adsorbed on the OH and NH2 functional groups 
simultaneously (red color) by forming covalent bonds forming 
an association ring[36]. The oxygen atoms (red spheres) 
and nitrogen atoms (blue spheres) presented the negative 
potential because they have a high electronegativity, that 
is, they have a greater capacity to attract electrons towards 
themselves. The carbon atoms (green spheres), mainly 
the C-C bonds of chitosan, generated neutral electrostatic 
potentials, that is, there are the electrons that carry out the 
union of these bonds.

Finally, the positive electrostatic potential was observed 
mainly around the hydrogen atoms (white sphere), because 
these atoms have the lowest value of electronegativity 
compared to the other atoms. In the adsorption systems, a 
change in the color scale (green-yellow) was observed, manly 
in the N and O atoms of the amino and hydroxyl functional 
groups, respectively, generating a less negative electrostatic 

Figure 3. FTIR spectra of the optimized structures where, (a) CG-Hg, (b) CG-Ni, (c) CG-Cu, (d) CG-Hg-Ni, (e) CG-Hg-Cu, (f) CG-Ni-
Cu and, (g) CG-Hg-Ni-Cu.
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potential in both groups, which is due to the formation of 
metal complexes thanks to the donation of lone pairs electrons 
from N and O to the cations, thus reducing the density of 
the electron cloud of both functional groups, generating a 
negative electrostatic potential in the heavy metals[37].

4. Conclusions

Using computational chemistry methods, adsorption 
mechanisms can be predicted, as well as the viability 

Figure 4. Electrostatic potential maps of optimized structures where, (a) CG-Hg, (b) CG-Ni, (c) CG-Cu, (d) CG-Hg-Ni, (e) CG-Hg-Cu, 
(f) CG-Ni-Cu and (g) CG-Hg-Ni-Cu.

of the processes. In this case, adsorptions occur through 
the formation of multiple coordination bonds between 
chitosan functional groups and heavy metal ions, because 
chitosan-based adsorbent is a strongly chelating agent, 
therefore adsorption It will depend on several factors, such 
as electronegativity and polarity. It was appreciated that 
the adsorptions were spontaneous, stable, and exothermic. 
In addition, an increase in polarizability was observed 
specifically in the glutaraldehyde-crosslinked chitosan 
without the bound ions. The chitosan/glutaraldehyde hydrogel 
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contains double bonds, which means that these atoms have 
delocalized electrons, so they are more polarizable, that 
is, they contribute to a temporary breaking of the dipole 
moments, causing complementary dipoles in neighboring 
molecules or ions, so that the adsorbents are attracted to 
the adsorbates. These studies can be applied to different 
adsorption systems to determine the viability of the adsorbent 
and the adsorption system itself.
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