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A B S T R A C T

Heavy metal toxicity in water is a serious problem with harmful effects on human health and the ecosystem. This 
research studied a silicate-based material as an adsorbent for removing four heavy metals from aqueous solu
tions. The target metal pollutants selected include manganese (Mn2+), copper (Cu2+), cobalt (Co2+), and zinc 
(Zn2+). First, theoretical tools including potential energy surface analysis, Natural Population Analysis, AIM, 
Wiberg Bond Index, QTAIM, and topological methods offer profound insights into the nature of interactions 
present in the Mg2O8Si3M (M = Mn2+, Cu2+, Co2+, Zn2+) clusters. Second, the synthesis and characterization of 
eco-friendly hydrated amorphous magnesium silicate (MgOSiO2nH2O) was developed. Last, a simple kinetic 
adsorption test was applied to assess the material selectivity towards heavy metals and support theoretical re
sults. The kinetic adsorption study was analyzed through the pseudo-first and second-order kinetics, Elovich, and 
the intraparticle diffusion models. The theoretical analysis of the adsorption energies indicates that the 
adsorption of four metal ions on the Mg2O8Si3 surface is energetically favorable in all cases. The material dis
played the following adsorption sequence: Cu2+ (59 mg g-1) > Zn2+(25 mg g-1) ≈ Co2+ (23 mg g-1) > Mn2+ (15 
mg g-1). This knowledge can then be used to design and optimize low-cost silicate-based materials for effective 
heavy metal removal, contributing to efforts to address environmental pollution and protect public health.

1. Introduction

The provision of high-quality water should be considered a critical 
element in maintaining public health [1]. Urban wastewater treatment 
facilities use various technologies to control pollutants and reduce 
contaminants in natural aquatic systems [2]. However, as society ex
pands and production escalates, the quantity and diversity of pollution 
sources have risen, causing the degradation of potable water sources [3]. 
Industrial wastewater has become a major concern due to the presence 
of toxic heavy metals [4–6]. These pollutants are not easily 

biodegradable and tend to accumulate in living organisms, causing 
various diseases and disorders. The concentration of heavy metals in 
industrial wastewater can vary greatly depending on the type of in
dustry. However, here are some typical concentration ranges reported in 
aquatic ecosystems: lead (Pb): 0.1 - 200 mg/L, cadmium (Cd): 0.1 - 50 
mg/L, copper (Cu): 0.2 - 200 mg/L, Zinc (Zn): 1 - 400 mg/L, nickel (Ni): 
0.1 - 100 mg/L, chromium (Cr): 0.5 - 250 mg/L, mercury (Hg): 0.01 - 10 
mg/L, arsenic (As): 0.1 - 50 mg/L [7,8].

In this framework, metal ions (such as nickel (Ni), barium (Ba), 
cadmium (Cd), zinc (Zn), nickel (Ni), and copper (Cu), among others) 
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are toxic species, even at trace levels [4–6]. The toxicity of these metal 
ions depends on the formed chemical species [9], the concentration 
levels, and the routes of administration. At determined concentrations, 
these metal ions are essential for the right functioning of organisms. 
However, when these concentrations are exceeded, they can be very 
harmful. For example, when Cu2+ concentrations are <100 mg, in an 
adult person, or become excessive, they can produce several diseases 
(such as Hematological, leukopenia, and neural disorders such as Wil
son’s, Parkinson’s, Menke’s, and Alzheimer’s are some of the diseases 
found in human health [8,9]. In the Ni2+ and Co2+ cases, unlike Cu2+, 
are required in minimal concentration for the metabolic processes 
resulting in severe disorders in the respiratory system, central nervous 
system, the dermis, or even cancer at excessive concentrations [10,11] 
Mn2+ can lead to a permanent neurological disorder known as Man
ganism with symptoms that include tremors, difficulty walking, and 
facial muscle spasms [12].

In this context, several procedures have been reported to reduce the 
presence of toxic metals in wastewater [13]. Most techniques used in 
wastewater are chemical precipitation and filtration, coagulation, oxi
dation–reduction, electrochemical treatments, reverse osmosis, solvent 
extraction, and sorption into biological or inorganic materials. The 
adsorption procedure is an attractive alternative very used for the 
removal of organic and inorganic impurities. In this sense, the chemistry 
field research has focused on novel solid materials developed to remove 
pigments, and metal ions, among others, in wastewater treatment 
[14–16]. The feasibility of converting different resources such as 
low-cost materials and revalorizing residues into adsorbents represents 
an option of economic relevance [6,17,18]. In this sense, novel natural 
and synthetic sorbents have been investigated [18,19]. In this frame
work, synthetic silicate-based materials are particularly effective at 
removing metal ions from water due to their high adsorption capacities 
and ion exchange properties [20]. Generally, sorbents of silicic origin 
with good adsorption capacities are effective and less expensive when it 
comes to treating large volumes of wastewater. This property has led to 
an increased interest in these silicate-based materials for wastewater 
treatment [18,21]. For example, sorbents based on natural bentonites 
[19] reveal that the interaction between Ni2+ and sorbent has a high rate 
in the first minutes of contact (20–30 min) and then stabilizes at a 
constant level. This kinetic parameter is important to reduce the sorp
tion cycle time. The study [22] demonstrated that the affinity of three 
metals for both types of zeolites followed the order Cu2+> Zn2+>Mn2+. 
This means that Cu2+ had the strongest affinity for the zeolite, followed 
by Zn2+, and then Mn2+, an important factor to consider in applications 
where these metals need to be selectively removed from the solution. 
Recently, elsewhere reported good properties for Al2O3×3SiO2nH2O 
silicate-based material [18]. This material decreased the concentration 
of several metal ions Cr3+, Pb2+, Co2+, Zn2+, Ni2+, Cd2+, Hg2+, Cr4+ and 
Cu2+ should preferably be physical with the formation of one layer via 
intraparticle diffusion [18], and until discharge levels permissible in 
wastewater. In these studies, several kinetic models (such as 
pseudo-first-order, pseudo-second-order, Elovich, and intraparticle 
diffusion) were used to understand and optimize the sorption processes. 
These studies show the good properties of silicate-based materials to 
remove metal ions. However, the metal/adsorbent interaction was not 
theoretically supported. In this sense, the theoretical study of the 
interaction between materials and heavy metal ions [21] is crucial to 
designing new silicate-based materials with better properties [23,24].

The specific interactions between the metal atoms and the silicate- 
based material can be attributed to various factors, such as the molec
ular structures and physicochemical properties of the heavy metals 
(such as charge or ionic radii), as well as the surface properties of the 
material. These factors include porous structure (crystallite size), sur
face area, surface charge/pH, Mg/Si ratio, surface modifications and 
temperature. [25–28]. Understanding these factors and their effects on 
the interactions between metal atoms and silicate-based materials is 
crucial for the design and optimization of materials for heavy metal 

removal. This can be achieved through a combination of experimental 
studies and theoretical modeling.

Theoretical chemistry tools allow the computational study of the 
metal/silicate-based material interaction and provide a detailed un
derstanding of the adsorption process at the atomic level [29]. In this 
context, quantum mechanical modeling methods, such as the Quantum 
Theory of Atoms in Molecules (QTAIM) [30], Wiberg Bond Index (WBI) 
[31], Independent Gradient Model based on the Hirshfeld partition 
(IGMH) [32], and Natural population analysis (NPA) [33] are robust 
tools for accurately studying the interaction between different molecules 
and a material’s surface, which is especially useful in understanding 
adsorption processes. This method provides a clear and intuitive picture 
of the interactions in the system, which can be useful for understanding 
the structure and properties of complex chemical systems [34]. In the 
research of González-Rodríguez et al. theoretical procedure was devel
oped for examining the interactions and adsorption between activated 
carbon and several water pollutants [35]. The protocol uses IGMH and 
AIM (Atoms in molecules) analysis to predict the stability and binding 
mechanisms of the system, results showed that the theoretical protocol 
can provide valuable insights into the interactions between an inorganic 
material and water pollutants, which can be useful for the design and 
optimization of inorganic materials for pollutant removal.

In [18] highlights the promising properties of Al2O3×3SiO2nH2O 
silicate-based material for the removal of metal ions from wastewater. 
However, the metal/adsorbent interaction was not theoretically sup
ported. It would be interesting to study the usefulness of better under
standing the interaction mechanisms between heavy metal ions and 
silicate-based adsorbents. In this sense, theoretical studies provide the 
foundation for understanding the interactions between heavy metals 
and silicate-based material, while experimental studies provide the 
empirical evidence needed to design silicate-based material with 
improved properties and refine the theoretical models. Furthermore, 
using this theoretical approach would significantly reduce the time and 
financial resources required for future experimental testing.

The research method adopted in this research involves a three-step 
process. First, using theoretical tools the interactions of metals adsorp
tion onto the Mg2O8Si3M (M = Mn2+, Cu2+, Co2+, Zn2+) clusters were 
identified. This was done by investigating the interaction between pro
cess variables and computing the conditions with fewer experiments. 
Second, the synthesis and characterization of hydrated amorphous 
magnesium silicate (MgOSiO2nH2O) material was developed. Last, a 
kinetic study of metal ion sorption (Mn2+, Cu2+, Co2+, Zn2+) using the 
synthetic MgOSiO2nH2O was analyzed. This knowledge can then be 
used to design and optimize silicate-based materials for effective heavy 
metal removal, contributing to efforts to address environmental pollu
tion and protect public health.

2. Material and methods

2.1. Molecular modelling

In this study, we systematically explored the Potential Energy Sur
face (PES) using a stochastic Kick method (SnippetKick, https://github. 
com/HumanOsv/SnippetKick) [36,37]. This method uses fragments 
(atoms or clusters) as building units of the system of interest. The 
fragments, centered at the origin of coordinates, are randomly rotated 
and repelled along random trajectories (Kick process) within a 
confinement space to avoid disconnected structures. We explored 1000 
individuals, with 200 individuals per system, Mg2O8Si3M (M = Mn2+, 
Co2+, Cu2+, and Zn2+). For the screening, we considered the structure of 
the Mg2O8Si3 cluster (https://pubchem.ncbi.nlm.nih.gov/compound/ 
138394709), combining them with the Mn2+, Co2+, Cu2+, and 
Zn2+metals. The initial screening was performed at the PBE0 
[38]/SDDAll [39] level. Low-lying energy isomers (< 40.0 kcal/mol 
above the putative global minimum) were re-minimized at the PBE0-D3 
(BJ) [40]/def2-TZVP [41] level in the Gaussian16 package [42]. In our 

L. González-Rodrıǵuez et al.                                                                                                                                                                                                                  Chemical Physics Impact 9 (2024) 100714 

2 

https://github.com/HumanOsv/SnippetKick
https://github.com/HumanOsv/SnippetKick
https://pubchem.ncbi.nlm.nih.gov/compound/138394709
https://pubchem.ncbi.nlm.nih.gov/compound/138394709


analysis, the Wiberg bond index (WBI) was used to examine the strength 
and character of the bonds within the material or between the material 
and the adsorbed contaminants. It provides a numerical estimate of the 
bond order, with a WBI of 1 typically indicating a single bond, 2 a double 
bond, and so on [43]. To explore the charge transfer channel the Natural 
population analysis (NPA) [33] was performed with the natural bond 
orbital (NBO) code [44] (coupled to Gaussian package) Additionally, we 
performed the Independent Gradient Model based on Hirshfeld partition 
(IGMH) [32], with the Multiwfn v3.8 program [45] IGMH is a new 
method proposed for visually analyzing intramolecular and intermo
lecular interactions in chemical systems. It builds upon the existing In
dependent Gradient Model (IGM) method by replacing the free-state 
atomic densities used in IGM with atomic densities obtained from 
Hirshfeld partitioning of the molecular density. This gives IGMH a more 
rigorous physical basis. IGMH has advantages over other popular visu
alization methods like Non-covalent Interaction (NCI) plots. It can 
separately visualize intrafragment and interfragment interactions with 
smoother and less jagged isosurfaces. Furthermore, to analyze the weak 
interactions, present in the formation of the Mg2O8Si3M (M= Mn2+, 
Co2+, Cu2+, and Zn2+) clusters of the global minimum (GM) found in the 
exploration of PES, the Quantum Theory of Atoms in Molecules 
(QTAIM) developed by Bader [30,46,47], which is implemented in the 
Multiwfn v3.8 program, was employed. Through this methodology, it 
became possible to estimate a number of key topological properties, 
such as the Electron density (ρ), Hamiltonian kinetic energy K(r), Po
tential energy density V(r), Total energy density H(r), Laplacian of 
electron density (∇2ρ), Lagrangian kinetic energy G(r), Ellipticity (ε), 
sign(λ2)ρ provides information about the nature of interactions, and δg 
function defined in IGMH partition. These properties were evaluated at 
the Bond Critical Points (BCPs).

To determine the adsorption capacity of Magnesium Silicate 
(Mg2O8Si3) towards metal ions (M = Mn2+, Co2+, Cu2+, and Zn2+) the 
adsorption energy (ΔEads) was calculated, which was estimated by the 
following Eq. (1) [48–50]: 

ΔEads = EMagnesium Silicate+M −
(
EMagnesium Silicate +EM

)
(1) 

where, EMagnesium Silicate+M, EMagnesium Silicate and EM are the total energies 
with their respective zero-point energy (ZPE) corrections.

2.2. Synthesis of adsorbent

The MgOSiO2nH2O was synthesized using the sol-gel method pre
viously reported in [18]. In brief, it was adding 1 L of MgCl2 (0.7 mol/l) 
to the sodium silicate (Na2OSiO2*nH2O, 1.0 mol/l) and KOH to pH=14, 
avoiding precipitated silica and the magnesium hydroxide formation. 
Then, the solution was kept to 30 ◦C for 2 hrs. It was filtered and washed 
with distilled water. The product was dried in an oven at 80 ◦C for 
further grinding and sieving to obtain a particle between 0.125–0.200 
mm. Eq. (2) represents the equation of the synthesis. 

MgCl2(aq) + Na2OSiO2 ∗ nH2O(aq)→MgOSiO2nH2O(s) + 2NaCl(aq)
(2) 

2.3. Characterization techniques

To identify functional groups, an FTIR model PV 9512 Phillips was 
used. Samples were conditioned in KBr (0.2 %) pellets. The data are 
reported in wavenumbers (cm− 1). X-ray diffraction (XRD) measurement 
was made using a TUR-62 M unit with an HZG-3 diffractometer with 
CuKα radiation (λ=1.5406 Å). The samples were scanned between 4◦

and 75◦ For the ionic product (PI) determination was necessary to keep 
the MgOSiO2nH2O in contact for 24 h with a water solution. Then, using 
Eq. (3) and the atomic absorption spectroscopy technique the magne
sium (Mg2− ) amount in the solution was calculated. To determine the 
heat of dissociation (ΔHd) in water, the Van’t Hoff equation is used (see 

Eq. (4)). Where C is a constant, ΔHd is the enthalpy change; (R is the 
universal gas constant (8.314 J/mol K), and T represents the absolute 
temperature (K). This equation shows that the natural logarithm of the 
ionic product is inversely proportional to the temperature. This means 
that as the temperature increases, the ionic product decreases and vice 
versa. The exact relationship depends on the enthalpy change of the 
reaction. 

PI = aX ∗ a[Y]X = Mg2− Y =
[
SiO2(OH)2

]2− (3) 

LnPI = C −
ΔHd

RT
(4) 

To determine the mass loss to different media the MgOSiO2nH2O was 
placed in contact for 24 h with different aggressive media. The different 
aggressive media resistance such as corrosive, acidic, basic, and 
oxidizing agents is a significant aspect in the adsorbent materials char
acterization. It is possible to evaluate the conditions to be used without 
giving rise to chemical modification. The acid medium was evaluated 
through an HCl (ac) solution at 33 %, the basic medium was evaluated 
with NaOH (0.05 M), the corrosive medium was composed of a NaCl(ac) 
(0.01 M) solution and exposed to NaOCl (ac) at 10 % as an oxidizing 
agent. The physical characterization also included parameters such as 
the real density (dreal), and apparent density (da) shown in Eqs. (5)-6, 
respectively. Both parameters were calculated by the pycnometric 
method. In Eq. (5), ms is the dust mass (g), VPic defines the volume of the 
pycnometer (ml), mliq represents the solvent mass (g) and dsol denotes 
the solvent density (g/ml). The apparent density was calculated by the 
volume displacement of the synthesized compound [51]. Then, the 
apparent density and apparent bulk density by entrapment are used for 
determining compressibility, a property that powders must decrease the 
occupied volume by the external force action like vibration, pressure, or 
agitation. 

dreal =
ms

VPic − mliqdsolv
(5) 

da =

[∑
ms

Π

]

V
(6) 

Porosity (P) is a roughness and capillarity measure of a given surface. 
The determination of this parameter can be complex, but a simple way is 
to link the porosity to the material density using Martin’s equation [52] 
(Eq. (7)). Using a simple way to calculate the flow rate parameter, the 
Mohsenin equation was used [52,53]. Fick’s first law was applied to 
obtain effective and theoretical diffusivity (see Table 1). Ten replicates 
were done in all cases. 

P = 1 −

[
da

dreal

]

∗ 100 (7) 

The specific surface area (S) is also a significant property in the 
sorbent materials characterization. In this sense, S was determined by 

Table 1 
Parameters calculated in the chemical and physical analysis.

Effective and 
theoretical 
diffusivity

Tortuosity 
(g/cm3)

Mean 
pore 
volume 
(cm3)

Mean 
pore 
radius 
(cm)

Hollow 
Fraction

Surface area 
(m2/g)

Def =
DT ∗ da

γ
γ = 2 − da rm =

2Vp

S
rm =

2P
Sdr

Fh =

Vp

Vp + 1dr

S =

qeNAm10− 20

apparent density (da) tortuosity(γ), theoretical diffusivity (DT), effective diffu
sivity (Def ), S is the specific surface area (m2/g), qe, the number of milligrams 
absorbed per gram of solvent (mg g-1), Am, the surface area of the methylene 
blue (Å) and the monolayer mass (g).
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the dye methylene blue (MB: C16H18N3SCl) method [54]. Before this, a 
kinetic study was carried out to determine the compound’s maximum 
sorption time. This study was carried out by placing the methylene blue 
(15 mg/L) in contact with 0.10 g of the material, previously dried at 200 
◦C. The absorbance values were determined at 660 nm, at intervals of 2 
min using a spectrophotometer Shimadzu UV-1900. After establishing 
the maximum adsorption time, a thermodynamic study (Langmuir 
model) was carried out based on methylene blue samples of known 
concentration (0.6, 1.2, 1.5, 1.8, 2.4, 3.0, 4.5, 7.5. 10.5, and 15.0 mg/L) 
were placed in contact with 0.10 g of MgOSiO2nH2O for 1 hour. Lang
muir’s model considered that adsorption occurs homogeneously over 
the entire surface, making it possible to determine the monolayer mass 
and the specific surface using the last equation shown in Table 1. The MB 
surface area was determined by molecular descriptors, using the Dragon 
program [55]. The area corresponding to the complete molecule 
(C16H18N3SCl) was 507.2 Å. The MB method can determine important 
parameters like pore volume (Vp), pore radius (rm), and the hollow 
fraction (Fh). Furthermore, the apparent ion exchange capacity was 
estimated by taking a small amount of MgOSiO2nH2O and placing it in 
contact with the KCl solution over time, taking the values of the initial 
(Ci) and concentration at time (Ce) in mg/L.

2.4. Kinetic study of metals adsorption

To determine the initial concentration effect of each metal ion and 
the time required to achieve adsorption equilibrium the kinetics 
adsorption process was investigated. First, the sorbent mass was opti
mized and submitted to physical activation at 200 ◦C before contacting 
the ions to eliminate adsorbed water molecules on the surface. Each 
sample was subjected to individual metal exposure. Several kinetic pa
rameters are calculated, such as adsorbate adsorbed per gram of the 
adsorbent at equilibrium (qe), total lifetime (t), and media lifetime (t1/2). 
A known concentration solution of the metal ions was set in contact with 
MgOSiO2nH2O at 500 rpm. Table 2 shows the concentration, product 
mass, and maximum sorption time values used in the kinetic analysis. 
The concentrations were selected to have excess metal ions in the so
lution concerning the material absorption capacity to achieve full 
saturation and ensure its maximum sorption capacity.

The initial (Ci) and breakeven (maximum absorption) (Ce) metal 
concentrations were determined at different time intervals using the 
atomic absorption spectroscopy method using PYE UNICAM SP9 (U.K.). 
These analyses were contracted to an accredited laboratory of the Center 
for Agricultural Research (CIAP), Universidad Central “Marta Abreu de 
las Villas”, Cuba. The kinetic models’ analysis was done using a simple 
linear regression method of least squares with Origin statistical package 
version 10.0.5.157 (Academic). To check the kinetic model’s validity the 
determination coefficient (R2) was used. R2 close to 1 indicates the more 
efficient models. Table 3 shows the kinetic models evaluated.

2.5. Statistical procedure

The characterization data were processed statistically using the 
Kolmogorov–Smirnov and Bartlett tests to verify normality and homo
geneity of variance (10 replicates for each sample analyzed). The cor
relation analyses were conducted using the Pearson simple linear 
correlation matrix and the Spearman rank correlation test both for a 

reliability level of 95 %. All these statistical tests are included in the R 
statistical package [59] version 3.6.2.

3. Results and discussion

This section shows the main results of the metal/silicate-based 
adsorbent interactions from the theoretical and experimental analysis. 
We proceed with the molecular modeling of Mg2O8Si3M (M = Mn2+, 
Co2+, Cu2+, and Zn2+) clusters and the synthesis and chemical-physical 
characterization of MgOSiO2nH2O material. Once the characteristics of 
the material and the conditions under which it could be used were 
established, a simple kinetic test was performed. The above to validate 
the theoretical predictions results and provide practical information that 
can be used in wastewater remediation and the design of new silicate- 
based materials with better properties. Lastly, future perspectives of 
this research are highlighted to emphasize the need to show interest in 
more experimental techniques for a deeper analysis of MgOSiO2nH2O 
and the removal of heavy metals.

3.1. Molecular modelling

We have performed a comprehensive potential energy surface (PES) 
analysis of Mg2O8Si3M (M = Mn2+, Co2+, Cu2+, and Zn2+) clusters, 
meticulously following the protocol detailed in the computational 
methods section. This approach has allowed us to explore a wide range 
of structures and identify energetically more stable ones. Our results 
reveal a preference for metal atoms (Mn2+, Cu2+, Co2+, Zn2+) to position 
themselves close to the oxygen atoms in the Magnesium Silicate, which 
contributes significantly to the stabilization of the Mg2O8Si3M systems, 
as illustrated in Fig. 1. Importantly, the clusters in this figure correspond 
to the putative global minimum in the PES, while additional isomers are 
presented in Figs. S1–S4. For each Mg2O8Si3 cluster, we observe a 
variation in the coordination number of the metal atoms with the oxy
gen atoms of Mg2O8Si3. For example, in the Mg2O8Si3Mn cluster, the Mn 
atom exhibits coordination with four central oxygen atoms of the 
Mg2O8Si3 cluster, whereas for the Mg2O8Si3Cu and Mg2O8Si3Co clusters, 
the Cu and Co atoms show coordination with two central oxygen atoms 

Table 2 
Concentration, product mass, and maximum sorption time values obtained in 
the kinetic analysis.

Metals ions Initial concentration (Ci, g/L) Absorbent mass (g) Time (min)

Mn2+ 0.598 0.1 29
Co2+ 0.960 0.1 32
Cu2+ 0.950 0.1 55
Zn2+ 0.592 0.1 58

Table 3 
Kinetic models employed in heavy metal adsorption.

Models Equations Variable Descriptor

Pseudo First Order 
[56]

ln(qe − qr) =

ln(qe − k1t)

t1/2 =
ln2
k1

Dependence between ln(qe − qt) vs t where 
qe is the amount in grams of solute 
adsorbed per gram of adsorbent at 
equilibrium (mg g-1); qt represents the 
grams of solute adsorbed per gram of 
adsorbent over time (mg g-1); t is the time 
in min, k1 is the pseudo first order 
adsorption rate constant (min− 1) and t1/2 is 
the mean lifetime in min.

Pseudo Second 
Order [57]

1
qt

=
1

k2qe2 

t1/2 =
1

qek2 
h2 = k2qe

Dependence between 1/qt vs t, where qe is 
the amount in grams of solute adsorbed per 
gram of adsorbent at equilibrium (mg g-1); 
qt represents the grams of solute adsorbed 
per gram of adsorbent over time (mg g-1); 
h2 is the initial absorption rate (mg g- 

1min); t1/2 represents the mean lifetime in 
min, and k2 is the initial rate constant.

Intraparticle 
Diffusion 
[58]

qt = kt1/2 + C Dependence between qt vs t, where qt is the 
amount of solute adsorbed per gram of 
adsorbent over time (mg g-1); t1/2 

represents the time variable in min; k is the 
intraparticle diffusion rate constant and C 
is a constant.

Elovich Model 
[19]

qt = α+ βlnt Dependence between qt vs lnt, where qt 

represents the milligrams of solute 
adsorbed per gram of adsorbent over time 
(mg g-1); α is the initial sorption rate (mg/ 
min); β is the sorption constant (mg/min) 
and t is the time in min.
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of the Mg2O8Si3 cluster. Finally, in the Mg2O8Si3Zn cluster, the Zn atom 
coordinates with an oxygen atom at the end of the Mg2O8Si3 cluster, 
accompanied by an interaction with a magnesium atom of the Mg2O8Si3 
cluster.

The absorption of metallic ions (Mn2+, Co2+, Cu2+, and Zn2+) on the 
Mg2O8Si3 cluster was analyzed by determining the adsorption energy as 
ΔEads = EMagnesium Silicate+M −

(
EMagnesium Silicate + EM

)
. This ΔEads was 

examined for the Mg2O8Si3M (M representing Mn2+, Cu2+, Co2+, Zn2+) 
clusters, as illustrated in Fig. 1. According to this approach, a more 
negative adsorption energy value indicates a more energy-efficient 
adsorption process and suggests stronger interactions [48,49]. Table 4
displays all ΔEads, as can be seen, all values for these energies were 
negative, thus the adsorption of this metal on the surface of the 
Mg2O8Si3 cluster is energetically favorable.

In all systems of Mg₂O₈Si₃ with the heavy metals Mn2⁺, Cu2⁺, Co2⁺ and 
Zn2⁺, a negative ΔEads is observed. This means that the adsorption is 
thermodynamically favorable for all these metals, suggesting a strong 
interaction between the metal cations and the material structure, fa
voring the stability of the system. Among all the systems examined, the 
Mg2O8Si3Mn system stood out remarkably in terms of the ΔEads, with a 
value of − 5.8 eV, indicating a strong interaction. This result is attributed 
to the coordination of the Mn atom with the four oxygen atoms of the 
Mg2O8Si3 cluster, suggesting the formation of a stable coordination site 
for the Mn atom. In contrast, the Mg2O8Si3Cu and Mg2O8Si3Co systems 
exhibited lower ΔEads values, with minimal differences between them of 
− 2.4 and − 3.1 eV, respectively, compared to the Mg2O8Si3Mn system. 
On the other hand, the Mg2O8Si3Zn system showed the lowest ΔEads 
value, with − 1.1 eV. These discrepancies between the systems suggest 
an energetically more favourable state for the Mg2O8Si3Mn system, 
which highlights its thermodynamic stability in contrast to the in
teractions with Cu2+, Co2+, Zn2+ atoms. In general, it is observed that as 
the coordination between the oxygen atoms of Mg2O8Si3 and the heavy 
metals (Mn2+, Cu2+, Co2+, Zn2+) increases, the value of ΔEads indicates a 
differential energetic preference between the systems, highlighting the 
influence of configuration and coordination on the stability of the 
complexes formed.

A detailed analysis of the bond distances between heavy metal and 
oxygen atoms (M-O) for the Mg2O8Si3M (M = Mn2+, Cu2+, Co2+, Zn2+) 
clusters is presented in Table 4. Notably, the rM-O distances for the 
Mg2O8Si3Mn system are slightly larger, ranging between 1.96 and 2.22 
Å. Examining the WBIM-O charge density values, which vary between 
0.03 and 0.43, suggests that the nature of the covalent M-O interaction is 
relatively weak, suggesting a possible more ionic behavior [60]. On the 
other hand, the WBIM-O values observed for the Mg2O8Si3Mn system fall 

within the range of 0.19 to 0.43, indicating a more intense interaction 
compared to the other systems. These values closely align with the 
characteristic ionic interaction patterns and complement the strong 
interaction of the four oxygen atoms with the Mn atom in this system.

A detailed analysis of the NPA charge distribution reveals a charge 
transfer from the heavy atom M to the Mg2O8Si3 cluster. This charge 
transfer, quantified by the parameter q(M), exhibits a significant vari
ation, ranging from 0.25 to 2.06 |e|, and a gradual increase from Zn2+ to 
Mn2+ is observed, see Table 4 and Fig. 2, top image. This phenomenon 
highlights the tendency of heavy metals to lose electrons and acquire a 
cationic character in the presence of the Mg2O8Si3 cluster, with Mn2+

showing the highest charge transfer. This observation is consistent with 
the electropositive nature of Mn2+, characterized by its tendency to give 
up electrons in chemical interactions, resulting in the formation of stable 
cations [61].

The interaction of heavy metal atoms with oxygen in the Mg2O8Si3M 
(M = Mn2+, Cu2+, Co2+, Zn2+) systems exhibits a strong ionic character, 
as evidenced by the Independent Gradient Model based on Hirshfeld 
partition (IGMH) analysis. Fig. 2, bottom image, illustrates the nature of 
these interactions, where the blue isosurfaces represent the regions of 
strong ionic bonding. In the Mg2O8Si3Mn system, the Mn atom forms a 
coordination with four oxygen atoms of the Mg2O8Si3 framework. This 
coordination environment suggests a tetrahedral geometry around the 
Mn center, facilitated by the ionic interactions with the surrounding 
oxygen atoms. The Cu2+ in the Mg2O8Si3Cu system coordinates with two 
oxygen atoms of the Mg2O8Si3 framework, forming a linear geometry. 
The reduced coordination number compared to Mn indicates a weaker 
ionic interaction strength for Cu2+. Similarly, the Co2+ atom in the 
Mg2O8Si3Co system also coordinates with two oxygen atoms of the 
Mg2O8Si3 framework, adopting a linear geometry. This coordination 

Fig. 1. Lower energy structures of Mg2O8Si3M (M = Mn2+, Cu2+, Co2+, Zn2+) clusters at the PBE0-D3(BJ)/Def2-TZVP level. Color coding for spheres: red = oxygen, 
yellow = silicon, green = magnesium, purple = magnesium, orange = copper, pink = cobalt, and ice blue = zinc.

Table 4 
Bond lengths (r, Å), Wiberg bond indices (WBI), NPA charges (q, |e|) and ΔEads 
(eV) of the Mg2O8Si3M (M = Mn, Cu, Co, Zn) clusters calculated at PBE0-D3 
(BJ)/Def2-TZVP level.

System rM-O WBIM-O q 
(M)

q(O) q(Mg) ΔEads

Mg2O8Si3Mn 1.96 - 
2.22

0.19 - 
0.43

2.06 − 0.58 - 
− 0.69

0.02 − 5.8

Mg2O8Si3Cu 1.93 - 
2.00

0.03 - 
0.05

0.41 − 0.59 - 
− 0.71

0.91 - 
0.94

− 2.4

Mg2O8Si3Co 1.93 - 
2.00

0.05 - 
0.07

0.42 − 0.59 - 
− 0.71

0.91 - 
0.93

− 3.1

Mg2O8Si3Zn 2.02 0.15 0.25 − 1.20 - 
− 1.50

1.58 - 
1.79

− 1.1
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environment suggests a comparable ionic interaction strength to that 
observed in the Co system. In contrast, the Zn2+ in the Mg2O8Si3Zn 
system exhibits the weakest ionic interaction, coordinating with only 

one oxygen and magnesium atom of the Mg2O8Si3 framework. This 
reduced coordination number implies a weaker ionic bonding character 
for Zn compared to the other heavy metal systems studied.

Fig. 2. (Top) NPA charge values and (Bottom) IGMH analysis (δginter=0.003 a.u.) for Mg2O8Si3M (M = Mn2+, Cu2+, Co2+, Zn2+) clusters. The prominent strong 
attractive interaction zone, specifically the oxide-metal bond, these bonds have a more ionic character due to the higher electronegativity difference between the 
metal and oxygen, which is depicted by the blue isosurface. Color coding for spheres: red = oxygen, yellow = silicon, green = magnesium, purple = magnesium, 
orange = copper, pink = cobalt, and ice blue = zinc.

Fig. 3. AIM molecular graph showing the different Bond Critical Points (BCPs) of Mg2O8Si3M (M = Mn2+, Cu2+, Co2+, Zn2+) clusters. Yellow and orange small 
spheres in the above map correspond to (3,+1) and (3,− 1) critical points, respectively. Brown lines denote bond paths. Color coding for big spheres: red = oxygen, 
yellow = silicon, green = magnesium, purple = magnesium, orange = copper, pink = cobalt, and ice blue = zinc.

L. González-Rodrıǵuez et al.                                                                                                                                                                                                                  Chemical Physics Impact 9 (2024) 100714 

6 



The QTAIM analysis provides valuable insights into the electron 
density distribution and bonding characteristics of the Mg2O8Si3M (M =
Mn2+, Cu2+, Co2+, Zn2+) systems. Fig. 3 illustrates the topology of the 
electron density, highlighting the positions of bond critical points (BCPs) 
denoted by coordinates such as (3,+1) and (3, − 1), which represent 
saddle points and bond paths connecting different molecular compo
nents. In the Mg2O8Si3Mn system, four (3, − 1) BCPs are observed, 
indicating the formation of four bonding interactions involving the Mn 
atom. Additionally, three (3, +1) BCPs are present, suggesting the ex
istence of ring structures within the molecular framework. In the case of 
Mg2O8Si3Cu and Mg2O8Si3Co systems exhibit two (3, − 1) BCPs, indi
cating the formation of two bonding interactions involving the Cu2+ and 
Co2+, respectively. Furthermore, a single (3, +1) BCP is observed in each 
system, suggesting the presence of a ring structure within the molecular 
framework. The Mg2O8Si3Zn system displays a single (3, − 1) BCP, 
indicating the formation of one bonding interaction involving the Zn 
atom.

The analysis of bonding critical points (BCPs) using topological 
methods in the Mg2O8Si3M (M = Mn2+, Cu2+, Co2+, Zn2+) clusters offers 
profound insights into the intricate nature of interactions between heavy 
metal atoms and surrounding oxygen atoms. Table 5, meticulously 
presents crucial topological parameters characterizing these BCPs, 
encompassing electron density (ρ), Hamiltonian kinetic energy K(r), 
potential energy density V(r), total energy density H(r), Laplacian of 
electron density ∇2ρ, Lagrangian kinetic energy G(r), ellipticity (ε), sign 
(λ2)ρ, and the δg function, as defined in the IGMH partition. In the 
Mg2O8Si3Mn system, the Mn atom engages in four Mn–O bonds, a fact 
substantiated by the presence of four BCPs. The relatively elevated 
electron density (ρ ≈ 0.09) and positive Laplacian values (∇2ρ ≈ 0.45) at 
these BCPs point towards a notable ionic character in these bonding 
interactions. Nonetheless, the negative total energy density H(r) values 
hint at a degree of covalency, a notion further supported by intermediate 
δg values (≈ 0.2). Meanwhile, in the Mg2O8Si3Cu system, two O–Cu 
bonds are discerned, characterized by BCPs exhibiting high electron 
density (ρ ≈ 0.09) and positive Laplacian values (∇2ρ ≈ 0.47), indicative 
of robust ionic interactions. Yet again, negative H(r) values alongside 
intermediate δg values (≈ 0.2) suggest some degree of covalency. Simi
larly, the Mg2O8Si3Co system showcases two O–Co bonds with relatively 
high electron density (ρ ≈ 0.08) and positive Laplacian values (∇2ρ ≈
0.44), implying substantial ionic character. The negative H(r) values and 
intermediate δg values (≈ 0.2) further imply a covalent component in 
these bonds, akin to the Cu2+ system. In addition, in the Mg2O8Si3Zn 
system, a single Zn–O bond is evident, characterized by relatively high 
electron density (ρ ≈ 0.07) and a positive Laplacian value (∇2ρ ≈ 0.38), 
indicative of a robust ionic interaction. Negative H(r) values alongside 
intermediate δg values (≈ 0.16) suggest a degree of covalency in this 
bond, albeit slightly lower compared to other systems.

3.2. Characterization of adsorbent

The synthesis revealed that MgOSiO2nH2O displays a mass of 300.13 
g mol-1, which corresponds to MgO (35.40 %), to SiO2 (54.28 %), to H2O 
(9.23 %), to Na2O (0.15 %) and Fe2O3 (0.91 %). Fig. 4a and b show the 
infrared spectra and powder X-ray diffraction (XRD) patterns, respec
tively. Generally, the FTIR spectra of the sample show bands between 
500 and 1106.42 cm− 1. In this case, the IR spectrum analysis has 
confirmed the presence of bands characteristic of metal silicates in the 
514–1480 cm− 1 zone. These bands correspond to the different types of 
internal oscillations within the network, specifically those involving 
O− Si− O [62]. Silicates characteristic peaks in 559.33, 742.43, 990.95, 
and 1106.42 cm− 1 were found, which refer to the different types of in
ternal oscillations within the network. The bands of 1787.04 cm− 1 and 
3447.16 cm− 1 are attributed to the structural water (O–H) [63]. The 
XRD revealed that the MgOSiO2nH2O syntheses have an amorphous 
nature in one phase. It shows only a diffuse curve, indicating the crys
tallographic plane’s absence with the same broad humps at 19.7◦ and 
26.7◦ 2ϴ as reported earlier for magnesium silicate hydrated [64].

On the other hand, Fig. 5 shows the enthalpy of the dissociation 
process calculated using the relationship between the ionic product (PI) 
and the temperatures of 293 K, 303 K, 313 K, and 323 K. According to 
this parameter (equal to − 0.30 kJ/mol), the dissociation of material was 
exothermic. Therefore, the process will be favored at low temperatures; 
so, its use at low temperatures is not recommended. Results agree with 
other silicic materials reported [17,18].

The physical-chemical characterization of the sample was carried out 
trying to expose those more general properties of interest for the 
adsorbent materials. The material resistance is an important factor for its 
subsequent use. Table 6 shows the result of several physical parameters 
and the mass variations in the material after contact with different 
media over 24 h. The MgOSiO2nH2O displayed moderate resistance to 
acidic, basic, oxidizing, and corrosive media. This result suggests that 
this material can be used as an adsorbent in an aqueous matrix with a 
neutral pH. On the other hand, several physical parameters were 
determined to characterize the material (Table 6). The MgOSiO2nH2O 
displayed a low density, with a high porosity (87.67 %), which a 
considered adsorbing power, about 62.56 % can compress this com
pound, with zero flow rate giving the material a strong adhesion power. 
This latter characteristic gives an added value since it is a high surface 
area material, charged and very porous. Also, this material shows a high 
apparent ion exchange capacity, reaching 86.20 %. The values obtained 
for effective and theoretical diffusivity and tortuosity were found to be 
within the range of porous solids. From the MB method, the specific 
surface area of MgOSiO2nH2O was 124.88 m2g− 1. The results fitted the 
Langmuir model (R2=0.96), which determined the maximum adsorp
tion capacity of MB corresponding at qe=4.44×10− 5 mol g-1 sorbent. 
According to the pore volume, pore radius, hollow fraction, and specific 

Table 5 
Topological analysis of the bonding critical points (BCP) of the Mg2O8Si3M (M = Mn2+, Cu2+, Co2+, Zn2+) clusters. Electron density (ρ), Hamiltonian kinetic energy K 
(r), Potential energy density V(r), Total energy density H(r), Laplacian of electron density (∇2ρ), Lagrangian kinetic energy G(r), Ellipticity (ε), sign(λ2)ρ, and δg 
function. All values are given in atomic units (a.u.).

Bonds ρ K(r) V(r) H(r) ∇2ρ G(r) ε sign(λ2)ρ δg

Mg2O8Si3Mn
Mn–O 8.88 × 10− 2 1.21 × 10− 2 − 1.36 × 10− 1 − 1.21 × 10− 2 4.48 × 10− 1 1.24 × 10− 1 5.93 × 10− 2 − 8.88 × 10− 2 2.17 × 10− 1

Mn–O 8.88 × 10− 2 1.20 × 10− 2 − 1.37 × 10− 1 − 1.20 × 10− 2 4.51 × 10− 1 1.25 × 10− 1 4.93 × 10− 2 − 8.88 × 10− 2 2.17 × 10− 1

Mn–O 4.98 × 10− 2 6.98 × 10− 3 − 6.84 × 10− 2 − 6.98 × 10− 3 2.18 × 10− 1 6.14 × 10− 2 4.40 × 10− 1 − 4.98 × 10− 2 1.06 × 10− 1

Mn–O 5.06 × 10− 2 7.24 × 10− 3 − 7.00 × 10− 2 − 7.24 × 10− 3 2.22 × 10− 1 6.28 × 10− 2 4.24 × 10− 1 − 5.06 × 10− 2 1.08 × 10− 1

Mg2O8Si3Cu
O–Cu 9.28 × 10− 2 2.56 × 10− 2 − 1.69 × 10− 1 − 2.56 × 10− 2 4.71 × 10− 1 1.44 × 10− 1 2.73 × 10− 2 − 9.28 × 10− 2 2.44 × 10− 1

O–Cu 7.34 × 10− 2 1.48 × 10− 2 − 1.28 × 10− 1 − 1.48 × 10− 2 3.94 × 10− 1 1.13 × 10− 1 2.92 × 10− 2 − 7.34 × 10− 2 1.88 × 10− 1

Mg2O8Si3Co
O–Co 6.79 × 10− 2 1.00 × 10− 2 − 1.16 × 10− 1 − 1.00 × 10− 2 3.86 × 10− 1 1.06 × 10− 1 1.53 × 10− 1 − 6.79 × 10− 2 1.60 × 10− 1

O–Co 9.33 × 10− 2 2.14 × 10− 2 − 1.63 × 10− 1 − 2.14 × 10− 2 4.79 × 10− 1 1.41 × 10− 1 1.33 × 10− 1 − 9.33 × 10− 2 2.34 × 10− 1

Mg2O8Si3Zn
Zn–O 7.01 × 10− 2 8.05 × 10− 3 − 1.10 × 10− 1 − 8.05 × 10− 3 3.77 × 10− 1 1.02 × 10− 1 7.84 × 10− 2 − 7.01 × 10− 2 1.64 × 10− 1
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surface area, this material displayed adequate and like other silicate- 
based material properties [18], which characterize the good sorbent 
properties of MgOSiO2nH2O.

3.3. Kinetic study of metals adsorption

Table 7 shows the adsorption capacity (qe), total lifetime (t) and 
media lifetime (t1/2) for the four heavy metals under study. The 
adsorption was slightly faster for Mn2+ ions (29 min) but, with a lower 
adsorption capacity (15.12 mg g-1) with respect to the other studied 
metal ions. The material displayed an equivalent adsorption capacity of 
25.10 mg g-1 for Zn2+ and 23.19 mg g-1 for Co2+ ions. In the case of Cu2+, 
the material displayed the highest adsorption capacity, 58.89 mg g-1. 
The differences in adsorption capacity for the four heavy metals can be 
attributed to various factors, such as their ionic radii, hydration energy, 

Fig. 4. (a) FTIR spectra and (b) X-ray diffraction of the synthetic magnesium silicate material.

Fig. 5. Relationship between ionic product (lnPI) and temperature (T) in Kelvin.

Table 6 
Results of physical parameters obtained from laboratory experiments and 
chemical performance under different media.

Physical parameters Values Media Loss of mass 
(%)

Real density (g/ml) 1.688 ±
0.012

HCl (33 %) 47.8

Apparent density (g/ml) 0.21 ± 0.15 NaOH (0.05 
M)

34.0

Porosity (%) 87.67 NaCl (0.001 
M)

42.0

Compressibility (%) 62.56 NaOCl (10 
%)

39.4

Flow rate 0
Effective diffusive (m/s2) (water 

molecule)
1.02×10− 8

Theoretical diffusivity (m/s2) 0.88×10− 7

Tortuosity (τ) 1.79± 0.11
Surface Area by MB method 

(m2g− 1)
124.88

Mean pore volume (m3/kg) 0.52
Mean radius pore (m) 8.32×10− 3

Hollow fraction (Fh) 0.47
Apparent ion exchange capacity 

(%)
86.20

Table 7 
Results of the material behavior in the presence of the studied metal ions.

Species Ci (mg/L) Ct (mg/L) qe (mg g-1) t (min) t1/2(min)

Mn2+ 0.598 0.548 15.12 29 14.5
Co2+ 0.960 0.883 23.19 32 7.6
Cu2+ 0.950 0.754 58.89 55 27.5
Zn2+ 0.592 0.508 25.10 58 29.0
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and specific interactions with the adsorbent. This order is very similar to 
the radius of these metals in an octahedral environment with water li
gands (rH Zn2+ = 4.30 Å, ̊ rH Cu2+ = 4.19 Å and rH Mn2+ = 4.38 Å) 
[65], so that there would seem to be a marked influence of these 
properties on the sorption capacity of each adsorbate. In the case of the 
Cu2+, the Jahn–Teller distortion [66] leads to a change in its structure 
enhancing its diffusion and interaction with the adsorbent resulting in a 
higher adsorption. The Mn2+ ions show a relatively larger radius, which 
can limit their diffusion rate and access to internal cavities in the 
adsorbent, leading to the lowest adsorption. The fast equilibrium of 
Mn2+ ions suggests that these ions cannot access the most internal 
cavities, reaching the adsorption equilibrium faster and resulting in low 
adsorption (does not saturate all the material). In the case of the Zn2+

and Co2+, the adsorption capacity is equivalent because of these 
equivalent ionic radii. These results highlight the importance of the 
physicochemical properties of the metal ions in determining their 
adsorption behavior on silicate-based materials. They also suggest that 
the adsorbent may need to be optimized for each specific metal ion to 
achieve high adsorption efficiencies.

The kinetic results were evaluated through the determination coef
ficient (R2) of the different models studied for each ion. As shown in 
Table 8, the sorption process of the Cu2+, Mn2+, and Co2+ adjusts, 
preferably to pseudo-second order and Elovich’s models. These suggest 
that for these metal ions, the adsorption can be both chemical (chemi
sorption) and physical (physisorption) mechanisms. Based on the high 
value of the determination coefficient of the Elovich model (R2 > 0.964) 
it can be said that there are structural disorders in the silicate porous 
system, and its surface can be considered a heterogeneous system. The 
adsorption of Mn2+ on MgOSiO2nH2O is controlled by both chemical 
and physical adsorption involving the strong surface complexation of 
metal ions with the oxygen-containing groups on the surface of MgO
SiO2nH2O. In theoretical predictions, it was suggested that a possible 
reason is the characteristic ionic interaction patterns for the strong 
interaction of the four oxygen atoms with the Mn2+ in the Mg2O8Si3Mn 
system. According to the intraparticle diffusion model, the Mn2+ dis
plays the lowest dependence which agrees with this limit diffusion and 
access to internal cavities in the adsorbent. Regarding Zn2+, a pseudo- 
first-order model adjusts, however, the intraparticle diffusion of the 
adsorbate must be considered. This indicates the speed at which Zn2+

ions can move into the adsorbent, which in turn influences the overall 
rate and efficiency of the adsorption process.

These results suggest that the MgOSiO2nH2O synthesized showed 
good physicochemical properties as a heavy metal ion sorbent in a water 
medium. However, it can be used restrictedly because its chemical 
characteristics are given moderate resistance to the different media (see 
Table 6). For this reason, their use is recommendable in a matrix with 
neutral pH. The kinetic study showed preferably chemical adsorption 
processes on a surface heterogeneity, without lateral interaction in 
MgOSiO2nH2OMn, MgOSiO2nH2OCo, and MgOSiO2nH2OCu systems, 
and an exponential distribution of active sites. The intraparticle diffu
sion is an aspect to be considered for the MgOSiO2nH2OZn system. 
Indeed, adsorption is a complex process influenced by many factors. The 
nature of the adsorbent, such as its chemical composition, surface area, 
pore size distribution, and experimental conditions can significantly 
impact its adsorption capacity. Some experimental conditions of the 
system, including the adsorbent dose, temperature, pressure, pH, or 
multi-component systems (mixtures) can also affect the adsorption 

process. For instance, higher temperatures can increase the rate of 
adsorption, while a change in pH can affect the charge of the adsorbent 
and the adsorbate, thus influencing their interaction. This study of heavy 
metal migration in multicomponent systems has not yet been addressed. 
Moreover, further experimental investigations are needed. This work is 
a preliminary basis where this material displayed good adsorption in the 
following sequence Cu2+> Zn2+≈ Co2+>Mn2+ for which the ionic radii 
of the hydrated species should have a significant influence. Similar 
selectivity order results were reported by [22,66]. The synthesized 
silicate-based material shows a better or similar ability to remove heavy 
metals than other natural and synthetic materials reported (See Table 9). 
Therefore, this material can potentially be a highly effective alternative 
for removing heavy metals from wastewater.

3.4. Future remarks

In this research, the kinetic test was performed under controlled 
laboratory conditions which does not fully reproduce real-world con
ditions. Factors such as temperature, pH, multicomponent systems 
(presence of other pollutants), or an aqueous matrix complex (simulated 
or real industrial wastewater) can significantly affect the interaction 
between metals and MgOSiO2nH2O. So, an essential point will be that 
the next steps include multicomponent adsorption experiments [28]. In 
real-world applications, the adsorbent will often need to remove 

Table 8 
Results of kinetic adsorption models of the heavy metals studied. The R2 is reported in parentheses and the numbers in bold correspond with the best adjustment.

Ions Pseudo-first order Pseudo-second order Elovich Intraparticle diffusion

Mn2+ y=− 0.124x+1.253 (0.949) y = 0.162x+0.364 (0.997) y = 0.998x+2.518 (0.964) y = 0.200x+3.306 (0.621)
Co2+ y=− 2.0 × 10− 5x-0.986 (0.806) y = 318.48x+2430 (0.996) y = 0.001x+0.0004 (0.998) y = 0.0001x+0.001 (0.846)
Cu2+ y=− 0.0784x-2.002 (0.929) y = 5.616x+28.481 (0.999) y = 0.027x+0.061 (0.994) y = 0.003x+0.108 (0.747)
Zn2+ y=− 0.026x+6.265 (0.987) y = 1.0 × 10− 4x+0.105 (0.822) y = 109.46x− 124.22 (0.838) y = 17.533x+12.819 (0.986)

Table 9 
Adsorption of heavy metal ions by different low-cost adsorbents.

Adsorbent material Ions Time 
(min)

qe (mg g-1)

Xanthate-modified magnetic chitosan [67] Cu2+

Zn2+
80 
110

34.5 
20.8

Aluminum silicate [18] Co2+

Cu2+

Zn2+

30 
60 
30

990 
64 
710

Asphaltenes/chitosan [68] Mn2+

Zn2+
60–80

Albizia lebbeck pods [5] Zn2+

Cu2+
30 4.84 

3.12
Palygorskite [69] Co2+ 180 8.8
Amorphous Al(OH)3 Mn2+ 0.85
Graphene/δ-MnO2 [70] 

Fe3O4/graphene oxide [71] 
Fe3O4/chitosan/graphene oxide [72]

Cu2+ 104.09 
32.5 
217.4

Citrate modified Graphene Oxide (GO–C) 
[73]

Co2+ 145.35

Silicate porous material [74,75] Cu2+ 32.26
Zeolite 

Iron-coated zeolite [75]
Cu2+

Zn2+

Cu2+

Zn2+

3.5 
3.2 
4.9 
4.0

Zeolite [65] Cu2+

Zn2+

Mn2+

1440 0.48 
0.45 
0.44

Natural clay [76] Cu2+ 10.8
Magnesium ferrite gn-MgFe2O4–300 [77] Mn2+

Co2+

Cu2+

1.56 
2.30 
0.46

MgOSiO2nH2O (This study) Mn2+

Co2+

Cu2+

Zn2+

29 
32 
55 
58

15.12 
23.19 
58.89 
25.10
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multiple types of metal ions from the water. These different ions can 
compete for adsorption sites on the adsorbent, affecting its overall 
removal efficiency. By testing the adsorbent in multicomponent systems, 
you can evaluate this competition effect and adjust the doses and pro
portions of the silicate as needed to achieve the required removal effi
ciency. In addition, using a water matrix that is closer to actual 
industrial waters is another proposed step. This would involve intro
ducing other substances typically found in industrial wastewater, which 
would provide a more accurate representation of the real-world condi
tions under which the adsorbent would be used [65,74]

Studies of desorption and reusability tests of the MgOSiO2nH2O are 
crucial too, because it affects the efficiency and cost-effectiveness. Pre
vious study has demonstrated that the desorption process for Cu2+, 
Zn2+, and Mn2+ ions onto zeolite behaves differently [65]. This could be 
beneficial in certain applications where selective adsorption and 
desorption are required. While the efficiency of multi-cycle spent ad
sorbents tends to decline over time, this is not an insurmountable 
challenge. With appropriate modifications and improvements, the effi
cacy of this adsorbent can be significantly enhanced. According to the 
features of the simulated industrial wastewater, one of the recom
mended processes is a primary treatment, which involves the precipi
tation of metals by adjusting the pH level. This is then followed by a 
secondary treatment of adsorption, where a MgOSiO2nH2O modified 
could be utilized as the material for adsorption. A way could be reported 
previously by Li et al.[78] that synthesized a silica-based material 
capable of adsorbing Pb2+. The results demonstrated a maximum 
adsorption capacity of 74.5 mg g-1 for Pb2+. After 5 cycles of 
adsorption-regeneration, the adsorption capacity of the reused adsor
bent still reached 70.9 % (for Pb2+) of the initial value. The future steps 
could lie in the optimization of MgOSiO2nH2O regeneration processes, 
which could potentially revolutionize these heavy metals treatment 
methodologies by improving their economic and environmental effi
ciency. In addition, the chemical stability of regenerated adsorbents 
significant factor to consider [79]. The regeneration process may cause 
changes in the adsorbent’s physical and chemical properties, such as 
surface area, pore size, and chemical composition. These changes can 
affect the adsorbent’s adsorption capacity, selectivity, and lifetime. 
Therefore, it is necessary to investigate the chemical stability of regen
erated MgOSiO2nH2O, including their resistance to chemical, and me
chanical degradation. This can be done through various techniques, such 
as XPS, XRD, FTIR, and electron microscopy.

Results from adsorption studies conducted at a small scale may not 
always scale up predictably to larger systems. This can make it chal
lenging to apply findings from laboratory studies to industrial-scale 
processes. The points mentioned are crucial for evaluating the prac
tical applicability and effectiveness of MgOSiO2nH2O as an adsorbent 
for heavy metal removal. Therefore, while laboratory-scale adsorption 
studies provide valuable insights, careful consideration and additional 
research are often needed to successfully apply these findings to 
industrial-scale processes.

Despite these limitations, this research provides valuable insights 
into the interactions between several heavy metals and MgOSiO2nH2O 
material and guides the next steps for enhancing the efficacy of MgO
SiO2nH2O material for heavy metal removal.

4. Conclusions

This research underscores the potential of MgOSiO2nH2O material in 
heavy metal removal and highlights the need for continued research to 
optimize this material. The insights gained from this study will pave the 
way for the development of more efficient silicate-based adsorbents for 
heavy metal removal from wastewater. Here, the theoretical calcula
tions were aimed at further investigating the nature of adsorption be
tween four metal ions (Cu2+, Zn2+, Co2+ and Mn2+) and a silicate-based 
material. These computational calculations were carried out over a 
model of the building units of the system of interest, which consist of a 

Mg2O8Si3 cluster interacting with the target heavy metal ions. The re
sults showed significant differences in the binding energy, which can be 
attributed to the different electronic structures and sizes of the cations, 
furthermore, revealed that the binding energy is not solely determined 
by the charge of the cation, but also by the specific interactions between 
the cation and the silicate-based material. The computational analysis of 
the adsorption energies indicates that the adsorption of four metal ions 
on the Mg2O8Si3 surface is energetically favorable in all cases. The 
synthetic MgOSiO2nH2O material displays beneficial chemical and 
physical properties as a metal ion sorbent in a water medium at neutral 
pH. The material exhibits good adsorption with the following sequence: 
Cu2+ (59 mg g-1) > Zn2+(25 mg g-1) ≈ Co2+ (23 mg g-1) > Mn2+ (15 mg 
g-1). Compared to other adsorbent materials, this eco-friendly material 
demonstrated a good ability to remove heavy metal ions, which suggests 
that our material may be a good alternative for wastewater treatment. 
The results provide information on the adsorption process and might be 
a useful tool to guide experimental efforts in the design of new silicate- 
based materials with better properties to remove interesting metal ions.
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M. Sillanpää, Adsorption performance of hydroxyapatite with different crystalline 
and porous structure towards metal ions in multicomponent solution, J. Water. 
Process. Eng. 32 (2019) 100963, https://doi.org/10.1016/j.jwpe.2019.100963.

[29] K. Gong, K. Yang, C.E. White, Density functional modeling of the binding energies 
between aluminosilicate oligomers and different metal cations, Front. Mater. 10 
(2023) 1–17, https://doi.org/10.3389/fmats.2023.1089216.

[30] R.F.W. Bader, A quantum theory of molecular structure and its applications, Chem. 
Rev. 91 (1991) 893–928, https://doi.org/10.1021/cr00005a013.

[31] C.M. Breneman, K.B. Wiberg, Determining atom-centered monopoles from 
molecular electrostatic potentials. The need for high sampling density in 
formamide conformational analysis, J. Comput. Chem. 11 (1990) 361–373, 
https://doi.org/10.1002/jcc.540110311.

[32] T. Lu, Q. Chen, Independent gradient model based on Hirshfeld partition: a new 
method for visual study of interactions in chemical systems, J. Comput. Chem. 43 
(2022) 539–555, https://doi.org/10.1002/jcc.26812.

[33] A.E. Reed, R.B. Weinstock, F. Weinhold, Natural population analysis, J. Chem. 
Phys. 83 (1985) 735–746, https://doi.org/10.1063/1.449486.
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[37] O. Yañez, V. Garcia, J. Garza, W. Orellana, A. Vásquez-Espinal, W. Tiznado, (Li 6 Si 
5) 2–5 : the Smallest Cluster-Assembled Materials Based on Aromatic Si 56− Rings, 
Chemistry - A European Journal 25 (2019) 2467–2471, https://doi.org/10.1002/ 
chem.201805677.

[38] C. Adamo, V. Barone, Toward reliable density functional methods without 
adjustable parameters: the PBE0 model, J. Chem. Phys. 110 (1999) 6158–6170, 
https://doi.org/10.1063/1.478522.

[39] P. Fuentealba, L. Von Szentpily, H. Preuss, H. Stoll, Pseudopotential Calculations 
for Alkaline-Earth Atoms, 1985. http://iopscience.iop.org/0022-3700/18/7/010.
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