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Abstract. The presence of mercury in soils, like other heavy metals, is associated with organic matter and
minerals. Mercury deposited in soils is mainly in its oxidized form Hg2+. The adsorption of Hg (I1) from
aqueous solution into Ca-bentonite was studied. Adsorption percentage was determined as a function of
shaking time and temperature to study the thermodynamics and kinetics of Hg (Il) adsorption on Ca-
bentonite, which was simulated using the MINSQ and GAUSSIAN 09 programs.
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Resumen. La presencia de mercurio en los suelos, al igual que otros metales pesados, esta asociada con
materia organica y minerales. EI mercurio depositado en los suelos se encuentra principalmente en su forma
oxidada Hg2+. En esta investigacion se muestra la adsorcion de Hg (I) de una solucién acuosa en Ca-
bentonita, con el fin de estudiar la termodindmica y la cinética de esta adsorcion, la cual fue simulada
usando los programas MINSQ y GAUSSIAN 09.
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Introduction

Mercury in soil could be retained, mobilized and volatilized, by different soil processes. They are
associated with the presence of organic matter and minerals such as silicate clays, pyrite and quartz; some
of which have the capability to adsorb or interchange metal ions. Mercury adsorbed in mineral surfaces
depends on pH, cationic interchange capability, and specific surface morphology of soil particles. Mercury
is easily sorbed on clay minerals present in soil, for example, clay minerals that are composed of fine
particles specifically kaolinites, montmorillonites, and illites. All of these have its own crystal lattice
structures and their specific surface areas generally are very high. [1, 2] Among the several clays,
montmorillonite, often-called bentonite commercially, has high ion exchange capacity a fine particle size,
and specific molecular structure, and for this reason had been used as a clarifying agent in water and
wastewater for metal recovery. [3] Different computational tools have been used to model metal adsorption
on clay minerals. Quantum, molecular mechanics, and molecular dynamics methods, and also Monte Carlo
simulation techniques have been successfully applied to the behavior of clay materials as well as various
hydrated cations during adsorption [4-16].

Mercury has a high affinity for soil minerals, so it might expect low mobility of this metal.
However, the amount of mercury adsorbed on the mineral surfaces of the soil depends on the soil pH, cation
exchange capacity and the specific surface of soil particles [17-19]. Adsorption is the accumulation of a
surface active material in two dimensions in a water/solid substrate and is based on intramolecular
interactions the adsorbate and the solid phase solute, earlier researchers have shown that clays act as good
adsorbent materials. [18, 20-22]
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Adsorption kinetics depends on the interaction adsorbent-adsorbate and system conditions. The
solute adsorption rate determines the residence time required to carry out the adsorption reaction for
purification and this process can be analyzed as a chemical kinetic system. [23-25] Mathematical
correlation is an important role to the modeling process, where physicochemical parameters are studied
with the corresponding thermodynamic considerations. [22] The models corresponding to two parameters
can be evaluated directly in a laboratory study of adsorption on an adsorbent material over time. [23, 26-
33] Once the amount of mercury adsorbed is known experimentally the model that best fits the adsorption
of mercury can be built. [21, 23, 27] The adsorption of Hg (11) on Clay is possible by any of three main
mechanisms of interaction, as seen in the equations as 1 to 3 below [21].

Mechanism 1:

Ca-bentonite + Hg?*so<> Hg—bentonite + Ca?*s Eq. 1
Mechanism 2:

Ca-bentonite + 2HgOH"so«<» 2HgOH*~bentonite + Ca?*s Eq. 2
Mechanism 3:

Ca-bentonite + 2H*so<> 2H*—bentonite + Hg? s Eq. 3

Where Ca-bentonite represents the Ca clay, some reports show the formation of different mercury
compounds than these mechanisms indicate [18]. Focusing on the last mechanism, adsorption isotherms
were developed to analyze the adsorption of mercury on calcium bentonite during this study.

The kinetic and thermodynamic study allowed us to study the behavior of the adsorption of
mercury. The observed adsorption kinetic behavior fit a second-order model, when the data were fitted to
the Freundlich isotherm, and these results are consistent with the literature pertaining to the adsorption of
mercury in various matrices as carbon material by the lateral interactions of mercury over adsorbent
material. The results of the thermodynamic study indicate that the adsorption process is favored as |Hg|ads
< |Hglsol. This means that an excess of mercury in solution favors the adsorption of mercury in calcium
bentonite. Therefore, the energy of the adsorption process is -40.57 KJemol. The mercury is adsorbed onto
the calcium bentonite to form a stable bond, where the mercury displaces the calcium in the bentonite, it is
present in solution promoting by the kinetic process [34].

This report summarizes the adsorption of Hg (I1) from aqueous solution into Ca-bentonite which
was studied using a batch technique under controlled temperature and constant pressure. Adsorption
percentage was determined as a function of shaking time and temperature to develop the adsorption
thermodynamics and kinetics of Hg (I1) on Ca-bentonite, which was simulated using the MINSQ and
GAUSSIAN 09 programs

Experimental

Calcium and sodium Bentonite from Lodbent was used to analyze equilibrium adsorption of
mercury, for this purpose Ca-Bentonite was exposed to a solution of mercuric chloride (HgCl,) from Merck.
The adsorption process was performed using a Cole Parmer bath temperature control. The system used for
this purpose was a 20 mL glass cell, where reagents were placed to study the sorption process under
controlled temperature at 25 °C and constant atmospheric pressure. All experiments were performed in
duplicate at a neutral pH.

The amount of mercury in solution was determined using Anodic Stripping Voltammetry (ASV),
an electrochemical technique used to determine metal concentration in solution, which has a lineal equation
y = 2549.30x - 0.0355, where y = current density (uA/cm?), x = mercury concentration (mol/L), with a R?
= 0.993, detection and quantification limit of 112.043 pM and 0.373 nM, respectively. For this purpose a
Basi Epsilon potentiostat and an electrochemical cell with glassy carbon, Pt wire and Ag|AgCI as working
electrode (WE), counter electrode (CE) and reference electrode (RE) respectively. In this way the amount
of mercury adsorbed on the clay was determined.

After experimental evidence was collected, the Hg?* adsorption behavior was modeled using a
computer based (MINSQ and GAUSSIAN 09 Software) [35] model where theoretical and experimental
adsorption was compared.
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Results and Discussion

Adsorption of Hg (1) on Ca-bentonite

The adsorption of Hg?* on Ca and Na-bentonite was followed via ASV, results are shown in Fig.
1 and 2 respectively as the black circles. Additionally, a theoretical model was used to identify bond
interactions. This model is based on molecules interactions, where the adsorption process is carried out by
adsorption desorption interactions between cations competing by active sites, this model is represented as
described by Chen and Frank, is presented in Eq. 4 [36].

k,C, k k
=270 g dl-exp|——2|Cy+ |t Eq. 4
qt kaCO + kd qm p|: N0 [ 0 k J:| q

a

where K, represents the adsorption constant, Kq desorption constant, and Co represents initial concentration.
gm represents the equilibrium adsorption capacity of the clay, No the adsorbed concentration by available
adsorption sites, and g relates total quantity of metal adsorbed by the clay in a time t.

Experimental data of adsorption process represented in Fig. 1 and 2 by the black line (Fig. 1, black
circles) where fitted to the model of Chen and Frank. As can be seen in fig. 1 and 2, calcium bentonite has
higher sorption capacity, for this purpose this clay was used for modeling and next calculations. Follow this
plot thermodynamic parameters ki, kg, gm, No y AG° where calculated, these values are shown in Table 1.

In terms to understand experimental results, further analysis was done using Gaussian 09, results
are described below.
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Fig. 1. Adsorption of Hg?* onto Na-bentonite. Carried out at atmospheric pressure, 25°C, and neutral pH.
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Table 1. Thermodynamic parameters calculated by theoretical model.

Parameter Calcium bentonite
ka (L-mmol? h?) 1.24+0.12
ks (n9) 0.08 +0.01
gm (Umol Hg-g* bentonite) 3.99 +0.09
No (umol Hg-g* bentonite /umol sites-g* bentonite) | 0.45 + 0.05
Omax 0.675
AG° (KJ-mol?) -33.58
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Fig. 2. Adsorption of Hg?* onto Ca-bentonite. Carried out at atmospheric pressure, 25°C, and neutral pH.

Structural and computational models

Bentonite is a complex structure with a highly variant composition, for this reason its principal
structure, montmorillonite, was modelled [37]. The isomorphic substitution of montmorillonite prevents
the formation of a structure with an explicit localization for the substitutions in the crystallographic data,
for this reason the montmorillonite cell model studied was based on the de Mignon et al., 2010 report [38].
The cell parameters of Ca-montmorillonite described by Viani et al., 2002 [39] (a=5.18 A, b=8.98 A, ¢
=15.00 A, =90 A, 90 A = B, y = 90 A) were taken and duplicate in three directions to form a new cell
dimensions a = 11.26676 A, b = 17.46034 A, ¢ = 26.8225 A after adjusting the content of atoms. Calcium
atoms were removed, and the hydrated cations of interest were place in their vacated sites.

Montmorillonite has a diffuse negative charge distribution resulting from isomorphous
substitution in the octahedral layer. Such distribution may not reflect the replacement of hydrated cations
located between the layers [5], so this net negative charge was neutralized by the addition of hydrogen
atoms in the montmorillonite crystal model

Hydration of Ca?* and Hg*

The structure of the hydration sphere of the ions Ca?* and Hg?* is fundamental to understanding
their behavior in a given system. Thus, there are many theoretical and experimental reports where probable
hydration numbers for Ca** and Hg®" are described. In the specific case of Ca®*, the more favorable
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hydration numbers are 6 and 7 that may alloy a second layer which can improve hydration stability. [4, 40-
46] A similar situation arises for Hg?* [47-54]. Initially four hydration systems were proposed for Ca?* and
Hg?* ions: penta, hexa, hepta and octa-hydrated whose resulting structures were taken as the basis for a
second hydration sphere (10 water molecules) for those ions.

Computational results

Quantum mechanical (QM), molecular mechanics (MM), molecular dynamics (MD) methods as
well as Monte Carlo (MC) simulation techniques have been successfully applied to the behavior of clay
materials as well as various hydrated cations during adsorption. The method of theory density functional
(DFT) has proven particularly useful in simulation systems of interest for montmorillonite [5], Ca?* and
Hg?* hydrated cations [4,6] and complex cation-montmorillonite. [11, 55-57] The system model for
montmorillonite was optimized using molecular mechanics (UFF) [12, 13] using the software Gaussian
09. [35] While optimizing the geometries of the Ca?* and Hg?* hydrated systems using the method of DFT
by the functional B3LYP [15] and Lanl2dz [16] base was conducted with the same software. The structures
resulting from the optimization process (montmorillonite and hydrated cations) were combined to create
the complex hydrated-montmorillonite cation (hydrated cations were located between the layers of
montmorillonite). Additionally, it optimized with oniom (B3LYP / LANL2DZ technique: UFF) and
implemented in the Gaussian 09 program [58]. All structures resulting from the optimization process were
subjected to frequency analysis to ensure that they correspond to a minimum (local) and to estimate the
values of enthalpy and free energy of reaction [59].

Geometries

According to the simulation performed for hydration of Ca?* and Hg?*, these cations may form
structures with those added water molecules. However, after 6 water molecules, the systems showed a
preference for maintaining the coordination number
[38]<sup>2</sup><sup>2</sup><sup>2</sup><sup>2</sup> in its first hydration layer and subsequently
forming a second layer with the remaining water molecules (Fig. 3).
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Fig. 3. Coordination Modes for Ca?* and Hg?* ions in the presence of 1 to 8 molecules of water, wherein a
preference for a first coordination sphere formed by six water molecules is observed. Upper: Hydration for
Ca®*; Lower hydration for Hg** (B3LYP / LANL2DZ).

In the case of the decahydrated systems for Ca?* and Hg?*, the same trend as previously described
occurs, promoting bonding of six water molecules in the first hydration layer and the remainder on a second
layer for both cations (Fig. 4).

During the optimization process, the hydrated montmorillonite cation complex, showed that
previously described coordination spheres are not changed even though the water molecule hydrated cation
are oriented to form hydrogen bonds with the oxygen atoms of the montmorillonite (Fig. 5).
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Fig. 4. Structures resulting from the optimization process for decahydrated Ca?* and Hg?* systems where a
similar behavior is perceived described in Figure 3. Top: Hydration for Ca?*; lower for Hg?* (B3LYP /
LANL2DZ). The links of the first hydration sphere are marked for clarity.
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Fig. 5. llustrative examples of the structures resulting from the modeling of complex-montmorillonite
hydrated cation (B3LYP / LANL2DZ: UFF). Top: Resort Ca?* penta (left) and octahydrate (right) with
montmorillonite; Bottom: Resort Ca®* decahydrated with montmorillonite.
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Enthalpies and free energies of reaction.
The usual way of determining the enthalpies of reaction is through the determination of the heats
of formation considering the appropriate sums and differences.

AH° (298K) = Aproductos AfHoProd(298K) — AReactivos AfHoReact(ZQSK) Eq. 5
From equation (5) the enthalpies of reaction for the proposed models can be established from equation (6).
Ca?*-H,0-Montmorillonite + Hg?*-H,0 2 Hg?*-H,O-Montmorillonite + Ca?*-H,0 Eq. 6

where Ca%*-H,O-Montmorillonite and Hg?*-H,O-montmorillonite complexes correspond to the hydrated
cation-montmorillonite while Ca?*-H,0 and Hg?*-H.O represent hydrated cations. A similar process can be
applied to determine free energies of reaction. Thus, the respective combinations for both Ca?* and Hg**
were analyzed. As was expected, each of the complexes present several values AH° and AG°
(B3LYP/Lanl2dz:UFF). However, those systems have two coordination spheres between the
montmorillonite layers, where the first hydration sphere consists of 6 water molecules and the molecules
remaining to a second to give the same signs for A\H° and A/G°. Specifically, the octahydrate cation-
montmorillonite model gave values of ArH® = —-57.53 kJ / mol and ArG °=—60.76 kJ / mol. These values
are relatively close to those described experimentally. Thus, this is possible that this complex contributes,
preferentially, to Hg?* adsorption on bentonite as suggested in Fig. 6.

It is possible to observe, in Fig. 6, that the Hg?* hydration sphere changes after simulation in
solution when it is located between montmorillonite layers. The difference between the experimental values
and those obtained by simulation may correspond to the simplification of the proposed models as well as
the characteristics of the calculation variables and methods that were used.
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Fig. 6. Preferable combination by A\H° and A;G° values of possible complexes involved in the adsorption
of Hg?* on bentonite. Top left: Ca?* octahydrate-montmorillonite; top right: Hg?* octahydrate. Lower left:
Hg?* octahydrate-montmorillonite complex; bottom left: Ca?* octahydrate.
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Conclusions

Using both the MINSQ and GAUSSIAN 09 program was possible study the adsorption of Hg (1)
from aqueous solution into Ca-bentonite that was also studied experimentally using a batch technique under
controlled temperature and constant pressure conditions. Experimental and simulation results correlate the
behavior of mercury adsorption on Ca-bentonite because the difference between experimental and
simulated values correspond to the simplification of the proposed models as well as to the variables of the
calculation methods used using molecular mechanics (UFF) using the DFT method. With the results of the
molecular simulation the cation model octahydrate-montmorillonite was established with values of ArH °
and ArG ° of -57.53 KJ/mol and -60.76 KJ/mol respectively, which are very close to the experimentally
described in the adsorption of Hg?* in bentonite.
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