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ADSORPTION OF MCl: (M = Hg, Cd, AND Pb) ON
CuS(001) SURFACE. DENSITY FUNCTIONAL THEORY STUDY

We explored the adsorption properties of common heavy metal dichlorides (HgClz, PbClz, and
CdCl2) on the CuS(001) surface using density functional theory (DFT) calculations. The most stable
configuration of CuS was found the CuS(001) surface, characterized by Cu—S and S-S terminations.
We found that the adsorption energies on the CuS(001) surface with Cu—S termination are ordered as
HgCl2 < CdClz < PbClz. Conversely, for the CuS(001) surface with S-S termination, the sequence is
HgClz < PbCl2 < CdClz. This investigation into the adsorbate—surface interactions suggests that CuS is
a promising candidate for the adsorption of these heavy metal molecules.

1. INTRODUCTION

Mercury, recognized as a toxic metal and hazardous air pollutant, poses significant
health risks. During coal combustion in coal-fired power plants, mercury is vaporized
into its elemental gaseous form, raising substantial environmental concerns. Besides el-
emental mercury, mercury dichloride (HgCl») emerges as another predominant form in
flue gas, notorious for its acute and chronic toxicity [ 1-5]. Similarly, semi-volatile met-
als like lead and cadmium undergo partial evaporation in the furnace. The combustion
or gasification of coal or biomass leads to the formation of heavy metal chlorides such
as PbCl, and CdCl,, which present challenges in efficient removal [6—10]. In response,
recent research has pivoted towards mineral sulfides, particularly copper sulfide (CuS),
as promising candidates surpassing traditional activated carbons for mercury removal.
This is attributed to the sulfur active sites in mineral sulfides that facilitate mercury
capture [11, 12].

Theoretical simulations offer invaluable insights into the adsorption processes of these
complex species, especially where experimental verification is challenging [ 13—16]. This

TUNESCO-UNISA-ITL Afiica Chair in Nanoscience and Nanotechnology (U2ACN2), College of Gradu-
ate Studies, University of South Africa (UNISA), Pretoria, South Africa, email address: mahmoa@unisa.ac.za


mailto:mahmoa@unisa.ac.za

6 M. AKBARI

study delves into the mechanisms underlying the capture of heavy metal dichlorides
(MCl,, where M represents Hg, Cd, and Pb) by CuS, employing density functional the-
ory (DFT). Our findings reveal a spectrum of interactions from weak to strong chemi-
sorption on CuS surfaces, enhancing our understanding of the adsorption mechanism.
This theoretical exploration not only complements experimental efforts but also broad-
ens the scope for predicting and interpreting real-world applications.

2. COMPUTATIONAL DETAILS

Theoretical research demonstrates that the most stable surface of CuS is CuS(001) with
Cu-S and S-S termination [17]. Hence, the CuS(001)/Cu-S (S1) and CuS(001)/S-S (S2)
surfaces were constructed from the hexagonal bulk CuS with space group P63/ mmc with
a=b=3.797 A and c = 16.441 A. A 4-layer slab with (3x3) unit cell and 12 A of vacuum
in z-direction was used to model the surface structure. The position of all atoms except the
atoms in the last two bottom layers of the surface was allowed to relax during the structure
optimization. All calculations were performed in the framework of spin-polarized density
functional theory (DFT) using the Perdew—Burke—Enzerhoff generalized gradient approxi-
mation (GGA-PBE) exchange-correlation functional [ 18], including Grimme-D3 dispersion
correction [19, 20] applied in the Quantum-Espresso package [21]. The first Brillouin zone
was modeled by a Monkhorst—Pack grid of gamma points only [22].

The adsorption E,gs of Hg, HgCl,, CdCl,, and PbCl; on two CuS(001) surfaces was
studied, and the following expression calculates the adsorption energy

E

ads

=E E

slab + adsorbate ~ Tslab E adsorbate (1 )

The relative values of the Lowdin charges can help to determine the type of formed
bond. Positive and negative values of the bond population, for example, indicate that
the atoms are bonded or antibonded, respectively. A significant positive value indicates
that the bond is mainly covalent, whereas a bond population close to zero indicates no
interaction between the two atoms. We calculate the charge transfer AQ between the
slab and adsorbent using the formula:

AQ = Qaﬁer - Qbefore (2)

being the difference of the adsorbent’s charge after and before adsorption.

3. RESULTS AND DISCUSSIONS

This study utilized density functional theory (DFT) optimization at the B3LYP/lanl2dz
level via Gaussian software [23] to analyze the gas-phase molecular structures of HgCl,
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CdCl,, and PbCl,. HgCl, and CdCl, were identified as linear triatomic molecules with
bond angles of 180° and bond lengths of 2.44 A and 2.37 A, respectively, facilitating
their potential adsorption in both horizontal and vertical orientations on surfaces. In
contrast, PbCl, exhibited a bent configuration with a CI-Pb—Cl angle of 102° and bond
lengths of 2.50 A.

Exploring various adsorption scenarios revealed that the most energetically favora-
ble interactions with CuS(001) surfaces — specifically, Cu—S (S1) and S-S (S2) sites
— are illustrated in Figs. 1 and 2. Elemental Hg’s interaction served as a benchmark for
comparison.
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Fig. 1. The optimized configuration of Hg (a), HgCl2 (b), CdCl2(c) , and PbCla (d)

adsorbed on CuS(001) surface with Cu—S termination (S1). Cu atoms are represented in blue,

S atoms in yellow, Hg atoms in light violet, Cl atoms in green, Cd atoms in red,
and Pb atoms in dark brown

W TR s
‘(Y*Y*‘- C‘im&é}: ‘f %
v v e o v e o 2 S

R

frO‘?
I

’ P s &o}\ £ 0
¢ o) S X ) “" »
< C % x p ""f
ﬁ?ﬁ:ﬁ"‘. ?f“ﬁ .:::j P i (TT:?"#’#
JRCtT S . efigfig%) | ‘#_@ ‘_§w
Fig. 2. The optimized configuration of Hg (a), HgClz (b), CdCl2(c) , and PbCl (d)
adsorbed on CuS(001) surface with S—S termination (S2). Cu atoms are represented in blue,

S atoms in yellow, Hg atoms in light violet, Cl atoms in green, Cd atoms in red,
and Pb atoms in dark brown

Detailed analysis of data from Table 1 shows that HgCl, prefers a horizontal orien-
tation at the S1 site, characterized by the adsorption energy of —0.44 eV and minimal
charge transfer of 0.014 e, indicative of weak chemisorption. This configuration slightly
alters the Cl-Hg—Cl angle to 171°. Conversely, a stronger interaction is observed at the
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S2 surface, as noted in Table 2, where the adsorption energy deepens to —0.51 eV and
charge transfer increases to —0.031 e, adjusting the molecule’s angle to 170.5°.

Table 1

Optimized adsorption parameters of MCl2 adsorbed on CuS(001) surface with Cu—S termination (S1)

Species Eags Rm-cws Ocimvcl AQ
[eV] [A] Before adsorption After adsorption [e]
Hg -0.25 4.06 - - -
HgCl> —0.44 3.25 179.93 171.00 0.014
CdChx —0.89 2.80 179.95 148.14 0.093
PbClz —0.90 3.02 101.56 99.50 0.270

Eads is the adsorption energy calculated from Eq. (1), Rm-cus is the distance between the heavy metal
atom (M) and the CusS surface, fci-m-c1 is the angle between the bond of metal dichlorides before and after
adsorption, AQ is the charge transfer, [e] is the unit of elemental charge.

Table 2

Optimized adsorption parameters of MClz adsorbed on CuS(001) surface with S—S termination (S2)

Species Eads Rm-cwss Ocimcl AQ
[eV] [A] Before adsorption After adsorption [e]
Hg -0.21 3.96 - - -
HgCI2 -0.51 3.70 179.93 170.47 —-0.031
CdCI12 -1.93 2.60 179.95 121.17 0.039
PbCI2 -1.83 2.80 101.56 101.82 0.303

Symbols as in Table 1.

For CdCl,, Table 1 indicates the most stable adsorption on the S1 surface (shown in
Fig. 1c) characterized by weak chemisorption with an energy of —0.89 eV and a charge
transfer of 0.093 e. In contrast, its interaction with the S2 surface intensifies signifi-
cantly, as detailed in Table 2, with an interaction energy of —1.93 eV and a charge trans-
fer of 0.039 e, indicative of strong chemisorption (Fig. 2c). The adsorption process in-
duces bending of the molecule, reducing the CI-Cd—Cl angle to 148.14° on S1 and
further to 121.17° on S2.

Tables 1 and 2 reveal intriguing behaviors of PbCl,’s adsorption, with Figs. 1d and 2d
showcasing its most stable configurations on S1 and S2 surfaces, respectively. On S1,
the molecule exhibits an adsorption energy of —0.90 eV and a notable charge transfer of
0.270 e, slightly altering the CI-Pb-Cl angle to 99.50°. The strongest chemisorption is
observed on S2, where the binding energy reaches —1.83 eV and the charge transfer
peaks at 0.303 e, affirming the molecule’s significant affinity and structural adaptation
upon adsorption.

These findings not only elucidate the preferred adsorption configurations and ener-
gies of these toxic metal chlorides on CuS surfaces but also underscore the variability



Adsorption of MCl> (M = Hg, Cd, and Pb) on CuS(001) surface 9

in interaction strength and molecular geometry adjustments, offering deeper insights into
the surface adsorption phenomena.

4. CONCLUSION

In conclusion, this comprehensive study has advanced our understanding of the in-
teraction mechanisms between hazardous metal chlorides (HgCl,, CdCl,, and PbCl,)
and copper sulfide (CuS) surfaces through detailed density functional theory (DFT) analy-
sis. Our findings underscore the potential of CuS as a superior adsorbent for mitigating
pollution from toxic metals, a critical concern in coal combustion processes. The varia-
tions in adsorption energies and configurations for HgCl,, CdCl,, and PbCl, on CuS
surfaces highlight the complexity of these interactions, ranging from weak to strong
chemisorption. Notably, the study reveals how the molecular structure influences ad-
sorption potential, with the linear molecules of HgCl, and CdCl; and the bent configu-
ration of PbCl; displaying distinct adsorption behaviors and efficiencies.

This work not only provides a theoretical basis for the efficacy of CuS in capturing
hazardous metal chlorides but also lays the groundwork for future experimental valida-
tions and applications. By elucidating the adsorption mechanisms at the molecular level,
our research paves the way for developing more effective pollution control strategies,
especially in coal-fired power plants where mercury and other semi-volatile metals pose
significant environmental and health risks. Ultimately, these insights contribute to the
broader pursuit of cleaner energy production and environmental preservation, under-
scoring the importance of innovative solutions in addressing the challenges of air pol-
lution and heavy metal toxicity.
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