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Abstract

The increasing scarcity of freshwater in mining regions of Chile has promoted the use of
low-quality water as an alternative in flotation processes, significantly modifying their
operating conditions. In particular, high salt concentrations and the presence of dissolved
ionic species may interfere with the adsorption of collectors on chalcopyrite, thereby
reducing its hydrophobicity. In this context, the present study analyzes the adsorption
characteristics and the mechanistic role of selected representative ionic species on the
chalcopyrite surface. To this end, simulations based on density functional theory (DFT)
were employed to describe the interaction between the chalcopyrite (112) surface and
Na+, Ca2+, Mg2+, and OH− ions. After geometric convergence of the optimized structures
was achieved, adsorption energies, charge redistribution based on Mulliken population
analysis, and the final structural configurations were evaluated for each case. The results
revealed clearly differentiated behaviors among the ionic species considered. The OH− ion
exhibited a localized and specific interaction with metal-centered sites. By contrast, Ca2+

and Mg2+ show stable adsorption near sulfur atoms, indicating a higher affinity that may
lead to the occupation or blocking of active surface sites. Meanwhile, Na+ displays a weak
interaction without inducing significant structural modifications. Overall, these findings
provide an atomistic-level interpretation of how ionic species present in low-quality water
can influence the surface reactivity of chalcopyrite under flotation operating conditions.

Keywords: chalcopyrite (112) surface; ionic species adsorption; adsorption characteristics;
low-quality water; density functional theory

1. Introduction
Copper mining constitutes a central activity for the Chilean economy and the supply

of this metal, whose demand has increased in recent decades due to its use in technologies
associated with the energy transition [1–3]. Primary production relies on the exploitation of
mineral deposits, predominantly sulfide ores, whose processing is constrained by declining
ore grades and by operational restrictions derived from environmental requirements,
particularly in terms of water and energy use [1,2].

Among sulfide ores, chalcopyrite (CuFeS2) is the most important, despite having a
lower theoretical copper content (34.6%) than other minerals such as bornite (Cu5FeS4),
chalcocite (Cu2S), or covellite (CuS) [1,4]. Its predominance in industry is explained
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by its wide geological distribution, the occurrence of large deposits that enable large-
scale exploitation, its compatibility with established metallurgical routes, and its frequent
association with valuable by-products [5,6].

Chalcopyrite is commonly associated with non-sulfide gangue minerals, such as
silicates and clays, as well as with other accompanying sulfides, including pyrite (FeS2) [4,7].
This association makes its concentration by froth flotation necessary, a physicochemical
process of selective separation that takes place in an aqueous medium, in which chalcopyrite
particles attach to air bubbles and float, whereas the gangue remains in the pulp and is
discarded [8–10].

In practice, flotation requires the addition of reagents to control the process. Among
these, collectors play a key role, as they adsorb onto specific sites on the chalcopyrite
surface, rendering it more hydrophobic and thereby promoting its recovery as a valuable
mineral [10,11]. In a complementary manner, other reagents, including pH regulators, de-
pressants, and activators, are employed to adjust operating conditions, optimize separation
performance, and improve concentrate quality [10,12].

The problem under consideration lies in the growing scarcity of freshwater in mining
regions of Chile, which has driven the progressive use of seawater as an alternative re-
source in flotation processes [13,14]. However, its low quality significantly reduces process
efficiency, forcing mining operations to treat larger volumes of material, thereby increasing
energy consumption, waste generation, operating costs, and the associated environmental
impact [13,15].

To quantify the associated economic impact, copper mining represented approxi-
mately 10% of the Chilean Gross Domestic Product (GDP) and exceeded 50% of total
national exports by the conclusion of 2024 [16]. Given that annual production reached
nearly 5.5 million tons during the same period [17], even marginal increments in flotation
efficiency may generate substantial increases in aggregate output and sectoral profitability.
Against this backdrop, the identified problem transcends specific operational instances and
acquires a structural dimension for the Chilean mining industry.

Numerous experimental studies have demonstrated that the elevated concentration
of dissolved ionic species in seawater—primarily composed of Na+ (~0.486 mol kg−1),
Cl− (~0.566 mol kg−1), Mg2+ (~0.055 mol kg−1), SO4

2− (~0.029 mol kg−1), and Ca2+

(0.011 mol kg−1)—may affect chalcopyrite recovery, even under controlled conditions [18–20].
On one hand, monovalent cations such as Na+ have been reported to facilitate flotation
under neutral to moderately alkaline pH conditions (~7–9) and at moderate ionic concen-
trations, where the formation of secondary species is limited [21,22].

As reported by several authors, this phenomenon is ascribed to the compression
of the electrical double layer, which diminishes the electrostatic repulsion between par-
ticles and bubbles, thereby facilitating their adhesion [13,21,23]. This, in turn, leads to
an enhancement of the apparent hydrophobicity of chalcopyrite, suggesting a predomi-
nantly physico-electrostatic mechanism [21,24]. However, this behavior is attenuated at
high ionic strengths or when the formation of hydrolyzed species begins to govern the
interfacial interactions [25,26].

On the other hand, divalent cations such as Ca2+ and Mg2+ may adversely affect
chalcopyrite flotation, particularly under alkaline conditions. In this regime, their hydrol-
ysis promotes the formation of hydroxylated species and precipitates that adsorb onto
the mineral surface, thereby increasing its hydrophilicity [22,26,27]. This effect is more
pronounced for Mg2+, as its derived species exhibit a greater propensity to form stable
surface coatings [21,28,29].

Nevertheless, under moderate pH conditions and in the absence of significant precipi-
tation, Ca2+ has been reported to exhibit neutral or even slightly favorable behavior, linked
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to modifications in surface charge and the attenuation of electrostatic repulsion [21,27].
From this standpoint, the role of metal ions cannot be fully captured by a single mechanism;
instead, it reflects the combined influence of ionic speciation, the formation of hydroxylated
species, and interfacial interactions, all ultimately controlled by pH, ionic strength, and
system composition [13,22].

At present, computational simulations based on density functional theory (DFT)
offer a complementary approach for investigating the specific interactions between ionic
species and well-defined mineral surfaces. These methods enable direct atomistic-scale
examination of adsorption energies, electronic charge redistribution, and stable structural
configurations, among other relevant descriptors [11,30].

In this vein, recent studies have shifted toward complementing the aforementioned
experimental evidence and elucidating the underlying interaction mechanisms at the atomic
scale using DFT. For instance, Luo et al. examined the influence of CaOH+, reporting
favorable adsorption on the chalcopyrite surface associated with the formation of Ca–S
bonds; additional electronic structure analyses were conducted to demonstrate the nature
of the interaction at the orbital level [31].

Along similar lines, Li et al. used adsorption energies to support the notion that
an interaction between Mg(OH)2 and chalcopyrite is sufficient to promote the formation
of hydrophilic surface coatings [32]. In general, these studies focus on pre-hydrolyzed
or precipitated species; consequently, they provide limited insight into the fundamental
ion–surface interactions that precede such processes.

Despite these advances, limitations remain in understanding the mechanisms govern-
ing metal ion behavior in chalcopyrite flotation due to the coexistence of multiple species
in equilibrium and the overlap of their effects. Therefore, it is necessary to investigate ions
individually to disentangle ion–surface interactions and establish a mechanistic basis for
interpreting subsequent speciation processes.

On this basis, the present study aims to analyze the interaction of selected ionic
species—Na+, Ca2+, Mg2+, and OH−—with the chalcopyrite surface through DFT simu-
lations in order to identify differentiated adsorption patterns and their implications for
surface reactivity. The chalcopyrite (112) surface was selected due to its relative stability
and its exposure of coordinatively unsaturated sites, which favor the adsorption of these
species and make it a representative plane for the study of interfacial processes [33,34].

It is worth noting that, although anions such as Cl− and SO4
2− are also present in

seawater, their role is primarily associated with ionic strength, ion pairing, and solution
chemistry, rather than with specific interactions with the mineral surface [13,35]. Thus,
their exclusion is intended to isolate the effect of metal cations, avoiding overlapping
contributions that may hinder the identification of intrinsic adsorption mechanisms.

The obtained energetic, electronic, and structural findings are expected to provide
mechanistic insights that support a fundamental interpretation of the ionic effects observed
experimentally in flotation systems operating with low-quality water, such as those en-
countered in copper mining in Chile. The remainder of this paper is organized as follows:
Section 2 describes the computational methodology, Section 3 presents the results, Section 4
discusses the findings, and Section 5 outlines the main conclusions.

2. Materials and Methods
The calculations based on density functional theory (DFT) were performed using the

CASTEP (Cambridge Serial Total Energy Package) program version 19.11, Cambridge, UK [36].
The exchange–correlation interactions were described within the Generalized Gradient
Approximation (GGA) using the Perdew–Burke–Ernzerhof (PBE) functional. Electron–
nucleus interactions were represented using ultrasoft pseudopotentials. The electronic
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wave functions were expanded in a plane-wave basis set with a cutoff energy of
351 eV. Brillouin zone sampling was performed using the Monkhorst–Pack scheme with a
2 × 2 × 1 k-point mesh.

Geometry optimization was conducted using the Broyden–Fletcher–Goldfarb–Shanno
(BFGS) minimization algorithm with line search. The convergence criteria for geometry
optimization were defined as 2 × 10−5 eV/atom for energy, 0.05 eV/Å for maximum force,
0.002 Å for maximum displacement, and 0.1 GPa for maximum stress. Self-consistent field
(SCF) convergence tolerance was defined as 1 × 10−6 eV/atom.

Spin-polarized calculations were performed to account for the magnetic nature of
chalcopyrite. Initial magnetic moments of 4 µB were assigned to Fe atoms, consistent with
a high-spin Fe3+ configuration, and were optimized within the SCF procedure.

The structure used in this study was based on the crystal structure of chalcopyrite
(CuFeS2) reported in [33]. Chalcopyrite crystallizes in a tetragonal system with space group
I-42d and lattice parameters a = b = 5.289 Å and c = 10.423 Å. Based on this structure, the
(112) surface was constructed for the adsorption simulations. This surface was selected
as a commonly reported cleavage plane of chalcopyrite, exhibiting relative stability and
exposing coordinatively unsaturated atoms suitable for studying adsorption and ion–
surface interactions [33,34].

The surface slab was generated using a 2 × 2 × 1 supercell, introducing a 10 Å
vacuum layer perpendicular to the surface to avoid interactions between periodic images.
No explicit convergence tests were performed for the slab thickness; however, the model
employed is consistent with configurations commonly reported in the literature for sulfide
ores, which are generally considered sufficient to represent bulk-like behavior in the inner
layers [37–39].

The surface structure was optimized through geometric relaxation of the supercell
prior to the adsorption calculations. The ionic species considered were Na+, Ca2+, Mg2+, and
OH−, modeled with their respective formal charges. The initial adsorption configurations
were generated by positioning the ionic species near surface metal sites while maintaining
physically reasonable initial distances to avoid unrealistic atomic overlaps.

The relative stability of the adsorbed configurations was evaluated through the calcu-
lation of adsorption energies, defined as follows:

Eads = Eadsorbate/surface − (Eadsorbate + Esurface) (1)

where Eads is the adsorption energy, Eadsorbate/surface is the total energy of the adsorbate-
surface system, Esurface is the energy of the clean surface, and Eadsorbate is the energy of the
isolated adsorbate. More negative values of Eads indicate stronger interactions between the
ionic species and the mineral surface.

Subsequently, a Mulliken population analysis was performed to evaluate the charge
redistribution induced by adsorption and to understand the nature of the ion–surface
interactions at the atomic scale. Also, partial density of states (PDOS) calculations were
carried out for the ion with the strongest adsorption in order to analyze the electronic
structure and the orbital interactions governing the adsorption mechanism.

3. Results
3.1. Optimized Structure of the Chalcopyrite (112) Surface

Figure 1 shows the initial structure of the CuFeS2 (112) slab and the optimized structure
obtained after geometry optimization.
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Figure 1. CuFeS2 (112) slab model: (a) initial structure and (b) optimized structure.

After optimization, the atoms in the surface layer undergo a slight displacement
relative to their initial positions. Nevertheless, the overall slab structure remains stable
and preserves the characteristic connectivity of the Cu–S and Fe–S tetrahedra typical of
chalcopyrite. In this way, the suitability of the surface model used for the subsequent
adsorption calculations of ionic species is confirmed.

3.2. Adsorption of Ionic Species on the Chalcopyrite (112) Surface

The optimized adsorption configurations of the ionic species Na+, Ca2+, Mg2+, and
OH− on the CuFeS2 (112) surface are shown in Figure 2.

After geometry optimization, the ionic species adopt different positions relative to
the chalcopyrite surface. The Na+ remains at a relatively larger distance from the surface
compared to the other species, indicating a weak interaction with surface atoms. In contrast,
the Ca2+ and Mg2+ cations are preferentially located closer to sulfur atoms in the surface
layer, suggesting stronger adsorption. In the case of OH−, the oxygen atom is oriented
toward surface metal atoms after structural relaxation, indicating a specific interaction with
metal-centered sites.

The adsorption energies calculated for each ionic species on the CuFeS2 surface are
presented in Table 1, providing a quantitative comparison of their interaction strength with
the mineral surface.

Table 1. Calculated adsorption energies of ionic species on the CuFeS2 (112) surface.

Adsorbate Main Interaction Adsorption Energy (eV)
Na+ Na–S −1.69
Ca2+ Ca–S −16.17
Mg2+ Mg–S −15.70
OH− O–Cu −2.55

As can be observed, all adsorption energies are negative, indicating that the adsorp-
tion of the ionic species on the CuFeS2 surface is thermodynamically favorable. A clear
difference in adsorption strength is observed among the species. In particular, Ca2+ and
Mg2+ exhibit significantly more negative adsorption energies than Na+ and OH−, reflecting
a stronger affinity for the surface. Among the species considered, Na+ shows the weakest
interaction, whereas OH− displays an intermediate adsorption strength.
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Figure 2. Optimized adsorption configurations of ionic species on the CuFeS2 (112) surface: (a) Na+,
(b) Ca2+, (c) Mg2+, and (d) OH−.

3.3. Mulliken Population Analysis

Mulliken population analysis was performed to evaluate the electronic redistribution
associated with the adsorption of ionic species on the CuFeS2 (112) surface. The Mulliken
charges of the relevant atoms before and after adsorption are presented in Table 2.

For Na+, the variations in the charges of both the adsorbed ion and the neighboring
surface atoms are relatively small, indicating limited electronic redistribution. In contrast,
the Ca2+ and Mg2+ cations exhibit more pronounced changes in their charges after adsorp-
tion, accompanied by noticeable variations in the charges of the adjacent sulfur atoms. In
turn, the adsorption of OH− is associated with changes in the charge of the oxygen atom
and the nearest surface metal atom after surface relaxation.
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Table 2. Mulliken charges of atoms before and after adsorption.

Adsorbate Atom Charge Before (e) Charge After (e) ∆ Charge (e)

Na+

Na 1.00 0.93 −0.07
S1 −0.36 −0.40 −0.04
S2 −0.35 −0.45 −0.10
S3 −0.34 −0.37 −0.03

Ca2+

Ca 2.00 1.34 −0.66
S1 −0.36 −0.46 −0.10
S2 −0.35 −0.46 −0.11
S3 −0.34 −0.43 −0.09

Mg2+

Mg 2.00 0.74 −1.26
S1 −0.36 −0.38 −0.02
S2 −0.35 −0.47 −0.12
S3 −0.34 −0.36 −0.02

OH− O −1.44 −0.80 0.64
Cu 0.32 0.61 0.29

Additionally, the Mulliken bond populations and the interatomic distances between
the adsorbed species and the nearest surface atoms are presented in Table 3, providing
further insight into the nature and strength of the adsorption interactions.

Table 3. Mulliken population and bond length of the optimized adsorption configurations.

Adsorbate Interaction Distance (Å) Population

Na+
Na–S1 3.24 −0.01
Na–S2 2.72 0.04
Na–S3 3.28 −0.01

Ca2+
Ca–S1 2.69 0.18
Ca–S2 2.70 0.18
Ca–S3 2.76 0.15

Mg2+
Mg–S1 3.24 −0.06
Mg–S2 2.68 −0.08
Mg–S3 3.26 −0.07

OH− O–Cu 1.84 0.40

For Na+, the interaction with surface sulfur atoms is characterized by relatively long
interatomic distances and low Mulliken population values. For Ca2+, the interactions with
sulfur atoms show shorter distances and higher population values compared to Na+. In the
case of Mg2+, the distances to sulfur atoms are comparable to those of Ca2+; however, the
corresponding Mulliken population values are lower. For OH−, the interaction between
the oxygen atom and a surface Cu atom exhibits a shorter interatomic distance than those
observed for the cationic species, together with a higher Mulliken population value.

3.4. Projected Density of States (PDOS) Analysis

To further elucidate the nature of the ion–surface interactions, projected density of
states (PDOS) calculations were performed for the most strongly adsorbed ion. This analysis
provides insight into the electronic structure and the orbital hybridization between the
adsorbate and the surface atoms. The corresponding total and projected density of states
before and after Mg2+ adsorption are presented in Figure 3.

The comparison between the total DOS of the surface before and after adsorption
(Figure 3a,b) shows only minor differences in the overall electronic structure, suggesting
that the presence of Mg2+ does not substantially affect the global electronic properties of
the system. In particular, no significant changes are observed in the distribution of states
near the Fermi level.
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Figure 3. Total and projected density of states (DOS and PDOS) of the CuFeS2 (112) surface before
and after Mg2+ adsorption: (a) total DOS before adsorption; (b) total DOS after adsorption; (c) S 3p
PDOS before adsorption; (d) Mg-3s and S-3p PDOS after adsorption.

In contrast, the PDOS analysis (Figure 3c,d) provides insight into local electronic
effects. The S 3p orbitals dominate the valence region in both cases, while after adsorption,
the contribution of Mg 3s states remains relatively small and exhibits limited overlap with
the S 3p orbitals. These observations indicate that the interaction is mainly localized, with
no clear evidence of strong orbital hybridization.

Together with the Mulliken charge analysis and the low bond population values,
these results suggest that the interaction between Mg2+ and the surface is predominantly
electrostatic in nature.

4. Discussion
The adsorption behavior of ionic species on the CuFeS2 (112) surface can be inter-

preted based on the optimized geometric configurations, adsorption energies, and charge
variations obtained from Mulliken population analysis. Unlike previous studies that fo-
cus on hydrolyzed or precipitated species, the present results isolate intrinsic ion–surface
interactions prior to speciation, providing an atomistic description of the initial stages
of adsorption.

In the case of Na+, the larger distance from surface sulfur atoms and the low Mul-
liken population values indicate a weak interaction with limited electronic redistribution.
Although the adsorption energy is negative, its magnitude should be interpreted compara-
tively, as DFT calculations involving isolated charged species may overestimate absolute
values. Therefore, structural and electronic descriptors provide a more reliable basis for
assessing interaction strength. This behavior is consistent with predominantly electrostatic
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adsorption, suggesting that Na+ does not directly modify active sites but rather influences
interfacial properties such as double-layer compression [21,23–26].

In contrast, Ca2+ and Mg2+ exhibit shorter distances to surface sulfur atoms and more
pronounced charge redistribution in nearby atoms. These features indicate a stronger
interaction with the chalcopyrite surface. The significantly more negative adsorption
energies obtained for these cations further support their higher affinity for the surface.
Although the Mulliken population values for Mg2+ remain relatively low, the substantial
charge transfer and adsorption energy indicate that the interaction is predominantly ionic
in nature, with a limited covalent contribution. From a mechanistic perspective, these
results suggest that divalent cations may occupy or partially block adsorption sites even
in the absence of hydrolysis, providing an atomistic explanation for their experimentally
observed depressing effects under saline conditions [22,26–29].

The adsorption of OH− shows a behavior distinct from that of the cationic species.
The optimized configuration indicates that the oxygen atom is oriented toward a surface
metal atom with a short interatomic distance and relatively high Mulliken population value.
These features suggest a localized interaction involving direct coordination with metal sites,
rather than purely electrostatic stabilization. This behavior is consistent with the initial
stages of surface hydroxylation processes reported under alkaline conditions [29,31].

Taken together, these observations indicate that the adsorption mode depends not only
on ionic charge but also on the specific interaction with surface sites. Divalent cations such
as Ca2+ and Mg2+ preferentially stabilize near sulfur atoms, whereas Na+ exhibits a weaker
interaction dominated by electrostatic effects. In contrast, OH− preferentially interacts with
surface metal centers, indicating a distinct adsorption mechanism. These results highlight
that adsorption strength cannot be interpreted solely in terms of adsorption energy but
must also consider electronic structure and bonding characteristics.

To complement this analysis, the PDOS results for Mg2+ provide insight into local
electronic effects. The S-3p orbitals dominate the valence region, while the contribution
of Mg-3s states is relatively small and shows limited overlap with S-3p orbitals. This
indicates that the interaction is largely localized and lacks significant orbital hybridization.
Consistent with the Mulliken analysis, this supports a predominantly ionic interaction.
Similar behavior is expected for Ca2+ and Na+, where adsorption is mainly governed by
electrostatic effects.

From an applied perspective, these findings provide a mechanistic basis for interpret-
ing the impact of ionic species on chalcopyrite flotation under saline conditions. The strong
affinity of Ca2+ and Mg2+ for surface sites suggests that these ions may reduce collector
efficiency by limiting the availability of reactive sites, even prior to hydrolysis or precipita-
tion. This effect is particularly relevant in Chilean copper mining, where the increasing use
of seawater introduces high concentrations of divalent cations into flotation circuits.

Following this reasoning, Na+ is expected to influence flotation primarily through
modifications of the physicochemical properties of the pulp, such as ionic strength and
double-layer compression, rather than through direct competition for surface sites. Ad-
ditionally, hydroxyl species may promote progressive surface hydroxylation, which can
modify surface reactivity and affect collector adsorption under alkaline conditions.

Overall, these results demonstrate that ionic species present in saline solutions influ-
ence the interfacial behavior of chalcopyrite through distinct interaction mechanisms. In
particular, divalent cations such as Ca2+ and Mg2+ can limit the availability of surface sites
for collector adsorption, whereas Na+ acts mainly through physicochemical effects in the
surrounding medium. These findings provide a mechanistic framework for interpreting
experimentally observed flotation responses in seawater systems.
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Regarding the limitations of this study, the ionic species considered were modeled as
individual entities interacting directly with the mineral surface. In real flotation systems,
ions are fully hydrated and surrounded by structured solvation shells. Therefore, their
adsorption may involve partial or complete desolvation, associated with an energetic
penalty that is not explicitly considered. In this sense, it would be interesting to incorporate
this effect in future work in order to evaluate its influence on adsorption energies and the
relative stability of the adsorbed configurations.

Likewise, the chalcopyrite surface considered corresponds to an ideal, defect-free
model. In natural systems, the presence of impurities, trace elements, structural defects,
and surface heterogeneities can modify the distribution of active sites, alter local electronic
properties, and affect the interaction with ionic species and flotation reagents. Consequently,
future studies should incorporate more representative conditions to better approximate the
behavior observed in industrial systems.

5. Conclusions
The present study provides an atomistic-level characterization of the interaction be-

tween representative ionic species present in low-quality waters and the CuFeS2 (112)
surface using DFT simulations. By isolating intrinsic ion–surface interactions prior to
speciation, the results offer a fundamental framework to understand the initial stages
of adsorption.

The findings reveal that ionic species interact with the chalcopyrite surface through
distinct mechanisms. OH− exhibits a localized and specific interaction with surface metal
centers, consistent with the onset of surface hydroxylation. In contrast, Ca2+ and Mg2+

show stable adsorption near sulfur sites, consistent with their more negative adsorption
energies, indicating a higher affinity that may lead to the occupation or blocking of active
surface sites. Meanwhile, Na+ displays a weak, predominantly electrostatic interaction
with limited impact on the surface structure.

These results highlight that adsorption behavior cannot be interpreted solely in terms
of adsorption energy but must also consider the nature of the interaction and the associ-
ated electronic structure. In this context, divalent cations are likely to directly influence
surface reactivity, whereas monovalent ions primarily affect the interfacial properties of the
surrounding medium.

From an applied perspective, the identified interaction patterns provide a mechanistic
basis to interpret the effects of saline water on chalcopyrite flotation, particularly under con-
ditions relevant to Chilean copper mining. The results suggest that Ca2+ and Mg2+ may re-
duce collector efficiency by limiting the availability of active sites, while OH− may promote
surface hydroxylation under alkaline conditions, affecting mineral–reagent interactions.

Although the simulations were conducted on an ideal, defect-free surface and without
explicit solvation, the trends obtained offer valuable insight into the role of ionic species in
flotation systems. Future work should incorporate more realistic interfacial conditions, in-
cluding hydration effects, surface heterogeneity, and competitive adsorption with flotation
reagents, to further bridge atomistic modeling with industrial processes.
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