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Abstract: Calcium ions are common in flotation process water, and have a significant effect on the 
molybdenite floatability, making separation of molybdenite from other minerals more difficult. 
Therefore, to improve the separation selectivity, the research of how calcium ions affect the molyb-
denite surface properties is of great significance. In this study, various methods including flotation 
tests, contact angle measurements, batch adsorption tests and Density Functional Theory (DFT) sim-
ulations were carried out to understand the adsorption characteristics and mechanism. Results of 
the contact angle measurements showed that the inhibition effects of calcium ions on molybdenite 
flotation kinetics were mostly attributed to the decrease of the edge surface hydrophobicity, as the 
contact angle of the edge surface decreased more than the face surface after treatment with calcium 
ions. While fitting the results of batch adsorption tests with adsorption kinetics and isotherm mod-
els, it was found that the Lagergen pseudo-first-order equation and the Freundlich isotherm model 
nicely follow the experimental trend. Moreover, DFT calculation results indicated that both Ca2+ 
and CaOH+ preferentially adsorb on the molybdenite (100) surface, particularly the edge surface, 
which was consistent with the contact angle results. Ca2+ adsorbed on the Mo-top site on the S-(100) 
surface by forming Ca-S bonds, transferring electrons from Ca 3d orbitals to S 3p orbitals. CaOH+ 
adsorbed on the S-top site of Mo-(100) surface by forming a strong covalent Mo-O bond and S-Ca 
bond. The results provide a basis for understanding and improving the separation effect of molyb-
denite from other minerals in the presence of calcium ions. 
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1. Introduction 
Molybdenite is the principal ore from which molybdenum metal is extracted. Due to 

the natural hydrophobic property of molybdenite, flotation is commonly used for its pro-
cessing. In practice, molybdenite has closely paragenetic relationships with chalcopyrite. 
Since the molybdenite and chalcopyrite have similar floatability, inhibitors are commonly 
used for increasing the floatability difference between chalcopyrite and molybdenite, 
which is necessary for the successful separation [1]. In practical Cu-Mo separation pro-
cesses, molybdenite is collected as the froth product and the chalcopyrite is depressed [2]. 
Flotation is a water-intensive process, and the surface properties of the minerals and the 
function of the reagents may be significantly affected by various ions in the process water. 
Moreover, flotation of the molybdenite is strongly depressed by ions, while chalcopyrite 
recovery is slightly lower under the same conditions [3]. If the wettability of molybdenite 
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is depressed more, the separation process will be more difficult. So, studying the effect of 
ions on molybdenite flotation and mechanism is important for practical Cu-Mo separa-
tion. 

The presence of metal ions has been reported to depress molybdenite floatability in 
certain situations. The deterioration of molybdenite floatability has been observed in Cu2+ 
and Fe3+ solutions, which was attributed to the adsorption of different hydrolyzed species 
at various pH [4]. In Pb2+ solution, the depression effect on molybdenite floatability de-
pended on pH, and was mainly due to the formation of PbS on molybdenite surfaces [5]. 
Divalent ions such as Ca2+ and Mg2+ are unavoidable in process water, which are usually 
considered detrimental for the separation of copper–molybdenum ores [6–8]. This de-
crease may be related to the enhancement of salt or hydrophilic precipitates on the mineral 
surface hydration layer, preventing the air bubbles from draining the intervening thin liq-
uid film on the mineral surfaces [9]. 

Molybdenite is a typical anisotropic mineral with two types of surfaces, named face 
(non-polar) and edge (polar), formed by the breakage of weak van der Waals interactions 
between S-Mo-S layers and by the rupture of the strong covalent Mo-S bonds, respectively 
[10]. The basal plane of MoS2 has been generally believed to be hydrophobic while the 
edges are hydrophilic. Additionally, the molybdenite faces are less chemically active than 
the edges [11]. Several scholars have studied the properties of the face and edge surface 
of natural molybdenite using advanced surface analytical techniques. Based on the aniso-
tropic crystal structure, Lu et al. [12] first directly measured surface charge and wettability 
of the face and edge surfaces of molybdenite through surface force measurements to un-
derstand the relationship of surface properties and floatability. Xie et al. [13] studied the 
adsorption of polysaccharides on different molybdenite surfaces, and showed that the ad-
sorption on the face surface was much weaker than the edge surface, and this anisotropy 
in polymer adsorption coincided with the contact angle results. Therefore, experimental 
methods were used to explain adsorption mechanisms on the different molybdenite sur-
faces, but these do not give a valid explanation at the atomic scale. Calculation methods, 
such as molecular dynamic simulation and DFT, have been developed and can be used to 
thoroughly understand mineral flotation behaviors from the atomic perspective [14–16], 
providing powerful support for further studies. 

In mineral flotation systems, calcium ions are very common due to the use of the 
saline water, the flotation reagents (CaO, CaSO4, etc.) and mineral dissolution (gypsum, 
calcite, dolomite, etc.). The presence of calcium ions can depress molybdenite floatability 
in certain situations, making the separation of Cu-Mo more difficult. Based on anisotropic 
structure of molybdenite, how calcium ions affect the molybdenite surface properties has 
not been studied at the atomic scale. Studies of the interaction mechanisms of calcium ions 
and different molybdenite surfaces are comparatively deficient. In order to enhance the 
separation performance, this study investigated the adsorption mechanism of calcium 
ions on molybdenite surfaces through flotation tests, contact angle, batch adsorption tests 
and first-principles simulation calculation of calcium ions on the face and edge surfaces 
based on DFT. 

2. Materials and Methods 
2.1. Materials and Reagents 

The high-purity molybdenite was obtained from Guangxi Province, China. The min-
eral composition of the sample was determined using the X-ray diffraction (XRD, Bruker, 
Karlsruhe, Germany). The X-ray diffraction test was made using Cu Kα radiation (40 kV, 
30 mA on the tube). The angle 2θ is scanned in 0.02° steps, dwelling for 2 s at each step. 
The full spectrum fitting analysis of XRD source data was carried out on MDI Jade 6.0 
software. The XRD patterns of the molybdenite sample and the standard 2H-type molyb-
denite (JCPDS no. 37-1492) are shown in Figure 1. The diffraction peak of the molybdenite 
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sample positioned at 14.33 degrees 2θ in Figure 1a demonstrates a high degree of con-
sistency with the 14.13 degrees 2θ peak of the standard 2H-type molybdenite in Figure 
1b. X-ray fluorescence (XRF, Bruker, Germany) spectrometry analysis was conducted to 
confirm the high purity of the mineral quantitatively in order to gratify the single mineral 
properties study [17,18]. The XRF results showed that the pure molybdenite contains ap-
proximately 92.2% MoS2, 2.3% SiO2, 0.6% Al2O3, 0.5% Fe and others. The lump ores with 
good crystallization were picked and used to prepare the face and the edge surface. The 
face surfaces were freshly pulled off using adhesive tape and were directly used in tests 
given their perfect cleavage plane and super-smooth texture [12]. A cutting machine was 
used for the edge surface preparation, and abrasive papers with 2000 fine grade were used 
to ensure the surface was smooth. The calcium ion solutions used in the tests were pre-
pared by diluting calcium sulfate (CaSO4) in milli-Q water. During the flotation process, 
kerosene was used as the collector and pine camphor oil as the frother, both of which were 
industrial-grade chemicals. 

 
Figure 1. X-ray diffraction patterns of molybdenite sample (a) and standard molybdenite (b). 

2.2. Micro-Flotation Tests 
The micro-flotation tests were conducted in an XFG-40 mL flotation machine, which 

was produced by Nanchang Jianfeng Mining Machinery Manufacturing Co., Ltd., Jiangxi, 
China (Figure 2). Molybdenite powders used in the flotation experiments were hand-
picked, crushed, and ground to −74 μm. Solutions with different concentrations of calcium 
ions were prepared with distilled water before the flotation tests. For each test, 2 g molyb-
denite was weighed and put into the tank of the flotation machine. About 40 mL of the 
prepared solution was added to the tank, and was mixed with the sample for 3 min at an 
agitation speed of 1600 r/min. The difference in the pH before and after mixing was less 
than 0.2. The collector was added to the pulp and conditioned for a further 3 min. Subse-
quently, the frother was added and conditioned for 2 min. After conditioning, micro-flo-
tation was carried out for 3 min. In each test, the concentrate was collected using individ-
ual beakers after 0.5, 1, 2 and 3 min. The froth products were dried and weighed. 
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Figure 2. The XFG flotation machine used in the study. 

2.3. Adsorption Experiments of Calcium Ions on Molybdenite Powders 
Adsorption kinetics and thermodynamics studies of calcium ions on molybdenite 

were carried out by adding 1 g of mineral sample and 100 mL of solution with different 
calcium ion concentrations into a 250 mL conical flask. During the adsorption process, the 
slurry was stirred at 1200 rpm and maintained at constant temperature (293 K) in a water 
bath. After adsorption, the solution was centrifuged for 5 min at 3000 rpm and then the 
supernatant concentrations of the residual calcium ion (Ct) were determined by Induc-
tively Coupled Plasma Mass Spectrometry (ICP-MS, OPTIMA8300, PerkinElmer, Wal-
tham, MA, USA). During testing, jump peak mode was used. The rate of cooling-air flow 
was 13 dm3/min. The sampling was approached at 18 s per wavelength. The amount of 
Ca adsorbed was calculated using the following equation: 

0= tC C VQ
m

−（ ）  (1)

where Q is the total amount of ions adsorbed on the mineral surface, mg/g. C0 and Ct are 
the calcium ions concentration initially and at time t, mg/L. V is the solution volume, L; m 
is the mineral mass used for adsorption experiments, g. 

2.4. Contact Angle Measurements 
Contact angle, a measure of the solid surface wettability, is measured as the angle 

between the tangent to the liquid surface and the solid surface at the interface between 
solid and liquid phases, and is understood as the ability to retain liquids on a surface. In 
the study, a Contact Angle Measuring Device (DSA100, Kruss, Hamburg, Germany) was 
used to measure the contact angles of molybdenite surfaces before and after calcium ion 
adsorption using the sessile drop method and the Milli-Q water. A schematic of the Con-
tact Angle Measuring Device is shown in Figure 3. During the measurements, the water 
droplet volume is set to 6 μL. The ion-adsorbed surfaces were prepared by wetting smooth 
molybdenite face and edge surfaces for 30 min. At least three experiments were carried 
out for each sample to ensure reproducibility. Circle fitting method was used for data 
processing. 
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Figure 3. Schematic of the Contact Angle Measuring Device. 

2.5. Computational Methods and Models 
All computational calculations were conducted using the Cambridge Sequential To-

tal Energy Package (CASTEP) program based on the density functional theory (DFT) [19]. 
The electron exchange correlation (XC) functional had been modeled with the generalized 
gradient approximation (GGA) as proposed by Perdew–Burke–Ernzerhof (PBE) [20]. Van 
der Waals interactions with empirical dispersion corrections were also considered in the 
XC functional. The BFGS optimization algorithm was applied to optimize these structures. 
For adsorption configuration optimization, a cutoff energy of 280 eV was used for the 
basis set, and a Monkhorst–Pack scheme was chosen to describe the sampling of the Bril-
louin zone using a mesh of (5 × 5 × 2) k grid point. The convergence criteria for the maxi-
mum force between atoms, maximum atomic displacement, and the maximum stress 
were set of 0.05 eV/Å, 0.002 Å, and 0.1 GPa, respectively. The self-consistent field (SCF) 
convergence tolerance was set to 2.0 × 10−6 eV/atom. 

The molybdenite model used for all calculations and simulations in this study was 
the 2H-MoS2 model. The molybdenite cell was extended into a (3 × 2 × 2) super cell first. 
A vacuum layer of 15 Å in the c-direction was set to eliminate interactions between the 
adjacent slabs. The face surface was built along the (001) cleavage plane and the edge sur-
face was built along the (100) cleavage plane. The following valence electrons configura-
tions were considered to calculate the pseudo potential of each atom—Mo-4s24p64d55s1 
and S-3s23p4. 

Ca2+ and CaOH+ are considered as the most common ionic forms of the calcium ion 
in solution [21,22]. In the simulation, Ca2+ was directly placed above the molybdenite sur-
face. The geometry of CaOH+ was first constructed and optimized in the CASTEP module. 
Ca2+ and the optimized CaOH+ structure were placed on the optimized molybdenite sur-
face to calculate and simulate its interaction process. The adsorption mechanism of cal-
cium ions on the molybdenite surface was investigated by calculating the related adsorp-
tion energy (EAds), Mulliken bond, Mulliken charge distribution and partial density of 
states (PDOS). The adsorption energy of ions adsorbed on the molybdenite surface is cal-
culated using Equation (2): 

Ads Surf-Ion Ion SurfE E E E= − −  (2)

where ESurf-Ion, ESurf, EIon are the energy after ion adsorbed on the surface, the energy of the 
surface and the energy of the ion, respectively. 
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3. Results and Discussions 
3.1. Effect of Calcium Ions on Molybdenite Flotation Performance 

The flotation process is complex because of the interactions between the three phases 
(solid, gas, liquid) in the flotation system. The variation of cumulative flotation recovery 
with time is considered as an effective method to describe the flotation process [23,24]. To 
investigate the effects of calcium ions on molybdenite flotation, flotation recovery was 
obtained as the function of time using micro-flotation tests. The cumulative recovery–time 
curves are displayed in Figure 4. The figure shows that the flotation rate decreases with 
calcium ion concentration, which is similar with the work of Zhu et al. [25]. When calcium 
ion concentration increases from 0 to 1 mmol/L, the cumulative recovery decreases by 
4.4%, 5.3%, 3.6% when the flotation time is 0.5, 1 and 2 min, respectively. However, as the 
calcium ions concentration varies from 1 to 3 mmol/L, the cumulative recovery changes 
very little. When the calcium ion concentration is increased to 4 mmol/L, the cumulative 
recovery decreases again. For different calcium concentrations, the variation of cumula-
tive recovery with time is similar. The greatest flotation rate is observed in the first 0.5 min 
in all tests, while the flotation rate from 1 to 3 min is the slowest and remains the same. 

 
Figure 4. Flotation recovery of molybdenite as a function of time (Kerosene: 350 mg/L; Pine camphor 
oil: 45 mg/L; pH = 6 ± 0.5). 

3.2. Wetting Properties of Molybdenite Different Surfaces 
The hydrophobicity of mineral surfaces is the most important index to evaluate the 

flotation performance. Studying the physical and chemical properties of minerals at the 
solid–liquid interface is an important way to understand the change of the mineral surface 
hydrophobicity and its interaction mechanism with ions. The adsorption strength of ions 
is closely related to the charge properties of the mineral surface, which can be influenced 
by pH. For divalent ion solutions, when the solution becomes alkaline, the hydrolyzed 
cations Ca(OH)+ form and adsorb on MoS2 surfaces [26]. Recent studies showed that in-
teraction of molybdenite edges with ions or reagents was stronger than that of faces, 
which changed molybdenite ores’ hydrophobicity [26,27]. In this study, the effect of cal-
cium concentration on the contact angle of molybdenite face and edge surfaces is pre-
sented in Figure 5. The contact angle of the molybdenite face and edge both decrease with 
increasing concentration of Ca2+, and the decrease value of the edge surface is greater than 
that of the face surface. This phenomenon is likely due to the adsorption of hydrophilic 
complexes on the mineral surface, which reduces the surface hydrophobicity [16]. The 
change of contact angle of the molybdenite’s faces and the edges with calcium ions has 
been studied previously, and reached the same conclusions with molybdenite particles 
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(+150 μm) at pH 8 [28], which shows that the trend is independent of particle size and 
shape form. In the work of Wan et al. [29], Ca2+ was found to interact with molybdenite 
edges, producing CaMoO4 precipitates, which were responsible for the depression of mo-
lybdenite flotation by preventing the adsorption of diesel. 

  

Figure 5. Contact angles of molybdenite surface with calcium ions concentration. 

3.3. Batch Adsorption of Calcium Ions on Molybdenite 
Since the hydrophobicity of mineral surfaces can be changed by the adsorption of 

cations, batch adsorption tests were carried out to investigate the adsorption property of 
calcium ions on molybdenite with the initial ion concentration of 14 mmol/L. The adsorp-
tion amount of calcium ions varies with time, as shown in Figure 6. The test results reveal 
that the adsorption process is composed of three stages (rapidly increasing, slowly in-
creasing, and finally stabilizing). At the beginning, the adsorption of ions on molybdenite 
increased rapidly with the time. This observed rapid increase in adsorption capacity in 0.5 
h is due to enough available adsorption sites [30]. After 0.5 h, due to the reduction in 
available active sites, competitive adsorption was initiated. Equilibrium was attained at 1 
h with 30.6 mg/g adsorption of calcium ions. 

 
Figure 6. Kinetics curve of calcium ion adsorption on molybdenite. 
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The adsorption process of adsorbate to adsorbent is always complex in the solution 
environment. Adsorption kinetics study and adsorption isotherm analysis were used to 
reflect the adsorption mechanism, which can provide valuable information in the flotation 
process design. Four adsorption kinetic models (Table 1) were selected to explore the ad-
sorption kinetics and adsorption mechanism [31]. The MATLAB software was used to fit 
the adsorption data and the kinetic model parameters were calculated. The models were 
compared according to the correlation coefficient (R2) (Figure 6). The pseudo-first-order 
model and pseudo-second-order model nicely followed the experimental trend since the 
value of R2 reached 98.21 and 96.08, respectively. When the Elovich equation and the intra-
particle diffusion model were used to fit the experimental data, the fitting results were not 
good. Therefore, the adsorption of calcium ions on the molybdenite surfaces fitted the 
pseudo-first-order model best. 

Table 1. Four adsorption models used in this study. 

Model Formula Notes 

Pseudo-first-order (Model 1) 1(1 exp( ))t eQ Q k t= − −  
Widely used for describing adsorption process in liquid 

phase.  

Pseudo-second-order (Model 2) 
21/ /

t

e

tQ
k t Q

=
+  

Assume the adsorption is chemically affected. 

Elovich (Model 3) 
ln ln

t
tQ αβ

β
+= ( )

 
Always used in adsorption study for mineral and soil. 

Intraparticle diffusion (Model 4) 0.5
t 3Q k t C= +  

Often used to analyze the rate-controlling process in the 
adsorption. 

Qt is the amount of adsorption at any time t, mg/g; Qe is the equilibrium adsorption capacity, mg/g; k is the adsorption 
rate; α is the initial adsorption rate, mg/g/min; β is related to the extent of surface coverage and activation energy for 
chemisorption, mg/g/min. 

The adsorption isotherm experimental data obtained by carrying out adsorption tests 
with a series of initial calcium ion concentrations is displayed in Figure 7. An equilibrium 
conditions relationship between the amount of adsorbed calcium ions on molybdenite 
surfaces and the calcium ion concentration was described and established by mathemati-
cal models. The Langmuir (Equation (3)) and Freundlich (Equation (4)) adsorption iso-
therm models were often used for fitting the adsorption data [32,33]. The fitted parameters 
are shown in Table 2. 

1 1 1
e m L m eQ Q K Q C

= +  (3)

1ln ln lne F eQ K C
n

= +
 

(4)

where Ce is the calcium ions concentration at equilibrium conditions, mg/L, Qm is the max-
imum adsorption amount, mg/g, K is the constant, n is related to the adsorption intensity. 
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Figure 7. Adsorption isotherm model fitting of calcium ions on molybdenite. 

Table 2. Adsorption isotherm fitting parameters. 

Langmuir Freundlich 
Qm 102.46 KF 0.3952 
KL 0.0034 n 1.0772 
R2 96.27 R2 97.31 

According to the results of Table 2, it can be seen that the Langmuir and Freundlich 
models fit the isotherms and correlated with the experimental data well, with R2 values of 
96.27 and 97.31, respectively. In comparison, the Freundlich models are better for describ-
ing the experimental data of calcium ion adsorption on molybdenite surfaces. As the 
Freundlich isotherm is based on the assumption that the adsorption is multilayered and 
heterogeneous, calcium ions can be adsorbed on molybdenite surfaces through multilayer 
adsorption [34]. 

3.4. Simulation of Calcium Ions on Molybdenite Surfaces Based on DFT 
To explain the interaction mechanism of calcium ions with the molybdenite face and 

edge surfaces at an atomic scale, simulations using DFT were carried out. The first step of 
the simulation work was creating the molybdenite (001) and (100) surfaces using the super 
cell. Then, the most stable adsorption configuration of calcium ions on different molybde-
nite surfaces was given after geometry optimization. The detailed bond properties and 
bonding mechanism were studied finally based on the configuration. 

3.4.1. Building the Molybdenite (001) and (100) Surfaces 
There is a good agreement that the lower surface energy can guarantee the system 

stability. In the current work, the surface energy was calculated using Equation (5) [35]: 

( ) 2surf slab bulkE E N E A= − ×  (5)

Esurf is the surface energy, Eslab is the super cell energy, N is the number of unit cell, Ebulk is 
the unit cell energy, A is the surface area. 



Separations 2021, 8, 107 10 of 18 
 

 

Effects of the number of layers on the calculated energy of the molybdenite (001) sur-
face and (100) surface are shown in Figure 8. As we can see, the energy of the molybdenite 
(001) surface was slightly increased as the atom layer changed from two to four, but it 
greatly increased as atom layer bigger than four. It implies that the (001) surface well con-
verged at four layers slab, so four layers were used for molybdenite (001) surface building 
and calculation (Figure 8a). The energy of the molybdenite (100) surface had a little in-
crease with the increase of atom layers. When the energy changes little, the system with 
fewer atoms will be selected to reduce the computing effort, so four layers of atoms were 
chosen for molybdenite (100) surface calculation, which is same as in the literature [36]. 

 
Figure 8. Effect of the layer on surface energy of molybdenite (001) surface (a) and (100) surface 
(b). 

3.4.2. Adsorption Configuration of Calcium Ions on Molybdenite Different Surfaces 
In this paper, to determine the dominate adsorption site and configuration of calcium 

ions (Ca2+ and CaOH+) on molybdenite surfaces, the adsorption energies and bond lengths 
of various adsorption sites were simulated. As shown in Figure 9a, for the nonpolar (001) 
surface, four typical active sites (S-top, Mo-top, S-bridge and Hollow) were considered 
[37]. For the molybdenite (100) surface, seven adsorption sites are considered due to the 
possibility of having an asymmetry feature between the S-edge and Mo-edge. These sites 
are three adsorption sites on the S-edge (Mo-top, S-top, S- bridge) and Mo-edge (Mo-top, 
S-top, S- bridge), respectively, with one site between them (Hollow), as shown in Figure 
9b. 
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Figure 9. Adsorption sites on (a) molybdenite (001) surface and (b) molybdenite (100) surface. 

The calculated adsorption energies of calcium ions on different sites are shown in 
Table 3. It is noticed that the adsorption energy of calcium ions on the (100) surface is more 
negative than on the (001) surface, indicating that calcium ions are prefer to adsorb on the 
(100) surface since the more negative adsorption energy represents the more stable ad-
sorption configuration. The difference of calcium ion adsorption between the (001) surface 
and the (100) surface can be attributed to the much greater electrochemical activity of the 
edge planes than the basal plane [38,39]. For the molybdenite (001) system, the adsorption 
energy of CaOH+ on it was close to zero, indicating that CaOH+ may not adsorb on the 
molybdenite (001) spontaneously. Comparing the adsorption energy results of Ca2+ on the 
molybdenite (001) surface, the adsorption site of Ca2+ above a Mo atom on molybdenite 
(001) was the most stable, with the adsorption energy of −229 kJ/mol. The stable adsorp-
tion configuration is shown in Figure 10a. 

Table 3. Adsorption energies of calcium ions on molybdenite surfaces. 

Ionic Form Surface Adsorption Site Adsorption Energy (kJ/mol) 

Ca2+ 

(001) 

S-top −123 
Mo-top −229 
Hollow −195 
S-bridge −201 

(100) 

S-(100)- Mo-top −935 
S-(100)- S-bridge −905 

S-(100)- S-top −927 
H −835 

Mo-(100)- S-top −890 
Mo-(100)- Mo-top −770 
Mo-(100)- S-bridge −917 

CaOH+ (001) S-top 10 
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Mo-top −17 
Hollow −7 
S-bridge −7 

(100) 

S-(100)- Mo-top −917 
S-(100)- S-bridge −931 

S-(100)- S-top −909 
H −931 

Mo-(100)- S-top −978 
Mo-(100)- Mo-top −770 
Mo-(100)- Sbridge −850 

 
Figure 10. Optimized adsorption configuration of Ca2+ and CaOH+ on molybdenite surfaces. (a) Ca2+ on Mo-top of the (001) 
surface; (b) Ca2+ on Mo-top of S-(100) surface; (c) CaOH+ on S-top of the Mo-(100) surface. 

For the molybdenite (100) surface system, the adsorption energies are all significantly 
negative, indicating that the adsorption is thermodynamically stable. After the optimiza-
tion, the adsorption of Ca2+ on the S-(100) surface is the most energetically stable in the 
Mo-top site, with adsorption energies of −935 kJ/mol (Figure 10b). Similarly, the most en-
ergetically stable site for CaOH+ adsorption on the Mo-(100) surface is the S-top site, with 
adsorption energies of −978 kJ/mol (Figure 10c). This difference may be because the S-(100) 
surface exposes S atoms at the top, which are negatively charged as compared to the Mo 
atom. 

3.4.3. Bonding Mechanism Analysis 
It is observed from Figure 10 that after geometry optimization, Ca2+ always absorbs 

on the top of the Mo atom, and may bond with S atoms surrounding the Mo atom. For the 
most stable configuration of CaOH+ on the molybdenite (100) surface, Ca atoms adsorb on 
top of the S atom while O atoms do so on top of the Mo atom. They may form two bonds 
of Ca-S and Mo-O. In order to gain insight into the bonding mechanism, we looked at 
Mulliken bond populations, Hirshfeld charge analysis and PDOS analysis. 

The results of inter-atomic distances and bonds are shown in Table 4. When Ca2+ ad-
sorbed on the (001) and (100) surfaces, the Ca atom and the S atoms on the molybdenite 
surfaces formed bonds. For the (001) surface, the bond length between the Ca atom and 
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its surrounding S atoms is 2.67, 2.637 and 2.65 Å. For the (100) surface, four Ca-S bonds 
are formed with the bond length of 2.54, 2.62, 2.42 and 2.52 Å. Examination of Ca-S dis-
tances from optimized structures revealed that Ca2+ adsorbs on (100) surface in a stable 
fashion (Eads = −935 kcal/mol). After geometry optimization, the values of the electron pop-
ulations of the Ca-S bond are 0.05–0.10 when Ca2+ was adsorbed on the molybdenite sur-
faces. As we all know, the larger the population value of bonds, the greater the degree of 
covalence [40], so these Ca-S bonds are relatively weak. When CaOH+ adsorbs on the (100) 
surface, a Mo-O bond is formed as well as an S-Ca bond. The Mo-O bond population is 
0.34 and the bond length is 2.03 Å, indicating that Mo-O is a covalent bond. This most 
stable adsorption of CaOH+ on the molybdenite (100) surface (Eads = −978 kcal/mol) is due 
to the combined effect of the Ca-S bond and Mo-O bond with large bond populations. 

Table 4. Mulliken population and bond length of the stable adsorption configurations. 

Ionic Form-Surface Adsorption Site Bond Populaiton Bond Length(Å) 

Ca2+-(001) Mo-top 
S1-Ca 0.05 2.95 
S2-Ca 0.10 2.73 
S3-Ca 0.10 2.80 

Ca2+-(100) S-(100)- Mo-top 

S1-Ca 0.09 2.54 
S2-Ca 0.09 2.62 
S3-Ca 0.08 2.42 
S4-Ca 0.07 2.52 

CaOH+-(100) Mo-(100)- S-top 
S-Ca 0.07 2.65 

O- Mo 0.34 2.03 

The charge transfer between atoms was calculated based on the Hirschfeld charge. 
Table 5 shows the Hirschfeld charge of S, Ca and Mo atoms before and after adsorption. 
PDOS of these atoms were analyzed to investigate the electronic properties simultane-
ously. 

Table 5. Hirshfeld charge of atoms before and after adsorption. 

Ionic -Surface Adsorption Site Atom Hirshfeld Charge (e)  
Before After Change 

Ca2+-(001) Mo-top 

S1 −0.11 −0.14 −0.03 
S2 −0.11 −0.13 −0.02 
S3 −0.11 −0.14 −0.03 
Ca 1.99 0.71 −1.28 

  Mo 0.22 0.24 0.02 

Ca2+-(100) S-(100)- Mo-top 

S1 −0.18 −0.14 0.04 
S2 −0.18 −0.14 0.04 
S3 −0.18 −0.15 0.03 
S4 −0.18 −0.14 0.04 
Ca 1.99 0.26 −1.73 

  Mo 0.28 0.32 0.04 

CaOH+-(100) Mo-(100)- S-top 

S −0.12 −0.10 0.02 
Ca 1.19 0.59 −0.60 
O −0.44 −0.33 0.11 

Mo 0.24 0.36 0.12 

For Ca2+-(001) adsorption system, the Hirschfeld charge change of the Mo atom (Fig-
ure 10) was analyzed as well as the Ca atom and three S atoms. The gained electron for 
the Ca atom and three S atoms is 1.28 and 0.08 e, whereas the lost electron for the Mo atom 
is 0.02 e. It is noticed that an electron transferred from the Mo atom to the Ca atom, but 
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the effect is quite weak for bonding. The Ca atom bond with three S atoms corresponds to 
the shared charge effect [41]. Figure 11 is the PDOS results of the Ca atom and the three S 
atoms before and after adsorption. The Ca 3d orbital and the S 3p orbital are bonded near 
−7–0 eV, indicating an interaction between Ca2+ and the molybdenite (001) surface. How-
ever, the overlapped density of state with the scope of −7–−1 eV is lower, and the overlap 
between −1–2.5 eV located around the Fermi level implies the bonding of Ca 3d and S3p 
is weak. 

 
Figure 11. PDOS results of S atoms and the Ca atom before and after Ca2+ adsorption on molybdenite 
(001) surface. 

When Ca2+ adsorbs on the S-(100) surface, the Ca atom gains 1.73 e from four S atoms 
(lose 0.03~0.04 e) and the Mo atom (lose 0.04 e). The lost charge effect of the Mo atom and 
S atom makes the bond length of Mo-S1, Mo-S2, Mo-S3, Mo-S4 change from 2.38 to 2.44, 
2.43, 2.43 and 2.43 Å, respectively, indicating the interaction between Ca2+ and the S-(100) 
surface is strong [18]. After adsorption, the calculated PDOS for Ca2+ and the three S atoms 
from the S-(100) surface is shown in Figure 12. The S atom loses electrons mostly on the S 
3p orbital and loses little electrons on S 3s orbital. In the range of −5–0 eV, the Ca 3d orbital 
and the S 3p orbital were overlapping. Moreover, the Ca 3d orbital and S 3s orbital were 
overlapping at −15–−11 eV, but the overlap is narrow, indicating the interaction between 
Ca 3d and S 3s is weak. Compared with the Ca2+ adsorption on the (001) surface, the PDOS 
value of the Ca2+~S-(100) system is higher, which implies that Ca2+ prefers to absorb on the 
S-(100) surface. It is consistent with the results that the adsorption energy of Ca adsorption 
on the (100) surface is more negative than that on (001) surface. 
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Figure 12. PDOS results of S atoms and the Ca atom before and after Ca2+ adsorption on the molyb-
denite (100) surface. 

When CaOH+ adsorbs on the Mo-(100) surface, the charge of the S atom changes from 
−0.12 to −0.1 e, and the Ca atom changes from 1.19 to 0.59 e. After CaOH+ adsorbs on the 
Mo-(100) surface, the Mo atom and the S atom both charge more electrons, indicating there 
is the shared electrons effect. This is consistent with the results of the Mulliken bond pop-
ulation. The PDOS results of the S-Ca bond and Mo-O bond are shown in Figures 13 and 
14, respectively. As shown in Figure 13, the interaction between the S atom and Ca atom 
is mostly contributed to by the Ca 3d orbital and the S 3p orbital, which is similarly with 
the PDOS results of Ca2+ adsorbing on the S-(100) surface, that the interaction between the 
Ca 3d orbital and S 3s orbital is weak. In Figure 14, after adsorption, the Mo 4d orbital 
from the surface and O 2p orbital from CaOH+ overlapped at −14–2 eV, which implies the 
hybridization between the Mo 4d orbital and O 2p orbital is quite strong. This indicates 
that the Mo-O bond (2.03 Å) is strong covalently. Overall, the adsorption of calcium ions 
on molybdenite surfaces is a chemisorption process. 

 
Figure 13. PDOS results of S and Ca before and after CaOH+ adsorbed on molybdenite (100) surface. 



Separations 2021, 8, 107 16 of 18 
 

 

 
Figure 14. PDOS results of O and Mo before and after CaOH+ adsorbed on molybdenite (100) sur-
face. 

4. Conclusions 
The presence of calcium ions depresses molybdenite floatability in certain situations, 

making the separation of Cu-Mo more difficult. The object of this study was to analyze 
the adsorption characteristics and mechanism of calcium ions on different molybdenite 
surfaces using several methods including flotation kinetic tests, contact angle tests, batch 
adsorption tests and simulation works based on DFT. The flotation kinetic test indicates 
that flotation rate and cumulative recovery both decrease with increasing calcium ion con-
centration, which is mostly due to the decrease of the surface hydrophobicity. Then, the 
contact angles of the molybdenite face and edge are separately measured, which implies 
that the contact angle of the molybdenite edge surface reduces more than the face surface 
upon calcium ion adsorption. Next, the adsorption kinetics and isotherm were studied 
using batch adsorption tests and were fitted to the experimental data with adsorption ki-
netics and isotherm models by Matlab software. The Lagergen pseudo-first-order equa-
tion and the Freundlich isotherm model nicely follow the experimental trend. To describe 
the adsorption mechanism at the atomic level, the adsorption energy, Mulliken bond pop-
ulation, Hirshfeld charge analysis and PDOS of Ca2+ and CaOH+ on molybdenite (001) and 
(100) surface was calculated and analyzed. The adsorption energies of Ca2+ and CaOH+ on 
the (100) surface were more negatively than that of the (001) surface, suggesting that both 
Ca2+ and CaOH+ prefer to adsorb on the molybdenite (100) surface, that is, the edge sur-
face. This was consistent with the results of the contact angle test. The optimal adsorption 
site of Ca2+ on molybdenite (001) was the Mo-top site, where the Ca atom and three S 
atoms formed weak covalent Ca-S bonds through shared charge effect. For the (100) sur-
face, Ca2+ was preferred to adsorb on the Mo-top site on the molybdenite S-(100) surface 
by forming Ca-S bonds. The CaOH+ hardly adsorbed on the molybdenite (001) surface 
spontaneously, but it can adsorb on top of the S atom at the surface of Mo-(100) by forming 
the strong covalent Mo-O bond and S-Ca bond. Overall, the adsorption of calcium ions on 
molybdenite surfaces is a chemisorption process. The results provide a basis of under-
standing for improving the separation effect of molybdenite from other minerals in the 
presence of calcium ions. 
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