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Abstract: This study investigates the activation behavior and mechanism of calcium ions on
the flotation of spodumene with different colors. Using NaOL as a collector, in descending
order of flotation recoveries were purple, pink, and white spodumene, while in the presence
of CaCl2, the flotation recoveries were increased and the order was pink, white, and purple
spodumene. The zeta potential, adsorption amount, contact angle, and AFM measurements
demonstrated that calcium ions adsorbed on the spodumene surface and promoted NaOL
adsorption in alkaline conditions. Species distribution analysis showed that Ca2+, Ca(OH)+,
and Ca(OH)2 were essential components that play an activation role at pH = 12. The
adsorption capacity and XPS results illustrated that CaCl2 activated spodumene flotation
in two ways. One possibility involves calcium ions and their hydroxyl compounds being
adsorbed on the spodumene surface, where Ca and Al sites favored OL− adsorption.
The other possible way involves calcium ions and their hydroxyl compounds forming
complexes with NaOL firstly in solution and then co-adsorbing on the spodumene surface.
Quantum chemical calculations showed that the adsorption affinity on the spodumene
surface in descending order was Ca2+, Ca(OH)2, and Ca(OH)+, and the pink spodumene
was most preferably adsorbed, followed by the white spodumene, also consistent the
flotation results.

Keywords: flotation; spodumene with different colors; calcium ions; adsorption; activation
mechanism

1. Introduction
Lithium is a strategically important metal that is extensively utilized in batteries,

ceramics and glass, lubricants, and the nuclear and optoelectronic industries. With the
rapid development of the lithium battery industry, there is rapid growth in lithium demand
and consumption, and research suggests that lithium demand will see an average annual
growth of 10% in the next ten years. Therefore, the safe supply of lithium is particularly
important [1–6].

Spodumene is one of the main sources of lithium extraction [7]. During the flotation
process, activators are commonly added to enhance the flotation efficiency of spodumene,
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thereby enhancing the flotation separation of spodumene from its associated gangue
minerals such as feldspar, albite, quartz, lepidolite, and muscovite [8,9]. The calcium ion is
a vital activator commonly used in spodumene flotation. The effects of calcium ions on
spodumene flotation and its activation mechanism have been studied by many researchers.
Filippov et al. [3] observed that the flotation recovery of spodumene improved to about 90%
with the addition of CaCl2. Luo et al. [10] found that the primary active component that
enhances the flotation separation of spodumene and albite is Ca(OH)+, whereas Ca(OH)2

is not favorable for flotation separation. Meng et al. [11] analyzed the effects of Fe3+, Mg2+,
and Ca2+ on the flotation behavior of spodumene using NaOL as a collector. Their results
showed that Fe3+, Mg2+, and Ca2+ had notable activation effects on spodumene at pH 6.5,
10.9, and 12.1, respectively, with Mg2+ and Ca2+ exhibiting better activation for spodumene
than Fe3+. Zhang et al. [12] indicated that the poor adsorption of Ca2+ makes it difficult
to activate spodumene at a neutral pH, and Ca(OH)+ effectively improved the adsorption
strength of the collector, while Ca(OH)2 greatly inhibited the collector’s adsorption on
Al sites. The species in pulp and adsorption form on the mineral surface are difficult to
identify due to the limitations of detection means, and the mechanism by which calcium
ions activate spodumene flotation remains controversial.

Spodumene has many colors, such as white, pink, purple, and green [13,14]. These
colors are attributed to crystal imperfection, and some trace elements in particular, namely
Fe, Mn, and Cr, are considered to be responsible for these colors. Rehman [15] and Ross-
man [16] found that spodumene contains many trace elements, while Fe and Mn are the
major elements responsible for the differences in color. Ito et al. [17] observed that lilac
coloration occurs when the Fe/Mn ratio is below 1. The Fe/Mn ratios were 0.35 for purple
spodumene, 0.72 for pink spodumene, and 2.84 for white spodumene. The color of the
mineral shifts from purple to pink and then to white with an increasing Fe/Mn ratio. There
are differences in the flotability of spodumene with different colors in the same ore body.
Sun [14,18] investigated the flotability of spodumene with three different colors, and the
results indicated that the ratios of polyvalent metal cations to anions are the main reason
for the difference in their natural flotability. Using sodium oleate as a collector, white
spodumene had the best natural flotability, light green spodumene had the next best, and
pink spodumene had the worst due to the fact that the white spodumene surface has
the highest Fe3+ and Al3+ while the light green spodumene has lower O2− and higher
Fe3+ than pink spodumene. Fe3+ had the strongest activation effect on pink spodumene,
followed by light green spodumene and white spodumene, and this is because the pink
spodumene surface has more O2− and is the most electronegative. The results indicate
that Fe3+ shows different activation behaviors on the surface of spodumene with different
colors, and also the trace metal elements on the mineral surface have a significant impact
on mineral flotability.

In recent years, many studies have explored the adsorption behaviors of metal cations
such as Fe3+, Mg2+, and Ca2+ on the spodumene surface and the influence mechanism
on spodumene flotation, but there are few studies on the adsorption characteristics of
metal cations on the surface of spodumene with different colors as well as their effects
on flotation. Figuring out the activation mechanism of metal cations in different colored
spodumene could enrich and develop the theory and technology of spodumene flotation. In
this study, sodium oleate (NaOL), often employed in the industrial flotation of spodumene,
was chosen as the collector [8,10,11,19], and the effects of calcium ions on the flotation of
spodumene with white, pink, and purple were investigated using microflotation tests. The
adsorption amount measurements, zeta potentials, contact angle, atomic force microscopy
(AFM), X-ray photoelectron spectroscopy (XPS), and quantum chemical calculations were
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carried out to investigate the adsorption properties of calcium ions on the three spodumene
surfaces as well as the influence mechanism of calcium ions on flotation.

2. Materials and Methods
2.1. Materials and Reagents

Spodumene crystals with white, pink, and purple colors were acquired from Western
Sahara, Morocco. Spodumene samples of high purity were prepared through careful selec-
tion, crushing, grinding, and sieving. As the best flotation particle size in the spodumene
flotation practice is −74 + 38 µm [8,9], −74 + 38 µm size fraction samples were used for
microflotation tests. The mineralogical composition and chemical composition of white,
pink, and purple spodumene were analyzed using X-ray diffraction (XRD) (Figure 1) and
X-ray fluorescence (XRF) (Table 1), respectively. The XRD results show that the diffraction
peaks for spodumene of three colors match those of the standard card of spodumene. The
samples are mainly composed of Li2O, SiO2, and Al2O3, and the purity reaches more than
98%, which indicates that the samples are of high purity and can meet the requirements for
single-mineral specimens. The XRF results show that the Fe/Mn ratio of white spodumene
is greater than 1, that of pink spodumene is closer to 1, and that of purple spodumene is
less than 1, and this was consistent with the findings of Ito et al. [17]. Fe and Mn are the
major impurities responsible for color differences, as reported previously [20,21].
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Figure 1. XRD patterns of spodumene samples with three colors.

Table 1. Chemical composition of spodumene samples with three colors (%).

Chemical Element Li2O SiO2 Al2O3 Na2O MnO CaO K2O P2O5 MgO Fe2O3 TiO2 Cr

White spodumene 7.62 63.81 26.67 0.804 0.165 0.318 0.074 0.060 0.047 0.468 0.013 0.0005
Pink spodumene 7.37 63.78 26.48 1.174 0.180 0.484 0.133 0.081 0.247 0.130 0.005 0.0003

Purple spodumene 7.43 63.58 26.86 1.140 0.179 0.609 0.122 0.067 0.033 0.062 0.014 0.0002

The experiments utilized deionized water that had a specific resistance of 18.3 MΩ·cm.
Sodium hydroxide (96 wt%, Shangyang Palace, Luoyang, China) and hydrochloric acid
(36 wt%, Shangyang Palace) were used as pH regulators in flotation. Sodium oleate
(98 wt%, Macklin, Shanghai, China) was applied as the collector. All of the chemicals were
analytical grade.

2.2. Microflotation Tests

The microflotation tests were carried out using XFG II flotation equipment (Wuhan
Prospecting Machinery Factory, Wuhan, China), with a flotation cell of 40 mL and a stirring
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rate of 1600 rpm. For every experiment, 2 g of the mineral and 38 mL of deionized water
were placed in the flotation cell. After stirring for 2 min, the pulp pH was adjusted with
HCl or NaOH and then the system was stabilized for 3 min. CaCl2 and NaOL were added
sequentially and stirred for 2 min, respectively. Finally, the froth collection lasted for
5 min to obtain concentrates and tailings. The flotation products were filtrated, dried, and
weighed separately, and flotation recoveries were calculated. Each condition was replicated
three times and the results were averaged.

2.3. Zeta Potential Measurements

The zeta potential measurements were conducted using a Zetasizer Nano ZS90 Zeta
potentiometer (Malvern Instruments, London, UK). The −38 µm size fraction was com-
minuted to −5 µm with an agate mortar for zeta potential measurements. Next, 20 mg
samples and 38 mL of deionized water were added to a beaker and stirred for 2 min and
then HCl or NaOH solution was added to adjust the slurry pH, followed by being stirred
for another 5 min. Subsequently, CaCl2 and NaOL were added in turn and mixed for
5 min. The system then rested for 60 min. Finally, the supernatant was collected for zeta
potential measurements. The results for each sample were obtained by conducting three
measurements and then calculating the average.

2.4. The Adsorption Amount Measurements

This measurement was carried out with an Avio-500 Inductively Coupled Plasma
Mass Spectrometer (ICP-MS) (PerkinElmer Company, Shelton, CT, USA). First, 1 g samples
and an appropriate amount of deionized water were poured into a beaker and stirred
for 2 min. The slurry pH was regulated with HCl or NaOH, and after being stirred for
2 min, an appropriate amount of CaCl2 was added, followed by being stirred for 40 min.
Subsequently, the system was filtrated, and the filtrate was centrifuged with a high-speed
centrifuge for 15 min at 9000 rpm. Then, the supernatant was taken and analyzed using
ICP-MS to detect the metal ion content.

The amount of adsorption was measured as follows:

qeq =

(
C0 − Ceq

)
× V

m
(1)

PAP =
C0 − Ceq

C0
× 100% (2)

The Langmuir and Freundlich models were utilized to fit the nonlinear adsorption
curves, aiming to better study the relationship between calcium ion adsorption capacity
(qeq) and its equilibrium concentration (Ceq). Langmuir isotherm models assume that the
solute interacts chemically or physically with the adsorption sites on the surface of the
adsorbent. The Freundlich adsorption isotherm is an empirical model, which is based on
the assumption that the adsorption sites on the adsorbent surface are heterogeneous and
that adsorption is multilayered [22]. The expression is as follows:

qeq =
qmaxbCeq

1 + bCeq
(3)

qeq = KFC1/n
eq (4)

where qeq is the proportion of metal ions adsorbed by spodumene per unit mass at the
adsorption equilibrium (mg/g); C0 is the primary concentration (mg/L); Ceq is the balanced
concentration (mg/L); V is the slurry volume (L); m is the weight (g) of spodumene; PAP is
the precipitation adsorption percentage (%); b is the adsorption constant; qmax is the maxi-
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mum adsorption capacity of metal ions (mg/g); and KF and n are the Freundlich empirical
constants that characterize the adsorption capacity and adsorption strength, respectively.

2.5. Contact Angle Measurement

This measurement was carried out using a Theta Flow contact angle measuring instru-
ment (Biolin, Goteborg, Sweden). The spodumene crystals of three colors were cut with a
slicing machine to expose new surfaces, and then the crystals were stabilized in a block of
epoxy resin with the surface exposed. The crystal surfaces were polished on an AutoMet
250Pro automatic grinding and polishing machine (Chicago, IL, USA) and then washed
with deionized water and sequentially immersed in a fixed concentration of metal ions
and/or NaOL solution for 40 min. Subsequently, the crystals were rinsed with deionized
water and dried with nitrogen gas and then underwent contact angle measurements.

2.6. Atomic Force Microscopy (AFM) Imaging

The spodumene surface morphology in the presence of Ca2+ or NaOL was observed
using the AFM-modeled JPK Nanowizard4 (JPK company, Berlin, Germany). The sample
was prepared using the same procedure for the contact angle measurements.

2.7. X-Ray Photoelectron Spectroscopy (XPS) Analysis

The test was carried out using AXIS SUPRA XPS (Shimadzu Corporation, Kyoto,
Japan). First, 0.5 g samples and an appropriate amount of deionized water were added
to a beaker. After being stirred for 2 min, the suspension pH was stabilized using HCl or
NaOH. After being stirred for 2 min, appropriate amounts of CaCl2 and NaOL solution
were added sequentially, and the solution was mixed for 3 min each. Then, the suspension
was filtered, and the solid samples were vacuum dried at 60 ◦C for 24 h.

2.8. Quantum Chemical Simulation

Quantum chemical calculations were performed using Materials Studio 2018 founded
on the density functional theory (DFT). The spodumene unit cell model was constructed us-
ing lattice parameters obtained from the American Mineralogist Crystal Structure Database.
The (110) face was cut from the unit cell in the CASTEP module and the 2 × 1 × 1 supercell
model was created. Based on previous studies [20,21], Fe and Mn are the major impurities
for the coloring of spodumene. Chemical composition analysis showed that the Fe/Mn
ratio is greater than 1 in the white spodumene, while the Fe/Mn ratio is less than 1 in the
purple spodumene and close to 1 in the pink spodumene. This conclusion is consistent
with the literature [20,23–25]. The two metal cation sites M1 and M2 in the unit cell are
aluminum ions and lithium ions, respectively [26,27]. The M1 position can be replaced
by the transition metals Mn, Fe, Cr, etc., and M2 is mainly replaced by Na and K [7,28].
Thus, based on the chemical composition analysis, for white spodumene, the M1 position
is replaced by two Fe3+ and one Mn2+; for pink spodumene, the M1 position is replaced by
one Fe3+ and one Mn2+; and for purple spodumene, the M1 position is replaced by two
Mn2+ and one Fe2+. The models of the spodumene surfaces of three colors are shown in
Figure 2.

The geometrical optimization and surface energy of the three spodumene samples
were calculated using the CASTEP model. The DMol3 module played a role in optimiz-
ing the molecular structure of the calcium hydroxides and calculating the energy of the
molecules. The adsorption configurations of Ca2+, Ca(OH)+, and Ca(OH)2 on the surface of
spodumene of three colors were constructed and the adsorption energies were calculated.

The adsorption energy was calculated as follows [29,30]:

Eads = Esurface+adsorbate − (Esurface + Eadsorbate) (5)
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3. Results
3.1. Microflotation Tests

The microflotation test was conducted using 200 mg/L NaOL as the collector, in the
absence of an activator, and the effects of pH in the flotation recoveries of white, pink, and
purple spodumene were studied, as shown in Figure 3. As can be seen in Figure 3, the
recoveries all increase as the pH rises and peak at about pH = 7 and decrease with the pH
rising further. However, it is obvious that there is a difference in the flotation behaviors of
the three spodumene samples, and the flotation recoveries in descending order are purple
spodumene, pink spodumene, and white spodumene. White spodumene has the lowest
flotation recovery rate. As reported [14], the oleate adsorption on the spodumene surface is
mainly dominated by the Al sites on the surface. This could be one of the reasons for the
flotation differences.
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200 mg/L NaOL.

The flotation recoveries of spodumene of three colors as a function of pH in the
presence of 100 mg/L CaCl2 and 200 mg/L NaOL are shown in Figure 4. The flotation
recoveries show an increasing trend with pH increasing and in descending order are pink,
white, and purple spodumene. The recoveries are low when the pH is 6–11, whereas when
the pH is increased to 12, the recoveries start to increase significantly, and the highest
recovery is achieved at pH 13, with flotation recoveries of 35.97%, 59.06%, and 17.95%
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for white, pink, and purple spodumene, respectively. This shows that the optimal pH
interval for Ca2+ activation is strong alkalinity. Considering industrial practice, the pulp
pH is generally about 12, and therefore, at pH 12, the flotation recoveries of spodumene
of three colors as a function of CaCl2 dosage in the presence of 200 mg/L NaOL were
studied further. As illustrated in Figure 5, CaCl2 dosage has a significant role in spodumene
flotation, and as the CaCl2 dosage increases, the flotation recoveries for the three spodumene
samples first increase and then decrease. The optimal CaCl2 dosages for white, pink, and
purple spodumene are 3.3 × 102 mg/L, 2.2 × 102 mg/L, and 2.2 × 102 mg/L, respectively.
The highest recovery values of pink, white, and purple spodumene flotation are 74.19%,
72.33%, and 59.86%, respectively.
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NaOL at pH 12.

3.2. Zeta-Potential Analysis

Figure 6a shows, in the presence and absence of Ca(II) ions, the zeta-potentials of
spodumene as a function of pH with or without NaOL. The points of zero charge (PZC)
of white, pink, and purple pure spodumene occur at pH 2.10, 2.19, and 2.04, respectively.
However, the PZC of spodumene is reported to be around 2.8 [31,32], and this may be due
to the different origins of spodumene. The zeta potentials decrease with pH increasing and
reach their most negative potential at pH 12, consistent with reports [33–36]. In the presence
of Ca2+, the zeta potentials move positively as a whole, indicating that Ca2+ is adsorbed
on the negatively charged surface due to electrostatic attraction. The zeta potentials of
spodumene exhibit an overall negative shift in the presence of NaOL. This is due to the
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adsorption of anionic OL− on the spodumene surface, which decreases the surface positive
charge, thus lowering the zeta potential.
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Figure 6b shows the difference in zeta potentials with and without NaOL and Ca2+ at
pH 12. As can be seen, after the action of Ca2+, the potential difference values of the three
spodumene samples in descending order are pink, white, and purple spodumene. After
NaOL addition, the zeta potentials for the three spodumene become more negative, and
the potential difference values in descending order are pink, white, and purple spodumene,
consistent with the flotation results.

3.3. Species Distribution Analysis

In solution, metal ions undergo hydrolysis, resulting in various hydroxyl complexes
and hydroxide precipitates [37–39]. The concentrations of the hydrolysis component of
calcium ions as a function of pH were calculated and the results are shown in Figure 7. From
Figure 7a, it can be seen that for a solution of calcium ions with a density of 2 × 10−2 mol/L,
Ca2+ is the main hydrolyzed component in the range of solution pH of 2–12.241. Ca(OH)+

and Ca(OH)2(aq) begin to appear in the solution at pH > 4.3 and pH > 8.4, respectively, and
the concentrations rise with the pH increasing. At pH > 12.241, the calcium hydroxide
precipitates Ca(OH)2(s) form, with Ca(OH)+ and Ca(OH)2(aq) as the main hydrolyzed
components. For the calcium ion solution with a density of 3 × 10−2 mol/L, the species
distribution is similar to that of CT = 2 × 10−2 mol/L, and Ca2+, Ca(OH)+, and Ca(OH)2(aq)

are the main components at pH 12.
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3.4. Adsorption Capacity Measurements

Ca2+ adsorption on the spodumene surfaces as a function of CaCl2 dosage at pH 12
is shown in Figure 8. The adsorption amount of Ca2+ increases with the CaCl2 dosage
increasing. The fitting curves and related parameters of Freundlich and Langmuir obtained
through fitting analysis are shown in Figure 9 and Table 2. The Freundlich fit variance R2 is
generally higher than the Langmuir fit variance for the three spodumene samples, where
R2 represents the degree to which the model fits the experimental data. This indicates
that the experimental results are in better anastomosis with the Freundlich adsorption
isothermal model. Based on the Freundlich model assumption, the adsorption behavior of
calcium ions on the spodumene surface at pH 12 is not limited to monolayer adsorption.
KF characterizes the adsorption capacity, and the KF values of white, pink, and purple
spodumene are 0.37, 0.78, and 0.32, respectively, indicating that calcium ions have a stronger
adsorption ability on the pink spodumene surface. Based on this, it was hypothesized that
the flotation of pink spodumene would be better than the white and purple spodumene,
which is consistent with the flotation results.
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Table 2. The fitting parameters of Ca2+ adsorption isotherm curves on the three spodumene samples.

Colors
Langmuir Freundlich

qmax (mg/g) b (L/mg) R2 KF 1/n R2

White 173.19 3.42 0.94 0.37 0.69 0.96
Pink 108.15 6.63 0.93 0.78 0.58 0.96

Purple 163.52 3.65 0.97 0.32 0.71 0.98

3.5. Contact Angle Analysis

The contact angles are illustrated in Figure 10. The hydrophobicity of the three
spodumene samples in descending order is pink, white, and purple. After the addition of
Ca2+, the contact angle on the spodumene surface goes up. For white, pink, and purple
spodumene, the average contact angles are 43.75◦, 63.75◦, and 48.40◦, respectively. When
treated with NaOL only, the average contact angles for white, pink, and purple spodumene
surfaces are 48.27◦, 54.43◦, and 58.57◦, respectively. After Ca2+ and NaOL treatment, the
contact angles on the surface of all three spodumene samples reach more than 75◦, and the
surface contact angles for white, pink, and purple spodumene are 84.50◦, 93.06◦, and 74.15◦,
respectively. The contact angle on the surface of pink spodumene is larger, indicating
that the pink spodumene has greater hydrophobicity, which is in agreement with the
micro-flotation tests.
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3.6. AFM Analysis

The surface morphology of the white, pink, and purple spodumene samples
before and after the interaction with calcium ions and sodium oleate is shown in
Figures 11a, 12a and 13a. The surface roughness of spodumene before and after the ac-
tion of Ca2+ and NaOL is presented in Table 3. Before reagent addition, the maximum
height and average roughness Ra on the surface of white, pink, and purple spodumene
are 1.2 nm and 0.209 nm, 7.23 nm and 1.185 nm, and 1.57 nm and 0.251 nm, respectively,
which indicates that the surfaces of the polished spodumene are relatively smooth, with
only a few small bumpy grains. As shown in Figures 11b, 12b and 13b, in the presence of
Ca2+, the surfaces of spodumene are very rough, indicative of Ca2+ adsorption. After the
addition of NaOL, as shown in Figures 11c, 12c and 13c, the surface roughness increases,
and there are little dots that spread evenly on the spodumene surface, illustrating that
NaOL is uniformly adsorbed on the surface. The increase in roughness indicated NaOL
adsorption, and the maximum height and average roughness on the surface of white, pink,
and purple spodumene after NaOL treatment reached 15.2 nm and 0.910 nm, 19.8 nm
and 2.620 nm, 13.9 nm and 0.787 nm, respectively, which indicates that there was NaOL
adsorption on the three spodumene surfaces and that there may be more NaOL adsorption
on the surface of the pink spodumene, consistent with the flotation results.
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3.7. XPS and Calcium Ion Adsorption Analysis

Figures 14–17 display the XPS spectra of the spodumene surface with and without
Ca2+ and NaOL, and the elemental content on the spodumene surface is shown in Table 4.
The adsorption of calcium ions before and after NaOL adsorption was studied and the
results are illustrated in Figure 18. Table 4 shows that the white spodumene surface has
the lowest Al content, which may be the reason why white spodumene has poor flotation
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performance. Besides, the Ca content on the surface of the three spodumene samples
increases after calcium ion addition, indicating that calcium ions are adsorbed on the
surface. After NaOL addition, the C content on the surfaces of spodumene with three colors
notably rose, indicating that NaOL adsorbed on the surface. However, the Ca content is
also relatively elevated, as shown in Figure 18. This may be due to OL− chemically reacting
with calcium ions and/or the hydroxyl compounds in the solution and then the complex
co-adsorbing on the spodumene surface.
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Figure 14 shows the full spectra of the three spodumene samples. There is no peak
for Fe and Mn, attributed to the low level of Fe and Mn. As depicted in Figures 15–17, the
binding energy near 74.7 eV is attributed to Al 2p, the peaks near 534.1 eV and 531.7 eV
are attributed to surface oxygen and lattice oxygen [40,41], and the peaks near 350.9 eV,
247.4 eV, and 351.9 eV are attributed to Ca 2p1/2, Ca 2p3/2, and Ca-OH, respectively. After
the activation of Ca2+, the peak for surface oxygen undergoes an obvious chemical shift
and the integral area becomes larger in percentage, indicating that Ca has bonded with
O elements on the spodumene surface. The peaks of surface oxygen of white, pink, and
purple spodumene were negatively shifted by 0.21 eV, 0.22 eV, and 0.13 eV, respectively,
and the chemical shift of the peaks of surface oxygen of pink spodumene was obvious,



Minerals 2025, 15, 48 14 of 19

which indicated that the surface of pink spodumene was better activated by Ca2+. The
Ca 2p and Al 2p peaks were negatively shifted after NaOL treatment, suggesting that the
chemical surroundings of Ca and Al on the spodumene surface have been altered and
the chemisorption of NaOL at the Ca and Al sites occurs. The peaks at Al 2p, Ca 2p1/2,
and Ca 2p3/2 of white, pink, and purple spodumene were negatively shifted by 0.05 eV,
0.21 eV, 0.24 eV; 0.11 eV, 0.36 eV, 0.41 eV; and 0.06 eV, 0.14 eV, 0.15 eV, respectively. The
chemical shift of the separation peaks at Al 2p and Ca 2p of the pink spodumene surface is
most significant, followed by white and purple spodumene, which is consistent with the
flotation results.
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Table 4. Relative elemental content on the spodumene surface in the presence and absence of reagents.

Sample
Relative Content (%)

C O Ca Si Al

White spodumene 24.63 50.26 0.64 16.88 7.59
White spodumene + Ca2+ 28.68 45.82 0.72 16.20 8.58

White spodumene + Ca2+ + NaOL 40.08 38.39 0.97 13.54 7.01
Pink spodumene 33.98 42.19 0.42 15.51 7.91

Pink spodumene + Ca2+ 34.96 41.37 0.75 15.71 7.21
Pink spodumene + Ca2+ + NaOL 51.70 30.41 1.39 11.12 5.38

Purple spodumene 31.15 45.31 0.38 14.79 8.37
Purple spodumene + Ca2+ 32.29 43.81 0.88 15.12 7.90

Purple spodumene + Ca2+ + NaOL 55.65 28.43 1.11 9.42 5.39

Minerals 2025, 15, x FOR PEER REVIEW 16 of 20 
 

 

Pink spodumene +Ca2+ + NaOL 51.70 30.41 1.39 11.12 5.38 
Purple spodumene 31.15 45.31 0.38 14.79 8.37 

Purple spodumene + Ca2+ 32.29 43.81 0.88 15.12 7.90 
Purple spodumene + Ca2+ + NaOL 55.65 28.43 1.11 9.42 5.39 

 

Figure 18. Histogram of the percentage of calcium ion adsorption and precipitation in the presence 
and absence of NaOL. 

3.8. Quantum Chemical Simulation 

The solution chemistry diagram of calcium ions shows that the major acting compo-
nents of calcium ions in solution are Ca2+, Ca(OH)+, and Ca(OH)2 at pH 12. The concentra-
tions of the three components from high to low are: Ca2+, Ca(OH)+, and Ca(OH)2. There-
fore, the adsorption configurations of Ca2+, Ca(OH)+, and Ca(OH)2 on the spodumene sur-
face of three colors were constructed and the adsorption energies were calculated, as 
shown in Figure 19 and Table 5, respectively. Dashed lines represent the bond lengths 
between Ca atoms and O atoms in calcium ions and their hydroxide compounds, and O 
atoms and metal atoms on different colored diopside surfaces, all of which are indicated 
in the image. The numbers represent bond lengths, with the unit being Å The results show 
that the adsorption energies for calcium ions and their hydrolysis products on the surfaces 
of all three spodumene samples are negative, and the absolute values in descending order 
are Ca2+, Ca(OH)2, and Ca(OH)+. The absolute values of adsorption energies for calcium 
ions and their hydrolysis compounds on the spodumene surface of three colors in de-
scending order are pink, white, and purple spodumene, indicating that the adsorption of 
calcium ions and their hydrolysis compounds on the pink spodumene is better, followed 
by the white spodumene, which is in agreement with the microflotation results. As the 
pink spodumene has one Fe3+ and one Mn2+, compared to the white spodumene (two Fe3+ 
and one Mn2+) and purple spodumene (two Mn2+ and one Fe2+), the pink spodumene sur-
face has fewer polyvalent metal ions, which will favors the adsorption of calcium ions and 
their hydroxylated compounds. The white spodumene has the most polyvalent metal 
ions, not conducive to calcium adsorption. 

Figure 18. Histogram of the percentage of calcium ion adsorption and precipitation in the presence
and absence of NaOL.

3.8. Quantum Chemical Simulation

The solution chemistry diagram of calcium ions shows that the major acting com-
ponents of calcium ions in solution are Ca2+, Ca(OH)+, and Ca(OH)2 at pH 12. The
concentrations of the three components from high to low are: Ca2+, Ca(OH)+, and Ca(OH)2.
Therefore, the adsorption configurations of Ca2+, Ca(OH)+, and Ca(OH)2 on the spodumene
surface of three colors were constructed and the adsorption energies were calculated, as
shown in Figure 19 and Table 5, respectively. Dashed lines represent the bond lengths
between Ca atoms and O atoms in calcium ions and their hydroxide compounds, and O
atoms and metal atoms on different colored diopside surfaces, all of which are indicated in
the image. The numbers represent bond lengths, with the unit being Å The results show
that the adsorption energies for calcium ions and their hydrolysis products on the sur-
faces of all three spodumene samples are negative, and the absolute values in descending
order are Ca2+, Ca(OH)2, and Ca(OH)+. The absolute values of adsorption energies for
calcium ions and their hydrolysis compounds on the spodumene surface of three colors in
descending order are pink, white, and purple spodumene, indicating that the adsorption of
calcium ions and their hydrolysis compounds on the pink spodumene is better, followed by
the white spodumene, which is in agreement with the microflotation results. As the pink
spodumene has one Fe3+ and one Mn2+, compared to the white spodumene (two Fe3+ and
one Mn2+) and purple spodumene (two Mn2+ and one Fe2+), the pink spodumene surface
has fewer polyvalent metal ions, which will favors the adsorption of calcium ions and their
hydroxylated compounds. The white spodumene has the most polyvalent metal ions, not
conducive to calcium adsorption.
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of (a) white spodumene; (b) pink spodumene; and (c) purple spodumene.

Table 5. Adsorption energy of calcium ions and their hydroxyl compounds on the spodumene
surfaces (eV).

Acting
Components Mineral Color Esurface+adsorbate Eadsorbate Esurface Eads

Ca2+
White −24,113.77600 −676.79725 −23,436.70830 −7.360
Pink −23,092.71119 −676.79725 −22,415.63322 −7.639

Purple −24,001.04950 −676.79725 −23,323.99613 −6.969

Ca(OH)+
White −24,189.78006 −752.956724 −23,436.67971 −3.908
Pink −23,168.77055 −752.957945 −22,415.65643 −4.250

Purple −24,077.08097 −752.989768 −23,323.99575 −2.598

Ca(OH)2

White −24,265.84491 −829.02002 −23,436.67051 −4.201
Pink −23,244.79134 −829.01777 −22,415.60910 −4.476

Purple −24,153.13202 −829.03372 −23,323.99575 −2.791

4. Conclusions
Using NaOL as a collector, our flotation test results show that calcium ions have the

best activation effect on the pink spodumene, followed by white and purple spodumene.
The contact angle, zeta potential, AFM analysis, and adsorption capacity measurements
all indicate more Ca species and NaOL adsorption on the surface of the pink spodumene,
followed by white and purple spodumene; this corresponds to the flotation test outcomes.
Spodumenes of different colors show different flotabilities, and the relative amounts of
metal elements like Fe and Mn on their surfaces are key factors.
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The XPS and adsorption capacity measurement results illustrate two activation pat-
terns of calcium ions on the spodumene surface. One mode involves calcium ions and their
hydroxyl compounds being adsorbed on the spodumene surface, which is favorable for
OL− adsorption, where chemical adsorption occurs between OL− and the Ca and Al sites.
The other mode involves calcium ions and their hydroxyl compounds forming colloidal
complexes with NaOL firstly in solution and then co-adsorbing on the spodumene surface.

Species distribution analysis and quantum chemical calculations show that Ca2+,
Ca(OH)+, and Ca(OH)2 are the essential components that play an activation role at pH = 12,
and the adsorption affinity on the spodumene surface in descending order was Ca2+,
Ca(OH)2, and Ca(OH)+. The adsorption of calcium ions and their hydrolysis compounds on
the pink spodumene is better, followed by the white spodumene, which further confirmed
the microflotation results.

The activation mechanism of calcium ions on the flotation of spodumene with different
colors enriches theoretical research on spodumene flotation. As the metal ions activate spo-
dumene with different colors to different extents, color should be considered in spodumene
flotation practice. In addition, the varieties, contents, valence state, and positions within the
crystal structure and on the surface and their effect on spodumene flotation have significant
theoretical significance for the design and synthesis of spodumene flotation reagents.
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