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Abstract: The grinding process plays a crucial role in the floatability of mineral. The present study
proposes a scheme to assist in the flotation separation of galena and pyrite by optimizing the choice of
grinding media. The effects of grinding media (cast iron balls, steel balls containing 18% chromium,
and steel balls containing 12% chromium) on the pulp properties and hydrophilicity of galena and
pyrite were evaluated using grinding tests, micro-flotation tests, X-ray photoelectron spectroscopy,
and adsorption capacity analyses. The results showed significant differences in the pH, potential,
and dissolved oxygen content of the galena or pyrite pulp with different grinding media, resulting
in significant differences in the flotation behavior of galena and pyrite. The use of cast iron balls
in the grinding process was more favorable for the flotation separation of galena and pyrite. The
pyrite surfaces adsorbed less butyl xanthate when cast iron balls were used as grinding media due
to the presence of more hydrophilic hydroxyl iron. Therefore, cast iron balls as grinding media are
favorable for broadening the surface hydrophilic differences between galena and pyrite.

Keywords: galena; pyrite; flotation; grinding media; separation

1. Introduction

Lead, mainly extracted from galena, is extensively used in the chemical, pharmaceu-
tical, and construction industries. Galena is often associated with abundant pyrite and
non-metallic minerals [1]. As a result of continuous mining, lead-bearing deposits contain
an increasing proportion of pyrite and a decreasing proportion of galena. Pyrite has similar
surface properties to galena, and their separation by flotation has been a great challenge [2].
The higher the pyrite content, the lower the economic value of the galena concentrate. In
addition, the pyrite accompanying the galena entering the lead smelting system will pollute
the environment due to the release of more sulfur dioxide [3]. Thus, the selective separation
of galena and pyrite becomes a necessary prerequisite for the economic, clean, and efficient
extraction of lead.

Flotation is the method preferred for the separation of galena and pyrite [4]. The sepa-
ration of minerals via the process of flotation depends on the difference in the hydrophilicity
of the different mineral surfaces [5]. Grinding is an important operation prior to flotation
for the adequate liberation of minerals and the reduction in grain size [6]. Along with the
reduction in grain size, the minerals are exposed to more fresh surfaces during grinding.
Thus, grinding inevitably leads to a variation in the hydrophilicity of the mineral [7,8]. This
suggests that improving the grinding conditions may be able to amplify the differences
in hydrophilicity between different minerals, and thus effectively achieve their flotation
separation. Ke et al. [9] demonstrated that there is a galvanic interaction between the grind-
ing media and the sulfide minerals because of the semiconducting nature of the sulfide
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minerals. During grinding, electrons will be transferred from the active material with a
lower rest potential to the noble material with a higher rest potential [10]. The rest potential
of common iron-based grinding media is generally lower than that of common sulfide
minerals (pyrite, chalcopyrite, galena, and sphalerite, etc.) [11,12]. Therefore, iron-bearing
media often assume the role of an anode during grinding, which results in the release
of ferrous ions [13]. These ferrous ions will gradually be converted into hydroxyl iron
complexes and coat the surface of the mineral, which inevitably changes the hydrophilicity
of the mineral [14]. Peng and Grano [15] identified that the hydroxyl iron complexes
originating from the grinding media are an important factor for the flotation separation
of galena and chalcopyrite. Kinal et al. [16] demonstrated that a moderate amount of iron
hydroxide, generated by the corrosive reaction of the grinding media, contributes to the
depression of sphalerite, without altering the floatability of galena. Li and Iwasaki [17]
reported that inert grinding media, such as ceramics and zirconia, were beneficial to the
recovery of sulfide minerals but detrimental to the separation of different sulfide miner-
als. In industrial practice, Greet et al. [18] reported that metal debris, generated during
grinding, has a potential influence on downstream flotation. The increase in metallic debris
can significantly alter the chemistry of the pulp [19]. Apparently, the chemical substances
released by the galvanic interaction between the grinding media and the mineral play an
important role in the hydrophobicity of the mineral.

The strength of the galvanic interaction depends on the difference in the rest potential
between the grinding media and the sulfide mineral [20]. Therefore, the variation in the
grinding media will inevitably cause changes in the pulp properties and hydrophilicity of
the minerals. Jacques et al. [21] concluded that high-chromium media are more beneficial
than forged steel media for the flotation separation of chalcopyrite and pyrite due to the
more optimal pulp chemistry that can be obtained with high-chromium media. For the
flotation system of galena and pyrite, Peng et al. [22] investigated the effect of atmosphere
(nitrogen, air, and oxygen) during grinding with different media on the floatability of
minerals. However, almost no studies have been reported on the effect of different grinding
media (chromium containing media, iron media, and other media) on the pulp properties
(pH, potential, and dissolved oxygen) of galena and pyrite. The effect of grinding media
on the hydrophilic substances on the surface of galena and pyrite has also been rarely
reported. In this study, an effective scheme is proposed to assist the flotation separation of
galena and pyrite by optimizing the choice of grinding media. The effects of three grinding
media, cast iron balls, steel balls containing 18% chromium, and steel balls containing 12%
chromium, on the pH, potential, and dissolved oxygen content of galena and pyrite pulp
were investigated. The effect of the grinding media on the floatability of galena and pyrite
was investigated using micro-flotation tests with different collector dosages and pHs. The
effect of the grinding media on the hydrophilicity of the mineral surface was evaluated
using X-ray photoelectron spectroscopy (XPS) and adsorption capacity analyses. Overall,
this study can provide novel insights into improving the flotation separation of galena
and pyrite.

2. Materials and Methods
2.1. Materials

Pure galena and pyrite were collected from the Guangdong Province, China, which
were crushed to 50–100 mm by a jaw crusher with a ceramic liner. The XRD patterns of
the collected mineral samples are shown in Figure 1. The galena (PDF#05-0592) and pyrite
(PDF#42-1430) correspond to their respective standard cards, proving that there were no
other impurities in the samples.
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Figure 1. XRD pattern of the samples used for the experiment: (a) galena and (b) pyrite.

Butyl xanthate (BX) and terpineol oil were employed as a collector and frother during
flotation, respectively, and sodium hydroxide (NaOH) and hydrochloric acid (HCl) were
used to adjust the pulp pH. All reagents were purchased from Sinopharm group, China,
and were analytically pure. The water consumed in the tests was deionized water with a
resistivity of 18.20 MΩ.

Stainless steel tanks with zirconia liners were used for the grinding tests. The media
filled in the ball-grinding tank were classified as cast iron balls (CIB), steel balls containing
18% chromium (CSB18%), and steel balls containing 12% chromium (CSB12%). It should be
noted that the chromium was homogenously distributed in the chromium-containing steel
ball body. The diameters of the grinding media were classified into three sizes, 15, 10, and
5 mm. The number of media was 2, 10, and 50, respectively, in the order of volume from
largest to smallest. The grinding equipment and materials were purchased from Changsha
Miqi Instrument Equipment Co., Ltd., Changsha, China.

2.2. Testing of Pulp Properties

A mineral sample of 30 g and 60 mL of deionized water were taken into a ball-grinding
tank filled with the media. The ball-grinding tank was fixed in the planetary ball grinder,
and then the grind speed and time were set. At the end of the grinding, the pulp was
quickly removed and fixed to 100 mL, then the pH, potential, and dissolved oxygen of the
pulp were determined using a pH meter (PHB-4, Inesa, Shanghai, China). All the grinding
tests were repeated three times for averaging.

2.3. Micro-flotation Tests

The flotation behavior of the pure minerals was studied utilizing an XFG-1600 flota-
tion machine (Exploring Machinery Plant, Changchun, China). In total, 100 mL of pulp
containing 30 g of the ground mineral was placed in the flotation cell, after which, the
chemical environment of the pulp was adjusted and the flotation was performed according
to the flowsheet shown in Figure 2.
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Figure 2. Flowsheet of micro-flotation tests.

For the binary mixed-mineral flotation system, both galena and pyrite had masses
of 15 g. The flotation concentrates and tailings were dried and assayed for the recovery
calculated by Equation (1). All the flotation tests were validated twice to minimize errors.

ε =
m1 × β1

m1 × β1 + m2 × β2
× 100% (1)

where ε is the concentrate recovery of the desired element (%), m1 and m2 are the masses
of the concentrate and tailing (g), respectively, and β1 and β2 represent the grades of the
desired elements in the concentrate and tailing (%), respectively.

2.4. X-ray Photoelectron Spectroscopy Analysis

A total of 30 g of galena or pyrite was freeze-dried after 5 min of ball grinding with
different media. Two grams was separated from the dried sample for an XPS analysis.
The XPS spectra of the galena or pyrite were obtained using a K-Alpha 1063 spectrometer
(Thermo Scientific Co., Waltham, MA, USA) at ambient temperature. The XPS fine spectra
were fitted by the Thermo Avantage version 5.96 software (Thermo Scientific Co., Waltham,
MA, USA).

2.5. Testing of Adsorption Capacity

UV–visible spectrophotometry (UV-vis; T6, Pgeneral, Beijing, China) was used to
detect the concentration of residual BX in the pulp. Figure 3 shows that the degree of fit of
the linear equation between the BX concentration and absorbance was as high as 0.99992,
indicating that the determination of the BX concentration using UV-vis was plausible.
After adjusting the chemical environment of the pulp according to the procedure shown
in Figure 2, a 10 mL suspension was collected from the flotation cell. The suspension was
centrifuged and then used to detect the BX concentrations. The adsorption capacity of the
minerals for BX was calculated by Equation (2). Adsorption experiments with the same
conditions were performed at least three times to minimize errors.

Γ =
(C 0 − C) × V

m
(2)

where Γ (mg/g) is the adsorption capacity of the BX on the surface of the galena or pyrite,
V (L) is the volume of the pulp suspension, m (g) refers to the mass of the galena or
pyrite, and C0 (mg/L) and C (mg/L) are the BX concentrations before and after adsorption,
respectively.
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3. Results and Discussion
3.1. Effect of Grinding Media on Pulp Properties
3.1.1. Effect of Grinding Media on pH

Figure 4 shows the effect of grinding time on the pH of the pulp for different grinding
media. After grinding with CIB, CSB18%, or CSB12%, the pulp pHs of both galena and
pyrite increased gradually with the grinding time. CSB18% and CSB12% as grinding media
caused a similar increase in the pulp pH, while CIB as grinding media caused a greater
increase in the pulp pH. The galvanic interaction between the minerals and the grinding
media was the main trigger for the increase in the pulp pH during the grinding process [23].
Galena and pyrite always assume the role of cathodes in galvanic interactions because of
their higher potentials compared to CIB, CSB18%, and CSB12%. The dissolved oxygen
(DO) in the pulp was converted into hydroxide ion at the cathode [11], thereby causing an
increase in the pulp pH. Compared to CSB18% and CSB12%, CIB is more susceptible to
abrasion and corrosion; thus, a stronger galvanic interaction occurred between the CIB and
the mineral, which, in turn, caused a greater pH increment.
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3.1.2. Effect of Grinding Media on Potential

Figure 5 illustrates the effect of the grinding time on the pulp potential for different
grinding media. Both the galena and pyrite pulp potentials gradually decreased with
an increasing grinding time for different grinding media. For the same mineral at the
same grinding time, the pulp potential decreased in the order of CSB18% > CSB12% >
CIB. Zhang et al. [24] demonstrated that the CIBs were more susceptible to wear than the
chromium-containing steel balls during grinding, which could have resulted in the release
of more iron ions from the CIBs. More ferrous ions inevitably induced a greater reduction
in the pulp potential. In addition, the reduction in the pulp potential was more significant
for pyrite compared to galena with the same grinding media at the same grinding time.
When CIBs were employed as the grinding media, the maximum drop in the pulp potential
was obtained at 7 min of grinding, with 187 mV and 463 mV reductions relative to the
initial values in the galena and pyrite, respectively. This may be attributed to the fact that
the grinding media were more susceptible to wear as they collided with the pyrite, because
pyrite (6.5) has a higher Mohs hardness than galena (2.5). Moreover, the rest potential
of pyrite (445 mV) was higher than that of galena (172 mV) [25], which suggests a more
intense galvanic interaction between the pyrite and the grinding media. A more wearable
and stronger galvanic interaction inevitably induced the release of more ferrous ions from
the grinding process and thus exhibited a lower pulp potential.
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3.1.3. Effect of Grinding Media on Dissolved Oxygen

Figure 6 depicts the effect of grinding time on the DO content of the pulp with different
grinding media. The DO content decreased progressively with an increasing grinding time,
which may be attributed to the enhanced oxidation of the mineral or grinding media. For
galena, CSB18% and CSB12% induced comparable reductions in DO content, whereas CIB
caused a significant reduction in DO content. This was related to the fact that the CIBs were
more susceptible to abrasion during grinding than CSB18% and CSB12%. Zhao et al. [26]
reported that the iron filings generated by the abrasion of the CIBs would be transformed
into ferrous or ferric ions, which would inevitably consume more dissolved oxygen. For
pyrite, the DO content was similar with different grinding media, which is explained by
the fact that pyrite was the dominant substance releasing ferrous ions during grinding [27].
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3.2. Effect of Grinding Media on Mineral Floatability

The pH and potential of pulp can affect the type of ions dissolved or coated on a
mineral surface, which, in turn, may change the hydrophilicity of the mineral surface [28].
In addition, variations in DO can lead to variations in the hydrophilicity of the mineral
surface. Excessive levels of DO in the pulp would aggravate the oxidation of the surface
of sulfide minerals, while too low of a level of DO is not conducive to the adsorption of
BX on the surfaces of minerals [29,30]. The results of Section 3.1. revealed that the pH,
potential, and DO content of the pulp could vary significantly with the type of grinding
media. Therefore, the variation in the grinding media would inevitably lead to a change in
the hydrophilicity of the mineral surface and may amplify the differences in the floatability
of different minerals. This section investigates the effect of the type of grinding media on
the floatability of minerals in a single mineral system of galena and pyrite.

3.2.1. Effect of Grinding Media on Grinding Fineness

Considering that the studied minerals are all liberated pure minerals, particle size
becomes an important factor affecting the floatability of the minerals. Particle sizes that are
too coarse or too fine are not conducive to particles adhering to the bubble [31]. Figure 7
displays the effect of grinding time on the fineness of the galena and pyrite with particle
sizes of 50–100 mm under different grinding media. The grinding fineness is expressed as a
proportion of the mass of particles with a particle size of less than 0.074 mm. The fineness of
the galena and pyrite gradually increased with the grinding time with the different grinding
media. Particularly, a higher fineness could be achieved with the chromium-containing
steel balls as the grinding media than with the CIBs at the same grinding time, which can
be attributed to the higher hardness of the chromium-containing steel balls compared to
the CIBs [32]. Moreover, the fineness of the galena was higher than that of pyrite under
the same grinding conditions, which can be attributed to the lower Mohs hardness of the
former. At a grinding time of 5 min, the fineness of the galena and pyrite was more than
90% with the different grinding media. A longer grinding time (7 min) may result in too
fine a mineral particle to be favorable for flotation. Thus, the optimal grinding time adopted
for the subsequent experiments was determined to be 5 min.
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3.2.2. Effect of Grinding Media on Recovery at Different BX Dosages

Figure 8 illustrates the effect of the BX dosage on the single mineral recoveries of
the galena and pyrite with different grinding media. The recovery of galena and pyrite
showed the trend of a slight increase followed by stabilization with an increasing BX
dosage. Maximum recovery was achieved with a BX dosage of 0.10 g/L with a different
grinding media. At the same BX dosage and with different grinding media, the recovery of
galena and pyrite decreased in the order of CSB18% > CSB12% > CIB. The more abrasive
nature of the CIBs and the stronger galvanic interaction between the CIBs and the mineral
may account for this phenomenon [33]. Interestingly, the reduction in the recovery of
pyrite was much greater than that of galena when using CIBs as the grinding media. This
phenomenon may be attributed to the lower rest potential of pyrite inducing a stronger
galvanic interaction [23]. Apparently, the alteration in the grinding media contributed to
an amplification of the differences in mineral floatability, which provided the potential for
the flotation separation of galena and pyrite.
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3.2.3. Effect of Grinding Media on Recovery at Different pH

Figure 9 shows the effect of the pH on the single mineral recovery of galena and pyrite
with different grinding media. For galena, the pH had no significant effect on the recovery
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with the same grinding media, while the recovery obtained with CIS as the grinding media
was slightly lower (about 5%) than that of CSB18% and CSB12% under the same pH. For
pyrite, an increase in the pH resulted in a significant decrease in recovery. This trend of
pyrite floatability variation with pH was similar to previous studies [34]. The recovery of
pyrite decreased in the order of CSB18% > CSB12% > CIB with different grinding media
at the same pH, indicating that utilizing CIBs for grinding was more conducive to the
depression of pyrite. The recovery of pyrite obtained using CIB grinding was 22.30% lower
than that obtained using CSB18% grinding at pH = 11, while the corresponding difference
in the recovery of galena was only 5.40%. Apparently, the reduction in the recovery of
pyrite induced by the CIBs was considerably greater than the reduction in the recovery of
galena at the same pH, demonstrating that CIBs as a grinding media could amplify the
difference in floatability between galena and pyrite.
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3.3. Effect of Grinding Media on Flotation Separation of Binary Mixed Mineral

Figure 10 shows the recovery of the galena and pyrite obtained using three different
grinding media in a binary mixed-mineral flotation system. The recovery of galena showed
a slightly increasing trend as the grinding media were CIB, CSB12%, and CSB18% in se-
quence. This indicated that the effect of grinding media on the floatability of galena is
relatively weak in binary mixed-mineral systems. The recoveries of pyrite were 53.70%,
39.87%, and 12.24% when using CSB18%, CSB12%, and CIB as the grinding media, re-
spectively. This variation trend is evidence that CIBs are more favorable for increasing
the hydrophilicity of pyrite in binary mixed-mineral systems. The trend of variation in
the galena and pyrite recovery caused by the variation in the grinding media was similar
to the study by Peng et al. [22]. However, there is also a slight difference between Peng
et al.’s study and the present one. Peng et al. concluded that chromium-containing steel
balls caused a significant increase in the recovery of both galena and pyrite relative to mild
steel balls. The current study indicated that the chromium-containing steel balls primarily
induced a significant increase in the pyrite recovery relative to the CIBs, with a slight
increase in galena recovery. A similar trend of recovery variation may be attributed to the
fact that the chromium-containing steel balls released less iron oxides than the CIBs and
mild steel balls. The difference in the magnitude of recovery variation may be ascribed
to the flotation pulp pH being maintained at 9 in Peng et al.’s study and at 11 in this one.
Differences in the composition and strength of the CIBs and mild steel balls could also be
another reason for the difference in the magnitude of the recovery variation. Considering
that oxygen reduction in the pulp is more likely to occur on the surface of pyrite than on
that of galena [35], it is possible that more iron hydroxyl complexes are attached to the
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surface of pyrite. Therefore, it is reasonable that CIBs, which are more capable of releasing
iron ions, would be more effective at reducing the floatability of pyrite.
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When CIBs were used as the grinding media, the difference in the recovery between
galena and pyrite reached 68.61%, demonstrating that an effective separation of the two
minerals was achieved. Notably, the recovery of galena from the binary mixed-mineral
system was lower than that from single mineral systems under the same flotation conditions,
while pyrite showed the opposite trend. This may be attributed to the presence of a galvanic
interaction between galena and pyrite. Qin et al. [36] demonstrated that the galvanic
interaction between galena and pyrite can increase the floatability of pyrite, but deteriorate
the floatability of galena. Overall, flotation tests on both single and mixed minerals support
the fact that varying the type of grinding media improves the separation of galena and
pyrite by flotation.

3.4. Variation of Valence States of Elements on Mineral Surfaces with Three Grinding Media

Figure 11 exhibits the XPS spectra of the galena and pyrite after grinding with the three
media, and the corresponding surface elemental compositions are shown in Tables 1 and 2.
For galena, the percentages of O and Fe on the surfaces after grinding with the CIBs were
significantly higher than when using the chromium-containing steel balls. The higher
percentage of O proved that CIBs as grinding media are more likely to cause galena
oxidation, which rationally explains the lower galena recovery achieved when the CIBs
were used as the grinding media under the same conditions. The higher Fe percentage
meant that CIB abrasion produced more ferric or ferrous ions, which was responsible for
the higher pH (Figure 4a) and lower potential (Figure 5a) and DO content (Figure 6a) of the
galena pulp when grinding with the CIBs. For pyrite, the O percentage after grinding with
the CIBs was significantly higher than that after grinding with the chromium-containing
steel balls. The higher O percentage indicated that pyrite was more readily oxidized during
collision with the CIBs, which rationally explains the lower pulp potential (Figure 5b) and
lower recovery (Figure 10) of the pyrite when CIBs acted as the grinding media. In addition,
the XPS spectrum of the pyrite ground by the chromium-containing steel balls showed a
weak Cr 2p peak, and Table 2 also shows that the surface of the pyrite ground by CSB18%
and CSB12% contained 0.57% and 0.66% of Cr, respectively. However, no Cr 2p peak was
observed in the XPS spectrum of the galena. This phenomenon is attributed to the fact that
pyrite is harder than galena, and is more likely to cause the wear of chromium-containing
steel balls.



Minerals 2023, 13, 1213 11 of 16Minerals 2023, 13, x FOR PEER REVIEW 12 of 17 
 

 

  
(a) (b) 

Figure 11. Wide-scan survey of minerals after grinding with different media: (a) galena; (b) pyrite. 

Figure 12 shows the Pb 4f spectrum of galena after grinding with the three media. 
The Pb 4f7/2 peaks in galena ground by CSB18%, CSB12%, and CIB appeared at binding 
energies of 136.56, 136.49, and 135.98 eV, respectively. Compared to the CSB18% and 
CSB12%, the CIBs induced a significant negative shift in the Pb 4f7/2 peak of the galena, 
confirming that the surface of the galena was more oxidized after grinding with the CIBs 
(https://srdata.nist.gov/xps/, last updated: 15 September 2012, accessed on: 13 September 
2023). Figure 13 shows the O 1s spectra of galena and pyrite after grinding with the three 
media. The peaks at 533.58, 533.48, 532.98, and 533.08 eV are attributed to the O–H of 
adsorbed H2O, the peaks discovered at 531.88, 531.38, 531.18, and 531.28 eV represent the 
hydroxyls (OH−) in the mineral surface hydroxide, and the peaks at 530.18, 530.28, 529.78, 
and 529.58 eV belong to the lattice oxygen (O2−) in the metal oxide [37]. When CSB18% 
and CSB12% were used as grinding media, the distributions of O on the galena and pyrite 
surfaces were relatively close to each other. However, the distribution rate of O in OH− 
and O2− increased significantly after the galena and pyrite were ground by the CIBs. Mean-
while, the increment in the distribution of O in the OH− and O2− of the pyrite was much 
higher than that of galena when the CIBs were used as the grinding media. This phenom-
enon illustrates that the use of CIBs during grinding can exacerbate the oxidation of pyrite, 
whereas galena is only weakly oxidized. This difference in the degree of oxidation was 
the primary reason why galena and pyrite exhibited different trends in recovery under 
different grinding media. 

 
Figure 12. High-resolution XPS spectrum of Pb 4f of galena. 

Figure 11. Wide-scan survey of minerals after grinding with different media: (a) galena; (b) pyrite.

Table 1. Elemental normalized percentage of galena surface after ball grinding with different media.

Elemental
Content (%)

CIB CSB18% CSB12%

Pb 38.48 40.99 41.60
S 38.37 40.85 40.43
O 21.19 18.16 17.97
Fe 1.96 - -

Table 2. Elemental normalized percentage of pyrite surface after ball grinding with different media.

Elemental
Content (%)

CIB CSB18% CSB12%

Fe 13.29 13.68 14.19
S 41.40 44.89 44.61
O 45.31 40.86 40.54
Cr - 0.57 0.66

Figure 12 shows the Pb 4f spectrum of galena after grinding with the three media.
The Pb 4f7/2 peaks in galena ground by CSB18%, CSB12%, and CIB appeared at binding
energies of 136.56, 136.49, and 135.98 eV, respectively. Compared to the CSB18% and
CSB12%, the CIBs induced a significant negative shift in the Pb 4f7/2 peak of the galena,
confirming that the surface of the galena was more oxidized after grinding with the CIBs
(https://srdata.nist.gov/xps/, last updated: 15 September 2012, accessed on: 13 September
2023). Figure 13 shows the O 1s spectra of galena and pyrite after grinding with the three
media. The peaks at 533.58, 533.48, 532.98, and 533.08 eV are attributed to the O–H of
adsorbed H2O, the peaks discovered at 531.88, 531.38, 531.18, and 531.28 eV represent
the hydroxyls (OH−) in the mineral surface hydroxide, and the peaks at 530.18, 530.28,
529.78, and 529.58 eV belong to the lattice oxygen (O2−) in the metal oxide [37]. When
CSB18% and CSB12% were used as grinding media, the distributions of O on the galena
and pyrite surfaces were relatively close to each other. However, the distribution rate of O
in OH− and O2− increased significantly after the galena and pyrite were ground by the
CIBs. Meanwhile, the increment in the distribution of O in the OH− and O2− of the pyrite
was much higher than that of galena when the CIBs were used as the grinding media. This
phenomenon illustrates that the use of CIBs during grinding can exacerbate the oxidation
of pyrite, whereas galena is only weakly oxidized. This difference in the degree of oxidation

https://srdata.nist.gov/xps/
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was the primary reason why galena and pyrite exhibited different trends in recovery under
different grinding media.

Fe 
 Fe2+ + 2e− (3)

1/2O2 + H2O + 2e− 
 2OH− (4)

1/2O2 + 2Fe2+ 
 2Fe3+ + O2− (5)

Fe3+ + 3OH− 
 Fe(OH)3 (6)

2Fe3+ + O2− + 4OH− 
 2FeOOH + H2O (7)
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Pozzo [38] reported that the rest potential of pyrite (445 mV) in deionized water
was higher than that of galena (172 mV), while the rest potential of steel and iron balls
was even lower (usually below −200 mV). Thus, in a single-mineral grinding system, a
galvanic interaction always occurs with the grinding media as the anode and the mineral
as the cathode. The grinding media release ferrous ion ((Equation (2)), while the DO
close to the minerals is reduced to OH− ((Equation (3)) [13]. The production of OH− is
the dominant cause of the increase in the pulp pH and the decrease in the DO content
during grinding. The generated Fe2+ will be oxidized and converted into iron hydroxides
((Equations (4)–(7)) [39]. The hydroxyl iron complexes tend to adhere to mineral surfaces
and make minerals hydrophilic, which may hinder the adsorption of collectors (as shown in
Figure 14). Considering that pyrite has a higher rest potential than galena, and that CIBs are
more wearable than chromium containing steel balls, the galvanic interaction between the
CIB and pyrite would be more likely to occur. Therefore, when CIBs are used as grinding
media, the surface of pyrite has higher percentages of OH− and O2−, which effectively
amplifies the difference in hydrophilicity between galena and pyrite. The different contents
of the hydroxyl iron complexes on the surfaces of galena and pyrite inevitably affect the
adsorption of the collector.
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3.5. Variation of BX Adsorption Capacity with Three Grinding Media

Figure 14a shows the UV spectra of the pulp supernatants of the galena and pyrite after
grinding with different media. The main characteristic peak of the maximum absorbance
at 300 nm is attributed to the presence of C=S in the BX molecular structure [40]. The
absorbance of the pulp supernatant of pyrite was significantly higher than that of galena,
indicating that less BX was adsorbed onto the pyrite surface. For the same mineral with
different grinding media, the absorbance of the pulp supernatant decreased sequentially
in the order of CIB > CSB12% > CSB18%, indicating that CIBs as the grinding media were
more detrimental to the adsorption of BX. Figure 14b gives the adsorption capacity of BX
for galena and pyrite with different grinding media, which confirms that the difference in
the absorption capacity of BX for galena and pyrite was greatest (1.51 mg/g) when using
CIBs as the grinding media. This result echoes the results of the binary mixed-ore flotation
(Figure 10) and the XPS analyses (Figure 13), which, together, firmly support the fact that
selecting suitable grinding media can enhance the selective separation of galena and pyrite.

4. Conclusions

In this study, it was proposed to aid in broadening the hydrophilicity of the surfaces of
galena and pyrite by varying the type of grinding media. The effects of CIS, CSB18%, and
CSB12% on the pulp properties and hydrophilicity of galena and pyrite were investigated
using grinding tests, micro-flotation tests, XPS, and adsorption capacity analyses. The
following conclusions are drawn.

1. For galena and pyrite, the pH of the pulp increased with grinding time, while the
potential and dissolved oxygen content of the pulp decreased with grinding time.
Under the same grinding conditions, CIBs as the grinding media resulted in a higher
pH and lower potential and DO content of the pulp.

2. The floatation systems of both single mineral and binary mixed mineral confirmed
that CIBs as grinding media are more beneficial for expanding the floatability of
galena and pyrite. In the binary mixed-mineral flotation system, the recovery of pyrite
with CIBs as the grinding media was lower than that with chromium-containing steel
balls as the grinding media by approximately 30%.

3. The XPS analysis showed that the variation in the grinding media did not have a
significant effect on the oxidation of the galena surface, whereas the hydrophilic
hydroxyl iron content of the pyrite surface increased significantly when CIBs were
used as the grinding media. Therefore, the use of CIBs during grinding is more
effective in expanding the surface hydrophilicity of galena and pyrite. The difference
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between the amount adsorbed BX of galena and pyrite also reached its maximum
when CIBs were used as the grinding media.
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