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Abstract: The flotation separation of chalcopyrite and galena presents significant challenges due to their
similar surface properties, resulting in comparable floatability. In the process of flotation separation,
conventional depressants encounter issues related to high toxicity or limited effectiveness. In this paper,
it was found that the floatability of galena decreased significantly after pretreatment with potassium
peroxymonosulfate (PMS) oxidation. The influence on chalcopyrite, however, is relatively insignificant.
In flotation tests of mixed binary minerals, without PMS oxidation, the two minerals are basically
floating; When the pH is 8 and the dosage of PMS is 0.375 g/L, it is possible to obtain a flotation
concentrate with a Pb grade of 26.78% and recovery of 36.10%, as well as a Cu grade of 21.53% and
recovery of 83.66%, when the raw ore contains Pb 44.88% and Cu 15.57%. The oxidation pretreatment
method enables the separation of galena and chalcopyrite without the need for a depressant. The XPS
and AFM measurements revealed a significantly higher oxidation degree of galena compared to
chalcopyrite after treatment with PMS, indicating a notable difference in their floatability.
Consequently, the separation of chalcopyrite and galena is greatly facilitated by this distinction. In
conclusion, PMS can be considered as a novel oxidant that provides an effective approach for selectively
floating chalcopyrite and galena.
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1. Introduction

Copper, as an important non-ferrous metal, is widely used in various fields of production and life, and
plays an important role in the national economy (Zhang et al., 2020; Wei et al., 2019). Chalcopyrite, the
most common and widely distributed copper-bearing mineral, is the main source of copper extraction
in the industry (Miao et al., 2022; Liu et al., 1989). It occurs naturally as polymetallic sulfide deposits,
where copper-lead sulfide deposits are the most prevalent. It is often related to galena in the ore (Yang
et al., 2023). The chalcopyrite is a typical naturally hydrophobic sulfide ore. Currently, in the industry,
froth flotation is the primary method employed for the comprehensive recovery of chalcopyrite. Froth
flotation is a physicochemical technique that exploits varying surface hydrophobic properties among
different minerals (Huang et al., 2014; Liu et al., 2000). However, galena is also a sulfide ore and exhibits
similar surface properties to chalcopyrite, thereby resulting in their analogous floatability.
Consequently, achieving efficient separation of chalcopyrite and galena becomes quite challenging in
the flotation process (Zhu et al., 2022). The inadequate quality of copper concentrate often results in
complications during the subsequent smelting process, leading to increased production costs and other
issues. In industrial chalcopyrite mineral processing plants, the effectiveness of Cu-Pb separation is
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widely regarded as one of the most crucial indicators (Tang et al., 2019; Zhang et al., 2019; Su et al.,
2022a; Zhang et al., 2022a).

The distinction between chalcopyrite and galena has been extensively studied, with significant
progress made thus far. The prevailing approach involves the application of depressants to selectively
impede the flotation of galena. (Rath. RK et al., 2022). For a long time, potassium dichromate, as the
most widely used inhibitor in industry, can selectively reduce the floatability of galena. However, the
high toxicity of this kind of reagent restricted its further application. To conquer the problem, low-
toxicity depressants, e.g. sodium sulfide, sodium hydrosulfide, and sodium sulfite, were also developed
for flotation separation of galena and chalcopyrite (Zhang et al., 2022b; Huang et al., 2012; Mu et al,,
2016; Yang et al., 2020). However, the selectivity of this type of reagent is suboptimal, which may also
have a detrimental impact on the recovery of chalcopyrite. Additionally, macromolecular organics such
as dextrin, locust bean gum, and other natural polymers are introduced as depressants; nevertheless,
these reagents also suffer from the notable drawback of poor solubility and high consumption (Cao et
al., 2006). In addition, an excess of these inhibitors would increase the COD (chemical oxygen demand)
concentration of wastewater, bringing extra environmental pressure.

Apart from the addition of a depressant, the selective oxidation method is a potential alternative and
is considered an eco-friendly way that can be applied in the flotation separation of sulfide ore. In our
previous research (Yang et al., 2022), we found that the selective oxidation of galena can be realized via
thermal pretreatment. However, the high costs associated with thermal pretreatment significantly
restrict its practical application. The utilization of oxidants in the pulp has been investigated as a more
cost-effective means to achieve mineral surface oxidation (Hirajima. T et al., 2017; Suyantara. GPW et
al,, 2018a; Lei et al., 2023). The key factor for achieving selective oxidation of galena lies in the choice of
oxidant. However, commonly employed oxidants such as hydrogen peroxide, sodium hypochlorite,
and potassium permanganate all exhibit poor selectivity (Yi et al., 2021; Suyantara. GPW et al., 2018b;
Yang et al., 2016), a finding that has also been confirmed in our preliminary experiment. Despite
encountering various challenges, the surface oxidant method still holds promise for the flotation
separation of Cu-Pb.

In addition to the aforementioned well-known oxidants, potassium peroxymonosulfate (PMS) is also
a highly efficient and viable oxidant, making it a potentially exceptional reagent for application in the
flotation separation of chalcopyrite and galena. The active substance of composite salt PMS is potassium
bisulfate KHSOs, which can be used as an oxidant, bleach, catalyst, disinfectant, etching agent, and so
on. It has the characteristics of a broad spectrum, high efficiency, and low toxicity. In the PMS oxidation
system, hydroxyl radicals (E=1.9-2.7 V) and sulfate radicals (Eo=2.5-3.1 V) with high oxidative potential
can also be generated, which can further enhance the oxidation effect (Tang et al., 2018). In exploratory
experiments, we found PMS can selectively oxidize the surface of galena but barely influence the
flotation of chalcopyrite.

Therefore, this paper aims to utilize PMS as a novel oxidizing agent for the pretreatment of galena
and chalcopyrite in order to achieve selective oxidation. This approach seeks to enhance the disparities
in surface properties between galena and chalcopyrite, thereby significantly differentiating their
floatability. In this study, separate pre-oxidation-single mineral flotation tests and pre-oxidation-mixed
ore flotation tests were conducted on chalcopyrite and galena respectively. The flotation test
phenomena were examined to investigate the oxidative effect of PMS. Through XPS and ESR testing
methods, the selective oxidation mechanism of PMS on both minerals was analyzed, providing essential
theoretical support for subsequent efficient regulation of flotation behavior.

2. Experimental
2.1. Sample preparation and reagents

The high-purity chalcopyrite and galena samples used as raw materials in this experiment are both bulk
samples from Hunan Province, China. The samples were first manually broken into small pieces and
selected, and then ground into dry powder by a three-head agate grinder. The 200-mesh and 400-mesh
standard Taylor screens were used for dry screening to obtain a mineral powder with a particle size of
-0.074 mm+0.037 mm, which was respectively put into bags and sealed for storage to prevent further
oxidation of the surface of sulfide ore.
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Fig. 1. XRD patterns of the as-prepared mineral samples of Chalcopyrite and Galena.

Table. 1. Chemical composition of chalcopyrite and galena (%)

Sample Cu Pb Zn S Fe CaO MgO  SiOs ALO3
Chalcopyrite 32.83 0.23 045 3402 2888 0.51 0.34 0.66 0.27
Galena — 8356 026 1255 0.28 0.31 0.12 0.45 0.15

As shown in Fig. 1 and Table 1, the results of XRD and chemical composition analyzes show that the
quality of these two minerals with purities of approximately 95% and 96% for chalcopyrite and galena,
respectively. The chalcopyrite and galena in the samples used have low impurity content and high
purity, which meet the requirements of pure mineral experimental research.

The oxidants PMS, H>O,, and NaClO used in the pre-oxidation process were from Shanghai Macklin
Biochemical Co., Ltd., both of which belong to the analytical pure level. In the flotation process, sodium
hydroxide (AR grade) and hydrochloric acid (AR grade) were used to adjust the pH of the pulp, and
butyl xanthate (SBX) from the analytical pure grade was used to enrich and collect minerals. Deionized
water was used throughout the test and detection process.

2.2. Experimental procedure
2.2.1. PMS oxidation pretreatment

PMS oxidation pretreatment of mineral samples is relatively simple. During each oxidation
pretreatment process, a 2 g sample, the proper amount of PMS, and 35 ml of deionized water were
accurately weighed in a small beaker of 100 ml, which was placed in a magnetic stirrup and stirred with
a rotor for 15 min. At the end of stirring, remove the rotor, let it stand for 10 min so that the mineral
precipitates in the lower layer, and pour out the upper liquid. In the oxidation pretreatment of mixed
minerals, chalcopyrite and galena with a 1:1 mass ratio were used to prepare mineral samples. Other
operations were the same as those for a single mineral.

2.2.2 Micro-flotation tests

The flotation operations are all carried out at room temperature (about 25 °C) in the same hanging
flotation machine, which is equipped with a small chamber (volume: 40 ml) and the impeller speed is
fixed at 1900 RPM throughout the flotation process. For a single mineral, the pre-oxidized 2 g sample
and 35 ml deionized water were mixed into the flotation tank first, and the slurry was adjusted for 2
min to form a uniform slurry. At the same time, NaOH solution or HCI solution was used for pH
adjustment. After 3 min, a certain amount of collector butyl xanthate was added for 5 min. Then, the
baffle was put in for aeration and flotation, and the floating foam products in the upper layer were
manually collected as a concentrate in the clean and dry glass dish, and the bubble scraping time was 3
min. The upper concentrate product and bottom tailings product are dried and weighed successively.
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The flotation recovery rate can be calculated according to formula (1) (where R represents the recovery
rate; Wc and Wt represent the weight of concentrate and tailings, respectively).
R=—"C_.100% (1)

T WetWy

For the flotation results of mixed minerals, the flotation recovery rate can be calculated according to
formula (2) (where Cc and Cm represent the grade of concentrate and mixed ore sample respectively;
The other symbols are the same as formula (1)).

R = 2eLe. 10909 )

2.Cm

2.3. Contact angle test

Contact Angle tests were conducted to evaluate the hydrophobic properties of mineral surfaces. The
contact angle of chalcopyrite and galena was measured using the KRUSS contact angle measuring
instrument (German DSA100). Regularly shaped chalcopyrite and galena samples were selected from
raw ore, cut into smooth slices, and polished successively with increasingly fine sandpaper. The same
reagent addition sequence was employed for both the contact angle test and micro-flotation test. Each
measurement was repeated three times, and the average value was taken as the result.

2.4. Ion concentration detection

Ion concentration detection by testing solution contained in the purpose of varying concentrations of
ions can visually analyze changes in chemical composition in the solution. In this paper, the preparation
method of the sample for ion concentration detection is as follows: using the PMS dosage conditions set
in the micro-flotation test, chalcopyrite and galena are oxidized with different dosages of PMS. For each
sample preparation, 2 g of chalcopyrite (galena) was put into a 100ml beaker, 40 ml of deionized water
was added, a rotor was placed, and the rotor was stirred on a magnetic stirrer for 15 min and adjusted
to pH=8. After stirring, remove the rotor, stand for 10 min, and take the supernatant into the sealed
sample bottle for testing.

2.5. XPS measurement

X-ray photoelectron spectroscopy (XPS) is mainly used to measure the binding energy of electrons,
which is an effective way to study the chemical composition and state of surface elements. In this test,
a Thermo SCIENTIFIC ESCALAB 250xi X-ray photoelectron spectrometer with monochromatic Al Ka
X-ray source was used to analyze and test the samples, and then Avantage software was used to fit the
X-ray photoelectron spectra of specific elements. All binding energies were calibrated using
contaminant carbon (C1 s =284.8 eV).

Sample preparation process: Take 2 g pure mineral in 100mL beaker, add the appropriate amount of
deionized water, and clean with ultrasonic cleaner 2~3 times, add the appropriate amount of deionized
water and add agents according to the optimal reagent system for stirring, at the end of stirring, the
solution will stand and pour out the supernatant, and the solid precipitate at the bottom of the beaker
will be placed in a vacuum drying oven at 50 °C for drying, that is, the sample for detection will be
obtained.

2.6. ESR measurement

Free radical reactions play an important role in chemistry, which can react with the oxidation and
reduction of an atom or molecule. Electron spin resonance (ESR) is one of the most direct and effective
ways to detect the generation of free radicals and capture the structure of free radicals.

2.7. AFM measurement

The atomic force microscope (AFM) can detect the appearance of the sample from three dimensions and
measure its surface roughness. In this paper, the NX10 model machine is used for AFM detection.
During sample preparation, the mineral samples are first polished, then soaked with different agents,
and the mineral surface is dried by nitrogen injection and then tested.



5 Physicochem. Probl. Miner. Process., 60(6), 2024, 195497

3. Results and discussion

3.1. Micro-flotation results

To evaluate the oxidation effect of PMS on chalcopyrite and galena, a single mineral flotation condition
test was carried out, and the influences of four factors including the dosage of PMS, oxidation time,
flotation pH value, and dosage of sodium butyl xanthate(SBX) during the oxidation pretreatment before
flotation were investigated respectively. For comparative purposes, hydrogen peroxide (H20:) and
sodium hypochlorite (NaClO) were also tested as oxidants in the flotation test. Each condition was
repeated three times.
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Fig. 2 Effects of pH values on flotation recovery of chalcopyrite (a) and galena (b) pretreated under different

oxidation pretreatment systems

Fig. 2 shows the effect of flotation pH value on the flotation recovery of chalcopyrite and galena
under different oxidant oxidation pretreatment systems (flotation conditions: PMS =1.25 g/L, oxidation
time =15 min, SBX=2x10+* mol/L). As seen, when using PMS as an oxidant, the recoveries of
chalcopyrite and galena decrease as the increase of pH value. When the pH value reaches 8, the recovery
of galena is near zero, implying the alkaline pulp environment is beneficial to the depression of galena.
For NaClO and H>O,, the variation of recovery as pH value presents a similar tendency.

Fig. 3 displays the oxidant dosage of on flotation recovery of chalcopyrite and galena under different
oxidation pretreatment systems (flotation conditions: Oxidation time =15 min, SBX=2x10-* mol/L,
pH=8). It can be seen that, for chalcopyrite, the recovery was barely changed as the increase of PMS
dosage at the initial stage and sharply decreased when the PMS dosage excesses to 0.375 g/L. While for
galena, the recovery was significantly decreased with the increase in PMS dosage. When the PMS
dosage reaches 0.5 g/L, the recovery decreased to 1.50%, indicating the complete depression of galena
at this PMS dosage. The optimum PMS dosage for flotation separation of galena and chalcopyrite
should be 0.375 g/L. Moreover, as presented in Fig. 3, the depression ability of NaClO on galena is
much lower than that of PMS. Although H>O, has excellent depression ability on galena, the
chalcopyrite would be also strongly depressed in the same condition. All in all, the above results
indicate that the PMS has a much better oxidation effect or selectivity than that of H>O» and NaClO for
use as oxidants.

Fig. 4 shows the effect of butyl xanthate dosage on the flotation behavior of chalcopyrite and galena
(pH=8, oxidant=0.375 g/L, oxidation time=15 min) with PMS oxidant. It can be seen that the flotation
recovery of chalcopyrite significantly increased with the increase of SBX dosage and barely changed
when SBX dosage reaches 2x10-4 mol/L. In comparison, for galena, the recovery maintains at a low level
all the time when the SBX dosage is below 2x10+# mol/L and sharply increased as the SBX dosage is
excess 2x10-* mol/L. The optimum dosage of SBX for flotation separation of galena and chalcopyrite
should be 2x10-4mol/L. At this point, the recovery rate of galena and chalcopyrite is about 16.1% and
83.8%, respectively.

In addition, artificially mixed minerals flotation tests were conducted to further verify the effect of
PMS pretreatment on the flotation separation of chalcopyrite and galena. The flotation products were
determined using the inductively coupled plasma optical emission spectrometry (ICP-OES) method.
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Fig. 4 Effects of collector (SBX) dosage on flotation behavior of chalcopyrite and galena under PMS
pretreatment system.

The samples were acidified with hydrochloric acid by high temperature alkali melting method, and
the flotation products were continuously measured by ICAP PRO plasma emission spectrometer
(Thermo Fisher Instruments).

The test results were shown in Table.2(flotation conditions: pH=8, SBX=2x10*mol/L). The results
show that almost all of the galena entered into the concentrates with an oxidant, which proves that the
separation between the two is tough without any oxidants. When using PMS oxidation, it can obtain a
high-quality concentration with Cu recovery of 83.66% percentage points and Pb recovery of only
36.10%, which confirms the separation effect is better than the separation effect when using nothing
oxidant. The results of mixed ore flotation are consistent with those of single mineral flotation, which
proves the feasibility of separating chalcopyrite and galena by oxidation with PMS.

Table. 2 Results of flotation separation of chalcopyrite and galena mixed minerals

Oxidant Product \El;)l)d Pb(%/:z;de Cu(gog/:?de Pb rf;o)very Cu r(e;o)very
Concentrates 95.27 43.52 15.03 92.38 91.97
Without Tailings 473 7.23 2.64 7.62 8.03
Feed 100 4488 15.57 100 100
Concentrates 60.50 26.78 21.53 36.10 83.66
(0.31;1;/1; /) Tailings 39.50 72.60 6.44 63.90 16.34

Feed 100 4488 15.57 100 100
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3.2. Contact angle test analysis

The flotation performance of a mineral can be inferred from its surface hydrophobicity, typically
assessed by quantifying the contact angle formed by droplets on the mineral surface. The contact angles
of chalcopyrite and galena were measured under various experimental conditions, as depicted in Fig.5a
and Fig.5b. The contact angles of untreated chalcopyrite and galena are 88.38° and 79.59°, respectively,
indicating their favorable inherent floatability (Huang et al., 2014).

Chalcopyrite Chalcopyrite + SBX Chalcopyrite + PMS  Chalcopyrite + PMS + SBX

88.38° 95.21° 75.35° 82.33°
Chalcopyrite
surface
(Eflefm Galena + SBX Galena + PMS Galena + PMS + SBX
9.59° 89.02° 28.16° 4311° Galena

hydrophobic

Fig. 5. Contact angles of chalcopyrite (a) and galena (b) before and after reaction with different agents

After treatment with 2x10-4mol/L SBX, the contact Angle of chalcopyrite and galena increased to
95.57° and 89.11° respectively, and the hydrophobicity of the two minerals was significantly enhanced,
indicating that SBX could capture the two minerals without selectivity. The contact Angle of
chalcopyrite and galena decreased by 13.03° and 51.43° respectively when the PMS dose was 0.375 g/L.
Successive PMS and SBX treatments resulted in an increase in galena contact Angle from 22.16° to 43.11°
and chalcopyrite contact Angle from 75.35° to 82.33°. This observation suggests that the presence of
PMS has minimal impact on the surface hydrophobicity of chalcopyrite, thereby facilitating effective
adsorption of the collector. In contrast, galena's hydrophobicity experiences a significant decrease upon
interaction with PMS, indicating strong inhibition caused by PMS oxidation, which is consistent with
the flotation outcomes.

3.3. Ion concentration analysis

After oxidizing chalcopyrite and galena with different amounts of PMS (the dosage condition of PMS
is set the same as that of the micro-flotation test), the oxidized filtrate is collected and chemical analysis
of Pb ion concentration and Cu ion concentration is carried out. The test results are shown in Fig. 6.

It can be seen that with the increase in the dosage of PMS, the concentration of Cu ions in the filtrate
after chalcopyrite oxidation is almost unchanged, and the concentration remains unchanged when the
dosage of PMS is greater than 0.375 g/L. However, the concentration of Pb ion in the filtrate after galena
oxidation decreased significantly, and the concentration remained unchanged when the dosage of PMS
was greater than 0.5 g/L. It follows that after oxidation of PMS, lead ions dissolved from galena are
significantly lower than copper ions dissolved from chalcopyrite. It may be that the oxidized layer
formed on the surface of the galena is difficult to dissolve, which makes the hydrophilicity of the galena
increase. Although chalcopyrite is also oxidized on its surface, the oxidized layer dissolved in water and
fell off, so it maintained good floatability.

Combined with the micro-flotation test results, this proves that the oxidation of PMS has little effect
on chalcopyrite, and there are still Cu species dissolved into the solution during the oxidation process.
However, its oxidation effect on galena is obvious, and an oxidation film will be formed on the surface
of galena, thus preventing the dissolution of Pb ions, and selectively increasing the difference between
chalcopyrite and galena in floatability.

3.4. XPS analysis

XPS can effectively detect the element composition, content, and chemical state of mineral surface (Liu
et al.,, 2015). Therefore, XPS detection was further conducted to study the changes in surface chemical
states of galena and chalcopyrite before and after PMS oxidation, to characterize the surface species of
PMS adsorbed on minerals. XPS analysis was performed with an X-ray photoelectron spectrometer
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using an Al Ka sputtering ray source operated at 12.0 kV and 6.0 mA. The pressure in the analytical
chamber was 1.0x108 Pa. All binding energies were referenced to the standard C-C binding energy at
284.80 eV to compensate for the surface-charging effects, and XPS software Thermo Advantage 5.976
was utilized to fit and analyze the XPS peaks. The results are shown in Fig. 7 and Fig. 8.
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Fig. 6. The concentration of copper (Cu) and lead (Pb) at pH=8 under different dosages of PMS
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Fig. 7. The High-resolution XPS spectra of the chalcopyrite before and after XPS oxidation pretreatment: (a)
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The high-resolution spectra of Cu 2p, Fe 2p, O 1s, and S 2p of chalcopyrite before and after PMS
oxidation are shown in Fig. 7. Fig. 7a describes the high-resolution spectra of chalcopyrite Cu 2p before
and after oxidation. It can be seen that the two peaks with the binding energy centers of 932.07 eV and
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952.00 eV correspond to Cu 2ps/2 and Cu 2pi1y2 in the original chalcopyrite (Hirajima. T et al., 2017;
Hirajima. T et al., 2014). Fig. 7b describes the high-resolution spectra of Fe 2p of chalcopyrite before and
after oxidation. For the original chalcopyrite, the peaks at the binding energy of 710.78 eV correspond
to CuFeS,, and the peaks at the binding energy of 715.14 eV, 721.35 eV and 726.30 eV indicate iron oxides
(FeOOH, FeSO,) (T. Hirajima et al., 2017; G.R. da Silva et al., 2018), which can be attributed to slight
oxidation during the preparation of chalcopyrite samples by crushing and grinding. For the oxidized
chalcopyrite, slight changes in the positions and proportions of all peaks indicate a slight increase in
surface oxidation. Fig. 7c describes the high-resolution spectra of chalcopyrite at O 1s before and after
oxidation. The peaks at the binding energy of 529.92 eV and 531.91 eV on the surface of the original
chalcopyrite represent CuO and sulfate species (Hirajima. T et al., 2017; Suyantara. GPW et al., 2018a;
Hirajima. T et al., 2014), respectively, which are also attributed to slight oxidation in the air during
sample preparation. Fig. 7d describes the high-resolution spectra of chalcopyrite S 2p before and after
oxidation. It can be seen that the peaks located at the binding energy of 160 eV~165 eV indicate the
surface of untreated chalcopyrite is composed of CuFeS; species(161.18 eV and 162.29 eV), sulfur (S,
163.17 eV) and polysulfide (Sn%, 163.56 eV) species (da Silva. GR et al., 2018; Ozun. S et al., 2019;
Velasquez. P et al., 1998), respectively. In contrast, as present in Fig.7, after oxidation treatment, little
changes can be observed in the spectra of Cu 2p, Fe 2p, O 1s, and S 2p.
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Fig. 8. The High-resolution XPS spectra of the galena before and after XPS oxidation pretreatment: (a) O 1s;
(b) Pb 4f; (c) S 2p
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Fig 8 displays the high-resolution spectra of O 1s, Pb 4f, and S 2p of galena before and after PMS
oxidation. Fig. 8a describes the high-resolution spectra of galena O 1s before and after oxidation. It can
be seen that for the original galena, the peak at the binding energy of 530.43eV and 531.86eV can be
attributed to PbO and SOs* (Wang et al., 2021; Su et al., 2022b), which may be due to slight oxidation of
the sample during the preparation process. After being oxidized by PMS, only the peak at the binding
energy of 531.57 eV can be detected, which represents the species of SO4>. The oxidation product on the
surface of the galena should be PbSO, (Yang et al., 2022).

The high-resolution spectra of galena Pb 4f before and after oxidation are shown in Fig. 8b. The
spectra of the original galena consist of a set of bi-peaks with binding energies of 136.56 eV and 141.43
eV respectively, which can be attributed to PbS. After being oxidized by PMS, a new separation peak
appeared at 138.95 eV and 143.78 eV, which can be attributed to PbSO4 species (Xie et al., 2021; Huang
et al., 2019). The two peaks binding energy at 136.56 eV and 141.43 eV was shifted to 137.82 eV and
142.65 eV, respectively. the strength of the two peaks was also significantly decreased. The results
confirm the surface of galena was sharply oxidized by PMS in the oxidation pretreatment process and
the oxidation product should be PbSOs.

Fig. 8c shows the high-resolution spectra of galena S 2p before and after oxidation. The peaks at
159.73 eV, 160.93 eV, and binding energy in the figure are attributed to S 2ps,> and S>> 2p1/2 on the
surface of the original galena. After oxidation, the intensity of S>> 2p1/» peaks on the galena surface
decreased obviously, and many new separation peaks appeared, located at the binding energy of 164.58
eV, 167.12 eV, 168.28 eV, 169.48 eV, which could be allocated to sulfate species (SO4%, SOs%). It further
confirms the generation of PbSO4 on the galena surface in the oxidation process (Chen et al., 2021).

In general, XPS analysis results show that the surface properties of galena were greatly changed in
the oxidation process. The amount of PbSO4 oxidation product was generated and covered on the
surface of the galena. For chalcopyrite, in relative terms, the surface is little affected in the oxidation
process.

3.5. ESR analysis

In the catalytic area, it is known that metallic oxide or metal oxide or sulfide can be used as a catalyst
for PMS to generation of free radicals. The free radical has a much strong oxidation ability than that of
the oxidant itself. To better understand the oxidation mechanism of the PMS on galena and chalcopyrite,
ESR measurement by using DMPO as a spin-trapping agent was carried out to confirm the existence of
hydroxyl radical (*OH) and sulfate radical (SO;’), and the result is presented in Fig. 9.

+-DMPO-HO- v
V-DMPO-SO, -,

PMS+Chalcopyrite

Intensity (a.u.)
L 4

PMS+Galena

PMS only

1 L 1 L 1 L 1 L 1 " 1
3460 3480 3500 3520 3540 3560

Magnetic feild (G)

Fig. 9. ESR spectra of DMPO spin-trapping adducts in different systems

As seen, no signals were detected when PMS alone exists in the solution, indicating no radicals were
generated under the condition. While, for both chalcopyrite and galena, clearly, the ESR curves show
that 4-fold characteristic peaks with an intensity ratio of 1:2:2:1. This implies the *OH was generated in
the chalcopyrite and galena pretreatment process. Moreover, as marked in Fig. 9, the characteristic
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signals of SO;.; can be found in the ESR curves. Obviously, the *‘OH and SO;  were generated in the
pretreatment process, which possibly enhance the oxidation effect. In addition, the intensity of ESR
spectra of chalcopyrite is much higher than that of galena. This indicates that more radicals generate in
the chalcopyrite oxidation pretreatment process.

3.6. AFM analysis

The influence of PMS treatment on the surface of chalcopyrite and galena before and after PMS
treatment was further examined by AFM, and the result is shown in Fig. 10.

- @ 2

Fig. 10. AFM images of different samples: (a) Pristine chalcopyrite; (b) Oxidation pretreated chalcopyrite; (c)
Pristine galena; (d) Oxidation pretreated galena

It can be seen from Fig. 10a and Fig. 10c, pristine chalcopyrite and galena has flat and uniform surface.
In contrast, as presented in Fig. 10b, some mountainous features appeared on the surface of chalcopyrite
after being oxidized by PMS. While, for galena, almost all of the surface was covered by mountainous
features. This difference indicates the oxidation degree of galena is much higher than that of
chalcopyrite.

Table. 3. Surface roughness of chalcopyrite and galena before and after oxidation.

Before oxidation After oxidation
Product
Rq(nm) Ra(nm) Rq(nm) Ra(nm)
chalcopyrite 2.756 2.067 6.109 3.336
galena 3.409 2.455 199.000 149.000

Based on AFM measurement, Table 3 presents the surface roughness of chalcopyrite and galena
before and after PMS treatment. For chalcopyrite, the Ra increased from 2.076 nm to 3.336 nm after PMS
oxidation. While, for galena, it increased from 2.455 nm to 149.000nm. This further confirms that the
oxidation degree of galena is much higher than that of chalcopyrite.

3.7. Possible mechanisms

Combined with the flotation results, XPS, ESR, and AFM results, a schematic model is proposed in
Fig.11 to illustrate the effect of oxidation on the flotation separation process of chalcopyrite and galena.
In the oxidation process, for galena, the surface was severely oxidized due to the strong oxidizing
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property and the generation of free radical radicals (SO, and *OH). The XPS measurement results
indicate the oxidation product is PbSO4. The PbSO; is derived from the oxidation of PbS on the surface
of galena. Thus, there is a significant opportunity for PbSO, to cover the surface of the galena and form
an oxidation layer subsequent to PMS oxidation. This resulting oxidation layer effectively hinders
contact between the collector and the surface, thereby depressing galena flotation even in the absence
of a depressant. In comparison, the oxidation extent of chalcopyrite is much lower than that of galena,
which still maintains excellent floatability. The possible reason is that the oxidation product of
chalcopyrite is CuSOs, which can be dissolved in solution (as analyzed in Chapter 3.2). On the whole,
the oxidation pretreatment by PMS caused great disparities in the surface properties of chalcopyrite and
galena, resulting in the flotation separation of the two minerals.

. .y

A; (,hnlcopyrne + PMS [J‘> c.,,,.ﬂ,,,y,,le A L> I/PChalcop\meN// I Float
& N
' .@

Y
Y

B: | Glena +PMSj>W+ W[> leﬁnk

o~~~ SBX @ Oxidation product on the surface of chalcopyrite ~ @ Oxidation product on the surface of galena

Fig. 11. The conceivable mechanism of surface oxidation using PMS as oxidant on separation of chalcopyrite
and galena

4. Conclusions

In this study, it is found that the pre-oxidation method using PMS as an oxidant is an effective way to
separate chalcopyrite and galena. The flotation results indicate that at pH=8, with a raw ore containing
44.88% Pb and 15.57% Cu, adding 0.375 g/L of PMS can yield a flotation concentrate with a Pb grade of
26.78% and recovery rate of 36.10%, as well as a Cu grade of 21.53% and recovery rate of 83.66%. After
PMS oxidation pretreatment, galena lost its natural floatability and even could not be recovered by the
addition of an SBX collector. In comparison, chalcopyrite still kept good floatability. Based on this
method, the flotation separation of Cu-Pb was effectively achieved. Mechanism analysis shows that the
application of PMS can oxidize galena well so that more hydrophilic oxides are generated on the surface
of galena, which inhibits galena flotation. At the same time, the oxidation of PMS has little effect on
chalcopyrite, so PMS shows excellent oxidation and selectivity in the separation of the two. All in all,
the above results indicate that PMS pre-oxidation is a high-potential method in practical chalcopyrite
galena flotation separation, and PMS can be used as a new agent with high efficiency and environmental
protection to replace traditional oxidants.
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