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Abstract: The utilization of seawater in mineral flotation is the future development trend because of the
shortage of fresh water resources. However, at present, the flotation behavior and mechanism of galena
in seawater are not clear. Therefore, this paper comprehensively carried out the effect mechanism of
seawater on the flotation of galena. Micro-flotation results illustrated that the recovery of galena was
higher in deionized water than that in 5x10-2 mol/L MgCl, solution, 1x10-2 mol/L CaCl; solution and
seawater. Contact angle determination and Zeta potential distribution measurements showed that
hydrophilic substances adsorbed on the surface of galena under alkaline conditions. X-ray
photoelectron spectroscopy (XPS) analysis further indicated that these substances were hydroxides
precipitates, carbonate precipitates and hydroxyl complexes formed by divalent magnesium and
calcium ions, which prevented the adsorption of collector on mineral surface. As a result, the galena
recovery declined in 5x10-2 mol/L MgCl; solution, 1x10-2 mol/L CaCl, solution and seawater.

Keywords: high-sulfur magnetite, pyrrhotite flotation, magnetic separation, mixed collectors

1. Introduction

Mineral flotation consumes a large amount of fresh water resources. Due to the scarcity of fresh water
resources, seawater is more and more widely used in mineral flotation (Byrne et al., 2012; Li et al., 2019b;
Wang and Peng, 2014). At present, seawater flotation is mostly used in Chile and other coastal countries
with relatively rich copper resources (Jeldres et al., 2016; Song et al., 2020).

The flotation behaviors of sulfide minerals in seawater are affected by many factors. The high
concentration of electrolyte in seawater can reduce bubble size, enhanced foam stability (Castro et al.,
2013; Chang et al., 2018). In addition, the high concentration of electrolyte compress the double electric
layer on the surface of bubbles and mineral particles, thus reducing the slime cover on particles (Peng
and Bradshaw, 2012; Zhang et al., 2015a; Zhang et al., 2015b) and promoting the adhesion of bubbles to
mineral particles (Castro and Laskowski, 2011; Laskowski and Castro, 2015; Laskowski and Yoon, 1991).
All the above can have a beneficial effect on sulfide minerals flotation. While on the other, seawater also
has an adverse effect on sulfide minerals flotation. It's reported that the magnesium/calcium
precipitation or hydroxyl complexes could adsorb onto the molybdenite (Ai et al., 2021; Castro et al,,
2016; Chen et al., 2021; Lucay et al., 2015; Qiu et al., 2016; Ramirez et al., 2020a; Ramirez et al., 2020b;
Rebolledo et al., 2017) and chalcopyrite (Li and Li, 2019; Li et al., 2019a; Li et al., 2017; Li et al., 2018; Mu
and Peng, 2019a, b; Ramirez et al., 2018) surface at a high pH range to reduce the hydrophobicity of
sulfide mineral surfaces. These phenomena are the main reasons for the decline of floatability of sulfide
minerals in seawater.

Galena is the most important ingredient for industrial lead extraction, and it is a relatively common
mineral, which is most suitable for flotation separation because of its good natural hydrophobicity.
Galena flotation consumes a large amount of fresh water resources. Global identified lead resources
amount to 1.5 billion tons, with 80 million tons of lead reserves, mainly distributed in Australia, China,
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Russia, Peru, the United States and Mexico. Most of these countries are close to the ocean and have
abundant and convenient seawater resources. Using seawater instead of fresh water to galena flotation
will alleviate the shortage of fresh water resources largely. Up to now, however, the flotation behavior
of galena in seawater and related mechanism has not been reported. The study of the effect of seawater
on galena flotation can enrich the theoretical system of seawater replacing fresh water in sulfide mineral
flotation, and contribute to a more comprehensive understanding of the related mechanism. Therefore,
it is of great significance to carry out the study of galena flotation in seawater.

In order to clearly analyze the respective influence of divalent magnesium and calcium ions, this
paper carried out the flotation of galena in 5x10-2 mol/L MgCl, solution, 1x10-2 mol/L CaCl; solution
and seawater respectively, compared with the flotation of galena in deionized water. The concentration
of MgCl, and CaCl, solutions were calculated according to the concentration of divalent magnesium
and calcium ions in seawater. The galena flotation behavior and mechanism in four solutions were
explored by micro-flotation experiments, contact angle determination, Zeta potential measurements
and XPS analysis.

2. Materials and methods
2.1. Materials

The natural high purity galena sample used in this study was obtained from Guangxi Province, China.
Galena samples with two different grain sizes were prepared, i.e. -74+38 pm and -38 pm particles.
Samples with -74+38 pm grain size were vacuumized and reserved for X-ray diffraction (XRD, X Pert
PRO MPD), XPS analysis and micro-flotation test. Additionally, -38 pm samples were further ground
to less than 5 pm and used for the zeta potential measurements. XRD and chemical composition analysis
of the samples were carried out to evaluate the purity. The results are shown in Table 1 and Fig. 1,
respectively. Synthetic seawater was prepared in laboratory on the basis of the research findings of
Kester et al. (1967), and the main ions concentration was shown in Table 2.

Table 1. Chemical compositions of the pure galena samples (wt. %)

Components Pb S Others
Contents 85.4 13.2 1.4

Table 2. The concentrations of main ions in the synthetic seawater (g/L)

Nat K+ Ca2* Mg2+ Cl- 504> HCOs
11.60 0.50 0.41 1.31 19.58 2.62 0.15
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Fig.1. XRD pattern of pure galena samples
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2.2. Micro-flotation experiments

A XFG flotation machine produced by Jilin Exploration Machinery Factory in China was used for micro-
flotation at a spindle speed of 1992 rpm. 2.0 g galena and appropriate amount of deionized water were
mixed and added to a 30ml flotation cell. In order to disperse galena evenly in the solution, the pulp in
the flotation cell was stirred continuously for 1 minute. Deionized water with resistivity no less than
18.2mm cm was produced by XJG-20-A Ultra-pure Water Device (Xinjie Technology Co., LTD.,
Shenyang, China) (Yang et al., 2021). The pH value of pulp was adjusted by HCl and NaOH. Sodium
diethyl dithiocarbamate (DDTC) (purity, 98%) procured from Macklin Biochemical Co., LTD.,
(Shanghai, China) was used as collector. Methyl isobutyl carbinol (MIBC) (purity, 99%) procured from
Aladdin Co., LTD., (Shanghai, China) was used as frother. The pulp was stirred for 2 min after the pH
value was stabilized. DDTC (stirred for 3 minutes) and MIBC (stirred for 1 minute) were successively
added, and then began manual scraping for 3 minutes. Concentrate and tailings were collected, dried
and weighed respectively. The flotation recovery of galena can be directly calculated by the weight of
concentrate and tailings. The experiment process is shown in Fig. 2.

2g Galena

Stir, Imin
pH regulator, 2min
Collector, 3min

Frother, Imin

Flotation, 3min

\/ \/

Concentrate Tailings

Fig.2. Flowchart of micro-flotation experiments

2.3. Contact angle determination

Contact angle determination is usually used to measure the surface wettability of minerals. Contact
angles of galena before and after acting with collector in four solutions were measured in this test.
Powder Tablet Method is the most frequently used sample preparation method when measuring the
contact angle of powder sample (Sun et al., 2021; Zhu et al., 2020). In each measurement, 2.0 g galena
sample was added into 40 mL solutions. Pure mineral samples were treated under the identical
conditions as the micro-flotation experiments. After treatment, the samples were dried at 45°C for 36 h,
and then pressed into wafers with a thickness of 1-2 mm with a pressure of 20 MPa, and the pressure
was maintained for 1 min. The contact angle was detected using the Contact Angle Measuring
Instrument (JC2000A, Powereach, Shanghai, China), and it was done by dropping water droplets with
the diameter of about 2 to 3 mm on the sample surface with a micro syringe. Each experiment was
performed more than three times, and the mean and standard deviation were recorded to determine
the contact angle from the captured liquid-solid-gas contact interface profile (Sheng et al., 2021; Yang et
al., 2020).

2.4. Zeta potential distribution measurements

Measurements of zeta potentials of galena in 5x10-2mol/L MgCl, solution, 1x10-2 mol/L CaCl solution,
seawater and deionized water were carried out using an analyzer named Nano ZS90 which was made
in Malvern Group, respectively. 20 mg samples were weighed and mixed to 30 mL electrolyte solution
with a concentration of 1x10-* mol/L KCl and stirred with a magnetic stirrer in each measurement. The
order and interval time of reagent addition in the process of stirring were consistent with that in
flotation experiment. After the stirring, the suspension stood for 10 min, and then the supernatant was
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immitted into the detection tank to measure the Zeta potential. Repeat the measurement three times for
each sample to calculate the average as appropriate results.

2.5. XPS analysis

The preparation method of XPS sample in this paper was in accord with that employed in the micro-
flotation experiments at pH 9.00. The prepared samples were filtered and rinsed for three times, then
dried in a 45°C oven for test. A US-made Thermo KAlpha (ESCALAB 250 XI) X-ray photoelectron
spectrometer was used to perform XPS detection. The Al Ka microfocus monochromatic source size
was 5 pm and the data acquisition power was 72 W. The vacuum degree in the analysis room was less
than or equal to 2x10-7 mbar. The pass energies of full-spectrum and narrow-spectrum scanning were
100eV and 50eV, and the energy scan step sizes were 1eV and 0.1eV, respectively. Standard Cls peak
(284.8eV) was used to calibrate the acquired spectra and Thermo Vantage software was used to analyze
the data.

3. Results and discussions
3.1. Micro-flotation results

Fig. 3 shows the galena recovery as a function of pH value in 5x10-2mol/L MgCl solution, 1x10-2mol/L
CaCl; solution, seawater and deionized water. The dosage of collector DDTC was 50 mg/L and frother
MIBC was 40 mg/L. The results show that in deionized water, galena has good floatability at pH less
than 9.00. Galena recovery decreased sharply when pH was higher than 9.00. Seawater had a positive
effect on galena flotation under strong acid condition. When pH was higher than 4.7, the galena
recovery in seawater was obviously lower than that in deionized water. When pH was 9.00, the
recoveries of galena in 5x10-2 mol/L MgCl; solution, 1x10-2 mol/L CaCl; solution and seawater were
11.42%, 17.57 % and 20.42%, respectively, which were much lower than 55.25% in deionized water.
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90 1 —A— 1x102 mol/L CaCl, solution
1 —@— Seawater
80 ] Deionized water
70
L 60-
>
2 501
(<) ]
3
30 1
20
10 1
0 T T T T T T T T T
2 4 6 8 10 12

pH
Fig. 3. Effect of pH value on galena recovery (CDDTC=50 mg/L, CMIBC=40 mg/L)

3.2. Contact angle measurements

The poor floatability of a mineral is due to decrease in surface hydrophobicity. Therefore, the contact
angle test was carried out in order to reveal the mechanism of mineral flotation behavior. Fig. 4 shows
the contact angle of galena with and without the action of collector in four different solutions, revealing
the change of surface hydrophobicity of galena. The contact angles of galena in 5x10-2 mol/L MgCl,
solution, 1x10-2 mol/L CaCl; solution, seawater and deionized water increased successively at pH 9.00,
which were 62.9°, 65.7°, 72.1° and 81.4°, respectively. With the addition of collector, the contact angles
of the four solutions were increased to 72.2°, 75.1°, 81.8° and 88.3°, respectively. The contact angle test
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shows that the hydrophilic of galena decreases successively in 5x10-2 mol/L MgCl, solution, 1x10-2
mol/L CaCl; solution, seawater and deionized water.

0 =62.9° 8 =65.7° 0 =72.1° 0=81.4

(a) (b) (c) (d)

0 =72.2° 6 =75.1° 0 =81.8° 0 =88.3°

(e) () (g) (h)

Fig. 4. Contact angles of galena before collector action in 5%x10-2 mol/L MgCl, solution (a), 1x10-2 mol/L CaCl,

solution (b), seawater (c) and deionized water (d). Contact angles of galena after collector action in 5x10-2 mol/L
MgCl, solution (e), 1x10-2 mol/L CaCls solution (f), seawater (g) and deionized water (h) (CDDTC=50 mg/L,
CMIBC=40 mg/L)

3.3. Zeta potential distribution measurements

The adsorption of certain chemicals on mineral interfaces can change the electrical properties of mineral
surfaces, as demonstrated by zeta potential measurement (Wang et al., 2022). Such substances can be
molecules, ions, hydroxyl complexes, etc. Fig. 5 shows Zeta potentials of galena in four solutions at the
pH range of 2.00~12.00. Compared with deionized water, the Zeta potential of galena in 5102 mol/L
MgCls solution, 1x102 mol/L CaCl; solution and seawater moved in the positive direction when the
pH was greater than 6.00, indicating that there was positively charged substance adsorption on the
surface of galena. At pH 9.00, Zeta potentials of galena in 5x10-2 mol/L MgCl, solution, 1x10-2 mol/L
CaCl, solution, seawater and deionized water were 8.24 mV, 0.31 mV, -0.53 mV and -12.43 mV,
respectively. The positive movement of Zeta potential was most obvious in 5x10-2 mol/L MgCl
solution, indicating that positively charged substances adsorb most on galena surface. XPS analysis was
carried out to confirm the species adsorbed on the galena surface in the following chapters.

30

—v— 5x10% mol/L MgCl, solution
—a— 1x10" mol/L CaCl, solution

20 |—e— Seawater
Deionized water

Zeta potential /mV

,10 -

_20 -
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Fig.5. Effects on zeta potentials of galena as a function of pH value in 5x10-2 mol/L MgCl, solution, 1x10-2 mol/L
CaCl; solution, seawater and deionized water
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3.4. XPS analysis

According to Fig. 6 and Table 3, the atomic concentration of lead on the surface of galena in deionized
water is higher than that in 5%10-2 mol/L MgCls solution, 1x10-2 mol/L CaCl, solution and seawater.
The atomic concentration of magnesium on the surface of galena was 3.24% in 5x10-2 mol/L MgCl»
solution and 1.97 % in seawater. Meanwhile, the atomic concentration of calcium on the surface of galena
was 0.83% in 1x102 mol/L CaCl, solution and 0.75% in seawater. The changes of the atomic
concentrations confirmed the adsorption of precipitates and hydroxyl complexes containing
magnesium or calcium covering galena surfaces in 5%10-2 mol/L MgCl, solution, 1x10-2 mol/L CaCl;
solution and seawater.
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Fig. 6. The XPS spectra of galena in 5x10-2 mol/L MgCl» solution, 1x10-2 mol /L CaCl; solution, seawater and
deionized water

Table 3. Atomic concentration of main elements on the surface of galena

Atomic concentration/ %

Samples
Pb 4f S2p Cls O1ls Ca2p Mg 1s
5x10-2mol/L MgCl.. 19.23 16.11 35.92 25.50 - 3.24
1x10-2 mol/L CaCl, 20.27 18.48 38.56 21.86 0.83 --
Seawater 18.24 16.90 43.44 18.70 0.75 1.97
Deionized water 22.97 19.28 33.21 21.90 - -

As shown in Fig. 7, Mg 1s peak appeared at around 1302.75 eV in 5x10-2 mol/L MgCl solution and at
around 1302.73 eV in seawater, respectively. These results confirmed that there were Mg(OH)x)
precipitation and Mg(OH)* complexes (Haycock et al., 1978) adsorption on galena surface in 5x10-2
mol/L MgCl solution and seawater.

As shown in Fig. 8, Ca 2p3/2 peak appeared in 1x10-2 mol /L CaCl, solution and seawater at 347.58eV
and 346.96eV, and Ca 2p1/2 peak appeared in 1x10-2 mol/L CaCl, solution and seawater at 350.70eV
and 350.64eV, respectively. These results confirmed that there were CaCOs) precipitation (Christie et
al., 1983) and Ca(OH)* complexes (Sugama et al., 1989) adsorption on galena surface in 1x10-2 mol/L
CaCl; solution and seawater.

In order to further investigate the adverse effects of hydrophilic substances on the adsorption of
collector on galena surface in four solutions, XPS analysis was carried out on galena treated with DDTC.
In XPS spectrum, the atomic concentration has a linear relationship with the corresponding peak area,
so the element content can be expressed qualitatively by the area of the spectral peak.

In XPS spectrum, there is a linear relationship between the spectral peak area and the atomic
concentration in the sample. Therefore, the area of an atomic spectral peak can be used as a rough repre-
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Fig. 7. Mg 1s X-ray photoelectron spectra of galena surface in 5x10-2 mol/L MgCl, solution, seawater and
deionized water
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Fig. 8. Ca 2p X-ray photoelectron spectra of galena surface in 1x10-2 mol /L CaCl; solution, seawater and

deionized water

sentation of concentration(Zhang et al., 2022). As shown in Fig. 9 and Table 4, N peak areas in 5x10-2
mol/L MgCl solution, 1x10-2mol/L CaCl; solution, seawater and deionized water are 3073.84, 2780.43,
3135.52 and 3273.23 and the atomic content of N are 2.78%, 2.75%, 3.43% and 3.60%, respectively. It can
be considered that compared with deionized water, the adsorption of DDTC (Achilleos et al., 1989) on
galena surface decreases in 5x10-2 mol/L MgCl, solution, 1x10-2 mol/L CaCl solution and seawater.

Table 4. Content of N in different solutions on the surface of galena treated with DDTC

Samples N area /eV Atomic /%
5x102mol/L MgCl, 3073.84 2.78
1x10-2mol/L CaCl, 2780.43 2.75

Seawater 3135.52 3.43

Deionized water 3273.23 3.60




8 Physicochem. Probl. Miner. Process., 58(4), 2022, 151524

5x10" mol/L MgCl,+SDDC
1x102 mol/L CaCl,+SDDC

—— Seawater+SDDC
Deionized water+SDDC
—— Deionized water

m

Intensity/a.u.

T T T T T T T T T T
406 404 402 400 398 396 394 392
Binding Energy/eV

Fig. 9. N 1s X-ray photoelectron spectra of galena treated with DDTC in 5x10-2 mol/L MgCl, solution, 1x10-2
mol/L CaCl; solution, seawater and deionized water

3.5. Discussion

DDTC is an anionic-heteropolar-sulfhydryl collector. The hydrophilic groups produced by the
dissociation of the collector in water interact with the mineral surface so that the collector adsorbs on
the mineral surface. As shown in Fig. 10 (d), Lead atoms on galena surface reacts with (C2Hs).NCSS- to
form lead diethyldithiocarbamate. Therefore, the adsorption method of DDTC on galena is chemical
adsorption (Su, 2012). Under alkaline conditions, As shown in Fig. 10 (a, b, c), Mg(OH)2(s) precipitation
and Mg(OH)* complexes were formed in 5x102 mol/L MgCl, solution, CaCO; precipitation and
Ca(OH)* complexes were formed in 1x102 mol/L CaCl solution, and Mg(OH)s), CaCOs)
precipitation and Mg(OH)*, Ca(OH)* complexes were formed in seawater. According to the speciation
calculation by Peng (Peng et al., 2020) et al., no Ca(OH)zs) precipitate was generated in experiments due
to the pH value lower than 12. The hydrophilic substances cover and then inhibit the adsorption of
DDTC on the surface of galena, thus reducing the galena recovery.

M

(a) (b) (c) (d)

e 0 0 -
OH >

mg* Ca® COy DDTC

Fig. 10. Schematic diagram of adsorption models of DDTC on galena in 5%10-2 mol/L MgCl. solution (a), 1x10-2
mol/L CaCl; solution (b), seawater(c) and deionized water (d)

4. Conclusions

This study investigates the effect mechanism of seawater on galena flotation by micro-flotation
experiments, contact angle determination, Zeta potential distribution measurements and XPS analysis.
The result of micro-flotation experiment shows that when pH is higher than 9.00, the flotation recoveries
of galena in 5x102 mol/L MgCl» solution, 1x102 mol/L CaCl, solution and seawater decrease sharply,
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which are much lower than that in deionized water. Contact angles measurements demonstrate that the
hydrophobicity of galena increased successively in 5x10-2 mol/L MgCl, solution, 1x10-2 mol/L CaCl
solution, seawater and deionized water. Zeta potential distribution measurements confirm that
positively charged substances adsorb on the galena surface in 5%102 mol/L MgCl, solution, 1x10-2
mol/L CaCl, solution and seawater. XPS analysis tests further illustrate that the adsorbed substances
are Mg(OH)ys) precipitation and Mg(OH)* complexes in 5x102 mol/L MgCI? solution, CaCOs
precipitation, Ca(OH)* complexes in 1x102 mol/L CaCl> solution, and Mg(OH)s, CaCOs
precipitation and Mg(OH)*, Ca(OH)* complexes in seawater.

In general, seawater has an adverse effect on galena flotation due to the presence of divalent
magnesium and calcium ions and the effect of divalent magnesium ions is greater than that of divalent
calcium ions. It can be considered that the floatability of galena is reduced due to adsorption of
hydrophilic hydroxide precipitates, carbonate precipitates and hydroxyl complexes on the surface
under alkaline conditions.
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