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Abstract: Due to the optimum dissolution of the hydroxyl ion, serpentine is positively charged and
tends to cover the sulfide mineral surface as a slime coating through electrostatic attraction, which
intensively worsens sulfide flotation. To handle this problem, the sodium of polyaspartic acid (PASP)
was employed as the selective depressant for the flotation of pyrite from serpentine in this work.
Micro-flotation results showed that the fine serpentine of −10 µm could intensively hinder pyrite
flotation, with a maximum decrease of about 75.8% in pyrite recovery at pH 9. However, at this pH,
pyrite recovery remarkably increased from 20.17% to 92.68% when 15 mg/L PASP was introduced.
Zeta potential results depicted that the addition of PASP overcompensated the positive charge on
the serpentine surface and rendered it negative, while it had little impact on that of pyrite. Hence,
the hetero-coagulation between serpentine and pyrite was broken due to the electrostatic repulsion,
which was further confirmed by turbidity results. After that, the adsorption of PAX on the pyrite
surface was restored, and the selective flotation of pyrite from serpentine was obtained. XPS analyses
revealed that the chelation interaction between the carboxylate groups in PASP and the magnesium
cations that remained on the serpentine surface were the main driving forces for the adsorption of
PASP on the serpentine surface.

Keywords: pyrite; serpentine; PASP; chelation adsorption; flotation separation

1. Introduction

Serpentine (chemical formula, Mg6[Si4O10](OH)8), a typical TO-type phyllosilicate
mineral, which consists of alternating silicate tetrahedral sheets and brucite octahedral
sheets (see Figure 1a) [1], normally exists in copper-nickel sulfide deposits as a gangue
mineral. Examples would be the Jinchuan copper-nickel mine in the Gansu Province and
the Yanbian copper-nickel mine in Sichuan Province [2,3]. At present, flotation, which is
a separation process determined by the discrepancies between the affinity for water of
the valuable sulfides and gangue minerals, is normally adopted to anteriorly obtained a
high-quality concentrate before the smelting process [4,5]. Unfortunately, due to its low
hardness, serpentine (Mohs hardness, 2.0) breaks easily and generates fines and slimes
during the sulfide mineral beneficiation process [6,7]. Feng et al. [8] reported that the size
fraction of serpentine slimes could reach 10 µm in the Jinchuan copper-nickel concentrator.
Under weakly alkaline flotation conditions, due to the preferential dissolution of the
hydroxyl ion, serpentine slimes are normally positively charged due to the presence of
residual magnesium cations on the (001) plane; it is considered the most common and
stable cleavage surface of serpentine (see Figure 1b) [9]. Hence, these positive serpentine
fines tend to attach to sulfide minerals as slime coatings due to their opposite surface
charge [10]. The serpentine slimes on the surface of sulfide minerals significantly worsen
the sulfide mineral flotation because these hydrophilic slimes will not only reduce the
surface hydrophobicity of the valuable sulfide mineral but also hinder the interactions
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between sulfide and the flotation reagent. To make matters worse, the serpentine slimes
will enter into the concentrate through mechanical entrainment and improve the MgO
content in the concentrate, which is unfavorable to the following smelting process [11,12].
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Figure 1. Crystal structures of (a) serpentine and (b) serpentine after optimal dissolution of hydroxyl 
ion, and (c) the molecular structure of PASP. 
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were adopted for the variety measurements, except for the zeta potential experiments, in 
which the used minerals particles were −2 µm. To detect the purity of mineral samples 
employed in this work, X-ray powder diffraction analyses were applied on pyrite and 
serpentine, and the XRD patterns obtained are shown in Figure 2. It can be seen that the 
pyrite sample possessed a high purity without any impurity peaks. The serpentine was 
also of high purity, with a trace amount of chlorite. 

Analytical potassium amyl xanthate (PAX, purity > 97%) and methyl isobutyl car-
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tively, and both of them were commercially obtained from Shanghai Aladdin Biochemical 
Technology Co., Ltd. (Shanghai, China) The PASP (M.W, 7000–8000) of analytical grade 
purchased from Shanghai Macklin Biochemical Technology Co., Ltd. (Shanghai, China) 
was used as the depressant in this work. Sodium hydroxide (NaOH) and hydrochloric 
acid (HCl) of analytical grade were adopted as pH regulators, and distilled water was 
used for all the experiments in this work.  

Figure 1. Crystal structures of (a) serpentine and (b) serpentine after optimal dissolution of hydroxyl
ion, and (c) the molecular structure of PASP.

To date, the most commonly adopted approach for addressing the problem caused
by the fines of serpentine on sulfide flotation is through adding chemical dispersants
or depressants to selectively alter the surface charge properties of serpentine and the
target sulfide mineral. Among these, sodium hexametaphosphate (SHMP) is one of the
most normally used dispersant for reducing MgO content in the flotation concentrate
in copper-nickel sulfide deposits involving serpentine, since it can selectively adsorb on
the magnesium cations sites on the serpentine surface and also intensively improve the
dissolution of Mg2+, which alters the serpentine surface charge from positive to negative
under weakly alkaline conditions [2,12–14]. Unfortunately, SHMP is a cyclic phosphate
and easily decomposes in aqueous solutions, which limits its applications [15]. Sodium
silicate is another common dispersant for eliminating the adverse impact of serpentine;
it can change the surface charge of serpentine by adsorbing on its surface in the form of
SiO(OH)3

− [16,17]. However, the alteration efficiency of sodium silicate on serpentine
is limited. Organic depressants such as carboxymethyl cellulose, starch, chitosan, guar
gum, and their ramifications have also been reported to depress serpentine in nickel sulfide
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flotation due to their multiple advantages, such as cheapness, non-toxicity, environmental
friendliness, and so on [18,19]. However, the poor selectivity of these polysaccharides often
caused some inevitable depression on the sulfide minerals of interest. Hence, it is of great
importance to find a novel, clean reagent with a high selectivity for the efficient flotation
separation of sulfide mineral from serpentine.

The sodium of polyaspartic acid (PASP, molecular structure see Figure 1c) is an
environmental-friendly, biodegradable sodium polycarboxylate salt, which can be eas-
ily found in the shell of mollusks [20]. Since there are numerous carboxyl groups in its
structure that can chelate with heavy metal ions [21], PASP has attracted wide attention in
the fields of water treatment and corrosion inhibition [22]. In a flotation field, Wei et al. and
Chen et al. [22,23] used polyaspartic acid to depress the flotation of Cu-activated sphalerite
and calcite, respectively, and good flotation indices were obtained, since polyaspartic acid
had a strong chelation ability towards copper and calcium ions. Furthermore, Liu et al. and
Yang et al. [24,25] adopted PASP as a corrosion inhibitor for magnesium alloy, and these
results confirmed that the PASP could intensively chelate with the Mg2+ on the alloy surface
and form a soluble PASP–Mg complex. As we all know, the positive charge on serpentine
under weakly alkaline conditions results from the prior dissolution of the hydroxyl ion with
the residual positive magnesium ions on its surface [26]. Therefore, it can be speculated that
PASP is also likely to be utilized as an efficient serpentine depressant in sulfide flotation.
After that, the adsorbed PASP with a negative charge due to the dissociation of the Na ion
will probably compensate the positive charge on the serpentine surface and consequentially,
alleviate the hetero-coagulation between the sulfide and the serpentine. For all this, a rare
report on the use of PASP as a selective depressant for the flotation separation of sulfide
from serpentine was published, which is worth a deeper investigation.

This study explored the application potential of PASP to eliminate the adverse impact
of serpentine on pyrite flotation in detail, and the inner actions were intensively discussed
at pH 9, where the copper-nickel ore processing is usually performed [27]. It is worth
mentioning here that since pentlandite crystals with high purities are hard to obtain,
a typical sulfide mineral pyrite was selected as the target mineral in this work. The
effect of PASP on the flotation separation of pyrite from serpentine was studied through
micro-flotation tests, and its dispersion efficiency on the hetero-coagulation of pyrite and
serpentine was evaluated by zeta potential experiments and turbidity measurements.
Furthermore, the XPS technique was employed for exploring the adsorption mechanisms
of PASP on serpentine, and adsorption experiments were finally conducted to study the
adsorption behaviors of collectors on pyrite before and after the pretreatment of PASP.

2. Materials and Methods
2.1. Materials

The pure pyrite and serpentine samples were purchased from Daye, Hubei Province,
and Donghai, Jiangsu Province, respectively. The crystal samples were crushed using
a laboratory crusher to −1 mm, and then the crushed particles were hand ground to
the wanted size using an agate mortar and pestle. In this work, the pyrite particle
of 74–150 µm and serpentine samples with the size fractions of −10 µm, 38–74 µm, and
74–150 µm were adopted for the variety measurements, except for the zeta potential experi-
ments, in which the used minerals particles were −2 µm. To detect the purity of mineral
samples employed in this work, X-ray powder diffraction analyses were applied on pyrite
and serpentine, and the XRD patterns obtained are shown in Figure 2. It can be seen that
the pyrite sample possessed a high purity without any impurity peaks. The serpentine was
also of high purity, with a trace amount of chlorite.
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Figure 2. XRD patterns of (a) pyrite and (b) serpentine samples. 
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interval between each reagent was 3 min. After that, 20 mg/L MIBC was added, and after 
1 min of conditioning, the flotation was started. The total flotation time was 3 min, and 
both the overflowed and submerged solids were collected; their dried weights were used 
for calculating the flotation recovery of pyrite. The final data reported in this work origi-
nated from repeating the tests three times. 
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Figure 2. XRD patterns of (a) pyrite and (b) serpentine samples.

Analytical potassium amyl xanthate (PAX, purity > 97%) and methyl isobutyl carbinol
(MIBC, purity > 99%) were used as the collector and the frother in this work, respectively,
and both of them were commercially obtained from Shanghai Aladdin Biochemical Technol-
ogy Co., Ltd. (Shanghai, China) The PASP (M.W, 7000–8000) of analytical grade purchased
from Shanghai Macklin Biochemical Technology Co., Ltd. (Shanghai, China) was used as
the depressant in this work. Sodium hydroxide (NaOH) and hydrochloric acid (HCl) of
analytical grade were adopted as pH regulators, and distilled water was used for all the
experiments in this work.

2.2. Experiments
2.2.1. Micro-Flotation Tests

Micro-flotation tests were performed through a laboratory XFG-type flotation machine
(Jinlin Exploration equipment, Changchun, Jilin, China). For each test, 2 g of pyrite after
a 3 min ultrasonic cleaning period for the removal of the oxide layer was mixed with
35 mL of distilled water in the flotation cell. According to the flotation conditions, a desired
number of serpentine particles was added into the pulp. Then, the pulp was continuously
stirred at 1992 rpm, and the pH regulators, PASP, and 8 mg/L PAX was added in order; the
time interval between each reagent was 3 min. After that, 20 mg/L MIBC was added, and
after 1 min of conditioning, the flotation was started. The total flotation time was 3 min,
and both the overflowed and submerged solids were collected; their dried weights were
used for calculating the flotation recovery of pyrite. The final data reported in this work
originated from repeating the tests three times.

2.2.2. Zeta Potential Experiments

Zeta potential experiments were carried out to investigate the surface charges of pyrite
and serpentine in the absence and presence of PASP. Firstly, 40 mg of mineral particles were
dispersed into the 40 mL KCl solution of 1 × 10−3 mol/L in a 100 mL beaker. The pulp
after pH adjustment was conditioned on a magnetic stirrer for 10 min at room temperature.
After that, the pulp was settled for 5 min, and the liquid phase was then sucked out to
detect the zeta potential of the minerals on a Malvern zeta potential analyzer (UK). The
zeta potential for each mineral sample was detected three times; the average value and
standard deviation were calculated and reported.

2.2.3. Turbidity Measurements

Turbidity measurements were also conducted in a KCl solution of 1 × 10−3 mol/L
to maintain the stability of the mineral surface charge [28]. For each measurement, 1 g
of pyrite and/or 0.1 g of serpentine particles was added into 100 mL KCl solution in the
absence or presence of PASP in a 250 mL Erlenmeyer flask. After adjusting the pH, the pulp
was stirred for 10 min to equilibrate the system. After 3 min of standing, the supernatant
liquor of a fixed height (25 mL) was extracted for the turbidity detection [28]. The turbidity
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tests were performed with a WGZ-3A scattering turbidimeter commercially obtained from
Xin Rui instruments Co., Ltd., Shanghai, China, and each test was also triplicated.

2.2.4. X-ray Photoelectron Spectroscopy (XPS)

XPS, a commonly used technique to analyze surface chemical composition [29], was
adopted for the investigation of the discrepancy in the surface chemical states between
bare serpentine and the sample pretreated with PASP. To prepare the serpentine sample,
0.5 g of serpentine particles was added into 40 mL of distilled water or PASP solution in the
flotation cell, and the suspension was then continuously agitated at pH 9 for 10 min. Then,
the serpentine sample was obtained after filtering, rinsing, and drying below 40 °C in a
vacuum drying chamber. XPS tests were performed on a K-Alpha-type ultrahigh vacuum
electron spectrometer (Thermo Fisher, UK). The Thermo Avantage software was used in
this work to fit the XPS spectra and describe the XPS core-level lines, and the C 1s peak at
284.8 eV was employed for calibration purposes.

2.2.5. Adsorption Experiments

The adsorption amount of PAX on the pyrite surface in the absence and presence
of serpentine was investigated through the PAX reduction in solution before and after
the conditioning. For each experiment, 1 g of pyrite and/or 0.1 g of serpentine solids
were added into 100 mL of PAX solution of a different concentration in a conical flask.
The mineral suspension was then stirred for 10 min after pH regulation. After that, the
suspension was centrifuged, and a part of the liquid supernatant was pipetted out for the
detection. The PAX concentration in the aqueous solution was determined with a Shimadzu
UV-3000 ultraviolet spectrophotometer with the absorbance at 301 nm.

3. Results
3.1. Effects of PASP on the Selective Flotation of Pyrite from Serpentine

The detrimental influence of serpentine slimes on pyrite flotation performance was
first researched through micro-flotation tests. Previous studies showed that the depression
effect of serpentine on sulfide flotation was closely related to its size [30] and therefore, the
effect of serpentine with different size fractions on the flotation performance of pyrite was
researched as a function of serpentine concentration at pH 9, around where the beneficiation
of copper-nickel sulfide ores were usually carried out [27]. These results are depicted
in Figure 3.
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As shown in Figure 3, the depression intensity of serpentine on pyrite floatability was
strongly associated with its size fraction, and it can be concluded from Figure 3 that the
finer the serpentine was, the stronger its depression on pyrite flotation was, which was
in line with earlier reports [8,9]. When the -10 µm serpentine was introduced, it can be
seen that pyrite recovery sharply decreased from 96.02% to 20.17% when the serpentine
concentration increased from 0 to 5 g/L, verifying that serpentine slimes could strongly
depress pyrite flotation [7]. As serpentine concentration was further increased, the decrease
rate in pyrite recovery became very slow, and therefore, 5 g/L was used as the critical value
for the added serpentine concentration in the following experiments. The serpentine with a
size fraction of −10 µm, which was close to the actual size in the Jinchuan copper-nickel
concentrator [3], was used in the subsequential investigations.

In the presence of 5 g/L serpentine with a size fraction of −10 µm, the effect of PASP on
the selective flotation of pyrite from serpentine was investigated under different pulp pHs
and PASP concentrations, and these results are presented in Figures 4 and 5, respectively.
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Figure 4 exhibits the flotation behaviors of pyrite in the absence or presence of serpen-
tine and PASP under different pulp pHs. It can be seen from Figure 4 that the floatability of
bare pyrite was always higher than 90% in the pH range 2–10, while a significant drop in
pyrite recovery could be found when the pH was above 10, which was due to the formation
of iron oxide/hydroxide on its surface [21]. In addition, it can also be seen that the addition
of PASP had little influence on the flotation of bare pyrite. However, in the presence
of 5 g/L serpentine, the recovery of pyrite gradually decreased from 92.03% to 12.73% as
the pH increased from 2 to 12 in the absence of PASP. Preceding studies indicated that this
phenomenon resulted from the changing in the surface charge properties of minerals [10].
Sulfide ore flotation was normally conducted under weakly alkaline conditions around pH
9 [27], where the serpentine slimes possessed a intensive depression effect on pyrite flota-
tion. Interestingly, the depression impact of fine serpentine on pyrite flotation was largely
limited, and it can be seen from Figure 4 that a remarkable increase in pyrite recovery of
about 72.5% could be achieved at pH 9 in the presence of serpentine when 15 mg/L PASP
was introduced.

Figure 5 shows the flotation behaviors of pyrite in the absence and presence of serpen-
tine (−10 µm) under different PASP concentrations. Similar to the results listed in Figure 4,
it is clear from Figure 5 that the bare pyrite flotation basically remained unchanged after
adding PASP, with a recovery of around 95% in the entire PASP concentration range tested,
from 0 to 50 mg/L. The addition of PASP could significantly reduce the inhibition of ser-
pentine slimes on pyrite flotation. The recovery of pyrite remarkably increased from 20.17%
to 92.68% as the PASP concentration increased from 0 to 15 mg/L; it remained stable even
under a higher PASP concentration.

The results of micro-flotation tests demonstrated that PASP had an efficient depression
influence towards serpentine and eliminated its adverse effect on pyrite flotation while
possessing little impact on bare pyrite. Therefore, it can be speculated that PASP is likely to
be applied as a selective flotation depressant for serpentine in sulfide flotation.

3.2. Effect of PASP on the Hetero-Coagulation between Pyrite and Serpentine

Since the electrostatic force was the main driving force for the hetero-coagulation
between pyrite and serpentine [10], this section was carried out through zeta potential
measurements to investigate the effect of PASP on the surface charge of minerals; its
further influence on the aggregation/dispersion states of the pyrite/serpentine system was
analyzed using turbidity tests.

Figure 6 lists the zeta potentials of pyrite and serpentine in the absence and presence
of 15 mg/L PASP. It can be seen from Figure 6 that the isoelectric points of pyrite and
serpentine without the employment of PASP were around 2.5 and 10.9, respectively, which
was in line with previous reports [31,32]. At pH 9, the zeta potentials of pyrite and ser-
pentine were −38.26 mV and 14.02 mV, respectively. Therefore, the hetero-coagulation
between pyrite and serpentine was thought to happen because of their inverse surface
charges. When 15 mg/L PASP was added into the system, the zeta potential of serpentine
intensively decreased to the negative domain in the whole pH range detected, whereas the
seta potential of pyrite only decreased to a tiny extent, which suggested the adsorption
intensity of PASP on serpentine was remarkably stronger than that on pyrite. More-
over, after the addition of PASP, both serpentine and pyrite were negatively charged at
pH 9, and the electrostatic attraction between these two minerals might be transformed
into electrostatic repulsion, which led to the removal of the serpentine slimes from the
pyrite surface.

As we discussed in the introduction, the positively charged surface of serpentine at
pH 9 was due to the magnesium cations that remained on its surface after the preferential
dissolution of OH−, which could offer the active sites the adsorption of PASP. However,
according to the studies reported by past researchers [33,34], due to the semiconductor
properties of sulfide minerals, the outmost surface of pyrite was probably composed of
the iron oxide and/or hydroxide species during the flotation process, which could be
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easily removed in the presence of PASP due to its strong chelation ability, and thus, the
adsorption of PASP on the pyrite surface might be unfavorable. This might cause the
difference between the adsorption behaviors of PASP on serpentine and pyrite, which can
lead to the selective flotation of pyrite from serpentine.
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Figure 6. Effect of PASP on the zeta potentials of pyrite and serpentine under different pHs
([PASP] = 15 mg/L).

The turbidity can reveal the aggregation/dispersion states of mineral pulp. Therefore,
a turbidity test was performed to study the influence of PASP on the dispersion state of the
mixed pyrite/serpentine system. Figure 7 shows the turbidity of different mineral systems
at pH 9. For a single mineral suspension, the turbidity of a single serpentine pulp was
around 537 NTU, which was greatly higher that of bare pyrite pulp, which possessed a
value of about 20 NTU. When serpentine and pyrite were mixed with each other, a turbidity
of around 420 NTU was obtained, which was far less than the sum of the turbidities for
single serpentine and pyrite pulp, implying that a heterogeneous aggregation occurred
between them. However, when PASP was employed, the turbidity of the mixed minerals
pulp increased to 551 NTU, which suggested that the aggregation between serpentine and
pyrite was destroyed, and a good dispersion state was achieved in the mixed minerals pulp.
The turbidity results were in line with the zeta potential analyses.
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3.3. Adsorption Mechanisms of PASP on Serpentine Surface

The abovementioned contents illustrated that PASP selectively adsorbed on the serpen-
tine surface and rendered its surface charge negative. However, the underlying adsorption
mechanisms of PASP on the serpentine surface was still indistinct. Therefore, the XPS
technique was used to investigate the adsorption mechanism of PASP on the serpentine
surface in detail. The XPS spectra of serpentine before and after the pretreatment of PASP
are shown in Figures 8 and 9.
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The high-resolution XPS spectra of the C 1s and N 1s of serpentine before and after
the pretreatment of PASP are presented in Figure 8. It can be seen from Figure 8a that the
C 1s spectra of the bare serpentine surface could be fitted by three peaks around 284.8 eV,
285.4 eV, and 288.6 eV, which originated from the carbon atom in the forms of C–C, C–O,
and C=O, respectively [35–37]. This was most likely due to organic contamination during
the test process [38]. After the pretreatment of PASP, the intensity of the peak around
288.4 eV significantly increased, which might be caused by the adsorption of the carboxyl
groups in PASP on the serpentine surface [36]. Furthermore, there was a new peak at
286.47 eV that appeared on the treated serpentine surface, which was caused by the C–N
bond [39]. In addition, it is clear from Figure 8c that there were no obvious signals for
the N 1s on the surface of the bare serpentine, suggesting that there was no N element on
serpentine surface in the absence of PASP. However, after the pretreatment of PASP, a fresh
peak generated, and this new peak could be deconvoluted into two peaks at 399.45 eV and
400.15 eV, which were due to the bonds of N–C and N–H, respectively [6,40]. These results
illustrated that the adsorption of PASP on the serpentine surface took place at that time.

Figure 9 shows the changes in the high resolution XPS spectra of the Mg 1s and Si 2p
of serpentine without and with the interaction of PASP. It is clear from Figure 9a,b that a
positive shift of 0.24 eV (>0.2 eV) in the Mg 1s characteristic peaks could be found when
serpentine was pretreated with PASP, which implied that the chemical environments of the
magnesium cations on the serpentine surface was changed after the adsorption of PASP,
and that this adsorption process was most likely chemical [41]. As shown in Figure 1c,
there were large amounts of –COO− groups in the PASP structure after the decomposition
of the sodium ion. Previous studies also confirmed that the carboxylate group can chelate
with polyvalent metal ions via ionic linkages [9,42,43]. Therefore, these carboxylate radicals
in the PASP might easily chemically adsorb on the serpentine surface through chelating
with the magnesium cations exposed on the serpentine surface, thus altering its chemical
state. In addition, it can also be seen from Figure 9c,d that the Si 2p spectra of serpentine
depicted little variations before and after the pretreatment of PASP, indicating that PASP
perhaps did not adsorb on the Si sites on the serpentine surface [44]. Therefore, it can be
concluded from XPS analyses that PASP could chemically adsorb on the serpentine through
the chelation interaction between its carboxylate radicals and the positive magnesium ions
on the serpentine surface.

3.4. Influence of PASP on the Adsorption of Collector on Pyrite Surface

Previous studies indicated that the serpentine slime coatings on sulfide minerals could
severely inhibit the adsorption of the xanthate collector on their surface, which is a key
point for its deterioration impact on sulfide flotation [43]. Therefore, the effect of PASP on
the adsorption behaviors of PAX on the pyrite surface in the presence of serpentine was
studied at pH 9, and these results are listed in Figure 10.

It can be found from Figure 10 that the presence of serpentine intensively depressed
the adsorption of PAX on the pyrite surface. Since that PAX basically did not adsorb on
serpentine [6], which was also revealed by the pink line in Figure 10, the adsorption
amount of PAX on serpentine was close to zero. Thus, it can be concluded that the
remarkable decrease in the amount of adsorbed PAX on the pyrite surface resulted from
the serpentine slime covering on the pyrite. Interestingly, the adsorption amount of PAX on
the pyrite surface was regained to a great extent when 15 mg/L PASP was applied into the
system, indicating that the employment of PASP could efficiently remove the serpentine
slime from pyrite, which could confirm the results of the flotation, zeta potential, and
turbidity experiments.
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Figure 10. Adsorption amounts of PAX on the pyrite surface and serpentine (−10 µm) under different
conditions (pH = 9, [PASP] = 15 mg/L).

4. Discussion

Based on all the experiments results listed above, a schematic diagram for explaining
the influence of PASP on the selective flotation of pyrite from serpentine slimes is depicted
in Figure 11. As shown in the magnesium surface of the serpentine structure at the bottom
of Figure 11a, due to the preferential dissolution of the hydroxyl ion, the magnesium cations
that remained on the serpentine surface led to its positively charged surface. Therefore, the
hetero-coagulation between serpentine and pyrite commonly appeared during the flotation
process due to their inverse surface charges. The serpentine slimes attached to the pyrite
surface not only improve the surface hydrophilicity but also hindered the following PAX
adsorption, which was presented by an orange sphere with a cyan edge in Figure 11a. Thus,
pyrite flotation significantly deteriorated. When PASP was introduced (see Figure 11b), the
carboxylate groups in its molecular structure could chelate with the residual magnesium
cations on the serpentine surface and led to its adsorption on serpentine, as listed at the
bottom of Figure 11b. Since there were large amounts of –COO− groups in its structure,
PASP was negatively charged in the flotation pulp after ionization equilibrium. Hence,
the positive charge on serpentine was overcompensated and rendered to negative after
PASP adsorption. Electrostatic repulsion might happen because of the negative charges
on the surfaces of both pyrite and serpentine. After that, the hetero-coagulation between
these two minerals was destroyed, and the adsorption of PAX on the pyrite was regained,
as shown in the upper half of Figure 11b. Therefore, the selective flotation of pyrite from
serpentine was achieved with the application of PASP.
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Figure 11. A schematic diagram of the flotation separation of pyrite from serpentine (a) in the absence
of PASP and (b) in the presence of PASP.

5. Conclusions

In this research, PASP was adopted as a novel depressant for the selective flotation
separation between pyrite and fine serpentine. According to the results and analyses of
micro-flotation experiments, zeta potential tests, turbidity measurements, PAX adsorption,
and XPS tests, the main conclusions can be drawn as follows:

(1) Fine serpentine (−10 µm) tended to cover the pyrite surface and worsened its
flotation terribly, especially under weakly alkaline conditions, where sulfide flotation
commonly takes place. However, PASP could significantly limit the adverse impact of
serpentine slimes on pyrite flotation, with a maximum increase of about 72.5% in pyrite
recovery at pH 9.

(2) PASP could adsorb on serpentine through the chelation interaction between its
carboxylate groups and the positive magnesium ions exposed on the serpentine surface,
which resulted in the transformation of the serpentine surface charge from positive to
negative. Meanwhile, PASP had little effect on the surface charge properties of pyrite,
which was probably due to the outmost Fe-OOH layer of pyrite not being able to provide a
stable adsorption site to PASP.

(3) The electrostatic repulsion between the negatively charged pyrite and serpentine
destroyed the hetero-coagulation between them after the addition of PASP. Thus, the
adsorption of PAX on the pyrite was regained, and the selective flotation of pyrite from
serpentine was achieved
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