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Abstract: The lime-depressed pyrite from Cu differential flotation tailings with acid mine drainage (AMD) as a natural
activator was recovered. The effect of AMD on lime-depressed pyrite flotation was investigated by a series of
laboratory flotation tests and surface analytical techniques. Flotation test results indicated that AMD could effectively
activate the pyrite flotation with a sodium butyl xanthate (SBX) collector, and a high-quality sulfur concentrate was
obtained. Pulp ion concentration analysis results indicated that AMD facilitated desorption of Ca?" and adsorption of
Cu?" on the depressed-pyrite surface. Adsorption measurements and contact angle analysis results confirmed that adding
AMD improved the adsorption amount of SBX collector on the pyrite surface and increased the contact angle by 31°.
Results of Raman spectroscopy and X-ray photoelectron spectroscopy analysis indicated that AMD treatment promoted
the formation of hydrophobic species (S° hydrophobic entity and copper sulfides) and the removal of hydrophilic
calcium and iron species on the pyrite surface, which reinforced the adsorption of collector. The findings of the present
research provide important theoretical basis and technical support for a cleaner production of copper sulfide ores.
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high pH (pH>11) by adding plenty of lime, and it
1 Introduction is widely applied to copper—sulfur flotation
separation [8,9]. As a result, chalcopyrite is

Copper sulfide ore is one of the most
important copper sources for the extraction and
production of metal copper [1,2]. Chalcopyrite
(CuFeS;) and pyrite (FeS;) are the typical valuable
minerals in copper sulfide ore [3—5]. During the
beneficiation of copper sulfide ore, copper—sulfur
flotation separation must be conducted to produce
a high-quality copper concentrate after the rejection
of pyrite [6,7]. Generally, the high-alkali lime
process is usually performed at an extremely

enriched in the copper concentrate, and the
depressed-pyrite enters the tailings. The recovery
of lime-depressed pyrite is imperative for the
comprehensive utilization of sulfur resources,
which is one of the most important materials for
the production of sulfuric acid [10,11]. The
recovery of pyrite can also prevent the acid mine
drainage (AMD) pollution originating from the
oxidation of pyrite minerals once exposed to air
and water [12,13]. Thus, the beneficiation of lime-
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depressed pyrite provides an easy access to realize
profit maximization and cleaner production of
copper sulfide ore.

Activators are crucial to reinforcing the
flotation of depressed-pyrite with xanthate
collectors. Relentless efforts have been exerted on
the wvarieties of activators and the activation
mechanism of inhibited pyrite in copper sulfide
ores [10,14—-16]. Acids and copper ions are
frequently cited as the prime examples of such
activation [17]. The addition of acids (e.g., HoC;Os4,
H,SO4, and H3;PO4) can remove the hydrophilic
calcium and iron species that once wrap on the
pyrite surface, resulting in the formation of soluble
complexes or insoluble salts, for instance, CaSO4
and Fe(OH); in the pulp [14]. After acid and
copper ion activation, dixanthogen and Cu-
xanthates can form and become responsible for
pyrite flotation [18—20]. It follows that the specific
hydrophobic/hydrophilic species on the pyrite
surface associated with Cu?" activated products
warrant further discussion. Notably, most pyrite
activation researches have been conducted
independently by adding commercial acids and
copper ions. The apparent drawbacks of this method
include the consumption of large doses of acids and
expensive toxic copper sulfate. Hence, the
development of cost-effective and environment-
friendly technologies to activate inhabited pyrite is
a huge interest for the cleaner beneficiation of
copper sulfide ore.

AMD forms during the mining and stockpiling
of copper sulfide ores after the oxidation dissolution
of sulfide minerals [21,22]. AMD is well accepted
to be highly acidic (pH =2—4), containing sulfate,
iron ions, copper ions, and other non-ferrous metal
ions [23—25]. Emissions of AMD are bound to
damage ecosystems and human health [26—29].
Therefore, interest in AMD treatment has grown
over the past decades. Treatment methods of
neutralization, precipitation, oxygen wetland, ion
exchange, and permeable reactive barriers have
been adopted in real mining sites [26—30]. However,
the available treatment methods primarily focus on
degrading the contents of H', metal, and sulfate
ions of the AMD itself, with most of them being
unsustainable because of the continuous supply of
chemicals, and energy to the affected ecosystem
is inevitable. In other words, these available
remediation approaches fail to view AMD as a

valuable resource. Recently, the AMD activation
mechanism on the micro-flotation of pure pyrite
which was depressed by a high-alkali solution
(HAS) has been studied. AMD has been utilized as
a valuable resource instead of traditional activators
(such as H,SO4 and CuSOy) [31]. AMD is found to
remarkably improve the flotation performance of
HAS-depressed pyrite, providing an important
theoretical basis for the cleaner utilization of AMD
in the flotation field. However, the actual
application of AMD in the flotation of lime-
depressed pyrite ore requires investigation in the
future.

In the present study, AMD activation
efficiency on lime-depressed pyrite flotation from
copper sulfide ore was further investigated through
practical and theoretical research. The suitable
process and reagent dosage were determined
according to the characteristics of the raw ore. The
test scheme of one roughing, one scavenging, and
three cleanings of lime-depressed pyrite in copper
differential flotation tailings was explored by using
sodium butyl xanthate (SBX) as the collector and
AMD as the natural activator at the laboratory scale.
The effect of AMD addition on the improvement in
S grade and recovery was systematically examined
under various reagent dosages. Emphases were
made on the activation mechanism of AMD, as well
as on the analysis of specific hydrophobic/
hydrophilic species on the pyrite surface based on
the flotation tests, contact angle determinations,
adsorption test, ion concentration measurements,
Raman spectroscopy, and X-ray photoelectron
spectroscopy (XPS). The findings of the present
study further enriched the flotation theory of pyrite
and provided strong technical support for the
cleaner production of similar copper sulfide ore.

2 Experimental

2.1 Materials and reagents

Test works were carried out with a sample of
ore from a copper sulfide ore obtained from Yunnan
Province, China. The main compositions of the ore
were analyzed by Kunming Metallurgical Research
Institute, China, and the results are presented in
Table 1. Based on the chemical analysis, the main
compositions of the ore were 0.38% Cu, 8.92% S,
12.87% Fe, 7.64% ALO; and 61.19% SiO,. The
principal mineral components in the raw ore
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samples were determined by powder X-ray
diffraction (XRD) analysis (as depicted in Fig. 1).
The main sulfide minerals were chalcopyrite
(CuFeS,) and pyrite (FeS,), whereas the main
gangue mineral was quartz. Thus, the ore was a
low-grade single copper sulfide ore, and the
effective recovery of chalcopyrite and pyrite was
the key to the beneficiation of this ore.

Table 1 Chemical analysis results of ore samples (wt.%)
Cu Fe S Pb Zn Au Ag
038 12.87 892 0.0064 026 020" <5.0°
Si0; MgO ALO3; CaO  NaO K>O

61.19 3.68 7.64 0.60 0.13 0.95
* g/t

e — SiO,
* — CuFeS,
m— FeS,

0 20 30 40 50 60 70
200(°)

Fig. 1 XRD analysis results for raw ores

The pure pyrite samples for theoretical
research (adsorption measurements, contact angle
determination, Raman spectroscopy, and XPS) were
provided by Yunbaozhai, Yunnan Province, China.
Chemical analysis and XRD results showed that the
purity of pyrite was 97.5%. AMD was obtained
from the Dapingzhang Copper Sulfide Mine of
Yunnan Province, China. The AMD used in the
flotation study was taken from the wastewater
collection pond of the tailing deposit of this copper
sulfide mine, which mainly originated from the
underground cave mining wastewater and open
storage of wastewater in the ore. To avoid variations
in AMD composition as much as possible, the
sample was stored in an airtight high-density
polyethylene container and transported to the

laboratory where it was stored at 4 °C until analysis.

The major chemical constituents of AMD were
analyzed by inductively coupled plasma (ICP)
analysis (ICPS—1000II, Shimadzu, Japan), as
displayed in Table 2. The concentrations of Cu?*
and SO; in the AMD were 22.8 and 5902 mg/L,
respectively, and the pH of AMD was 3.88. The
concentrations of AI*" and Mg®" reached 141 and
156 mg/L, which may play a negative role in pyrite
flotation [10]. This chemical property of AMD, i.e.,
being strongly acidic and rich in copper ions,
renders it a promising natural activator of lime-
depressed pyrite in copper sulfide ores.

The chemical reagents used in this study
included pH-adjusting agents, depressors, activators,
collectors, and frothers. The details of the reagents
adopted in the flotation tests are listed in Table 3.
Deionized water with a resistivity of 18 MQ-cm
was obtained from a Milli-Q50 system (Billerica,
MA, USA) and was used in all the experiments.

Table 2 Chemical analysis results of AMD

Concentration/(mg-L™")
Cu?* Pb* Zn?* Fe¥'/Fe* AP Mg Ca?* SO~
22.8 <0.07 30.7 <0.03 <0.03 141 156 5.12 5902 3.88

pH

Table 3 Reagents used in flotation tests

Reagent Purity Function
. Analytical grade .
Lime (>98%) Pyrite depressant
Analytical grade .
H>SO4 (>98%) Activator
Analytical grade .
CuSO0q4 (>98%) Activator
Analytical grade .
H>C,04 (599.5%) Activator
Analytical grade .
NH4HCO3 (>98%) Activator
Analytical grade .
FeSO4 (>98%) Activator
Acid mine _ pH-adjusting agent
drainage and activator
Sodium butyl Analytical grade .
xanthate (>98%) Pyrite collector
Potassium ethyl Analytical grade Chalcopyrite
xanthate (>95%) collector
... Analytical grade
Terpenic oil (>95%) Frother
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2.2 Flotation tests

An XFD flotation equipment (Jilin Exploring
Machinery Plant, China) was adopted for the
flotation tests. Cu differential flotation with high-
alkali lime process (pH 11.3), as depicted in Fig. 2,
was applied to the beneficiation of copper sulfide
ore on the basis of on-spot craft. Lime (5 kg/t),
potassium ethyl xanthate (PEX) (60 g/t) and pine
oil (30 g/t) were sequentially added into the
flotation cell for the collecting of chalcopyrite. The
Cu rougher concentrate was acquired after 4 min of
flotation.

Raw ore

Ball mill grinding
<74 um 75%

<

Smin X Lime pH=11.3
3 min PEX

1 min x Terpenic oil

Cu differential flotation
4 min

\J
Cu rougher concentrate

Overflow water
(High alkaline water)

Concentration of | |
copper tailing

5Smin X AMD
3 min X SBX
I min § Terpenic oil

S roughing flotation

4 min .
5 min XAMD

3 min XSBX
1 min X Terpenic oil

Cleaning 1 Scavenging

4 min

~ A

3 min

Cleaning 2

3 min

v
Tailing

Cleaning 3

L 3 min

\
S concentrate

Fig. 2 Flow sheet of closed-circuit flotation of copper
sulfide ore with AMD as activator

Flow sheet consisting of one roughing, one
scavenging, and three cleanings was conducted to
recover pyrite from the tailings of Cu differential
flotation. Different types of activators were
added to the roughing and scavenging processes.

Meanwhile, SBX was used as the collector. The
AMD activation effects on lime-depressed pyrite
flotation were investigated with emphasis. Each
experiment was carried out three times to obtain the
mass balance, and flotation efficiency was
evaluated by calculating the recovery of S and Cu.

2.3 Ion concentration measurements in flotation

pulp

The flotation pulps obtained with different
dosages of AMD were extracted into a centrifuge
tube, and then placed in a centrifuge (TL—4.7W,
SCI, China) under stirring at 3500 r/min for 15 min.
The concentrations of Cu®** and Ca?* in the
supernatant were determined by ICP analysis. Each
experiment was carried out three times to obtain the
average value as the final result. To reflect the
variation in target ion concentrations in the pulp,
the theoretical ion concentrations (Ca?* and Cu?")
were calculated, which included ion concentrations
in the pulp and the corresponding ion concentrations
in the AMD.

2.4 Adsorption measurements and contact angle

determination
Collector adsorption measurements were
carried out on a UV-Vis spectrophotometer

(UV765, Shanghai, China). The adsorption amounts
of SBX on the pyrite surface in the following two
systems were investigated: (1) lime-depressed
pyrite, i.e. 2 g of pure pyrite was mixed with 40 mL
of deionized water, and lime was added to adjust
the pH to 11.3 for 15 min; (2) AMD-activated
pyrite, i.e., the pyrite sample was treated according
to the first system procedure, and then 1.8 m*/t
AMD was added to the solution to react for 15 min.
Next, SBX (1.5%10*mol/L) was added to the two
systems, respectively, and adjusted for 60 min at
1700 r/min to ensure equilibrium in the adsorption
process. Finally, the suspension was centrifuged and
the supernatant was taken to measure the residual
SBX concentration. Each condition was repeated
three times to obtain the mean value as the final
result, and the standard deviation was indicated by
error bars. The adsorption amount of SBX on the
pyrite surface was calculated according to the
following equation:

]":(CO _CI)V (1)
m
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where [ is the adsorption amount of SBX (mol/g);
Co and C;are the initial and residual concentrations
of SBX (mol/L), respectively; V is the supernatant
fluid volume (L); m is sample mass (g).

Pyrite samples were polished with 2000, 4000,
and 6000 grit Al,Os; sandpaper to ensure a
sufficiently smooth surface. The polished samples
were washed with deionized water, then placed in a
beaker containing 40 mL of deionized water, and
treated with lime, lime-AMD, and SBX collector
sequentially according to the same procedure
described in adsorption measurements. The treated
samples were performed using a contact angle
analyzer (JY—82, China). For each experiment, a
drop of deionized water was placed into the sample
surface through a syringe. The shape of the drop
was measured after the three-phase contact angle
stably formed. Each experiment was carried out
three times, and the average value was taken as the
final result.

2.5 Raman spectroscopy measurements

Raman spectra were obtained on a Raman
spectrometer (LabRAM HR Evolution HORIBA,
France). The Raman spectral resolution varied
between 0 and 1000 cm™' with a step width of
1 cm™!. Two samples, i.e., lime-depressed pyrite and
AMD-activated pyrite were prepared according to
the same procedure above-mentioned in Section 2.4.
The Raman spectrum of the original chalcopyrite
sample was served as a control. Before each
experiment, the spectrometer was calibrated to the
vibrational Raman band of silicon at approximately
520 cm™!. Spectral operations such as baseline
adjustment, smoothing, and normalization were
performed by using Labspec 4.02 software.

2.6 XPS measurements

XPS spectra were obtained using a Versa
Probe II X-ray photoelectron spectrometer (PHI
5000, ULVAC-PHI, Japan) equipped with an Al K,
X-ray source under ultrahigh vacuum conditions.
2 g of pure pyrite sample was mixed with 40 mL of
deionized water. After adjusting the pH to 11.3 by
adding lime and stirring for 15 min, AMD was
added subsequently and stirred for 15 min, whereas
no AMD was added into the other beaker for
contrast testing. The sample was removed by
filtration, repeatedly rinsed with the corresponding
solution, and dried in a vacuum drying oven

(DZF-6021, Shanghai Yiheng Scientific Instrument
Co., Ltd.) at 25 °C. A survey scan of the analyzed
sample was first conducted to detect elemental
compositions and binding energies. Then, peak
fitting was performed to investigate the high-
resolution scan data.

3 Results and discussion

3.1 Flotation behavior
3.1.1 Effects of different activators on flotation of
pyrite

To investigate the activation effect of different
activators on lime-inhibited pyrite, HoSO4, H2C;0s4,
NH4HCO3, FCSO4, HzSO4—CuSO4, and AMD were
selected as its activators. The specific flotation
conditions were as follows: particle size distribution
below 74 um accounted for 75%, and SBX dosage
was 100 g/t. Results of flotation tests with different
optimum activator dosages are listed in Table 4.

From the comparison results in Table 4, it is
clear that the lime-depressed pyrite was basically
not recovered without adding any activator. The fact
that different types of activators were added under
the same agent regime and process flow showed
that different flotation indexes were obtained. In a
comprehensive comparison, NHsHCO3 and H>C,04
exerted a more obvious activation effect on the
lime-inhibited pyrite compared with no activator.
FeSO4 was beneficial to improving the S grade in a
weak alkaline environment, whereas the full
activation of lime-depressed pyrite was difficult by
using single H>SOs. At the sulfuric acid dosage of
5000 g/t, pyrite recovery was increased by
approximately 6% after adding 100 g/t of CuSOs4
compared with the single use of H,SO4. The
activation performance of AMD was comparable to
that of H,SO4—CuSO4, and their activation effects
were more effective than those of several other
activators. Thus, the effect of AMD on the
activation of lime-depressed pyrite will be analyzed
with emphasis as follows.
3.1.2 Effects of AMD dosage on pyrite flotation

Based on the unique acidity and high Cu®*
concentration of AMD, AMD activation of pyrite in
Cu differential flotation tailings was investigated.
The results are presented in Fig. 3(a). The specific
flotation conditions were as follows: particle size
distribution below 74 um accounted for 75%, and
SBX dosage was 100 g/t.
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Table 4 Different activator types of pyrite and comparative test results

Activator Dosage/(g-t™) pH value of pulp S grade/% S recovery/%
No activator 0 11.3 53.18 8.75
H,SO4 5000 6.8 50.91 72.29
H>C,04 2000 8.5 51.50 72.41
NH4HCO; 3000 8.6 51.64 73.20
FeSO4 3500 8.4 52.89 76.03
H,SO4+CuSO4 5000+100 6.9 52.61 78.36
AMD 1.8* 8.5 52.47 80.09
*mit
43 (a %0 li1s >4 (b) S recovery 85
540} ——3 180 | I 7 180
—1 Srecovery 170 11.0 37 \H t
. 535t § - leos {105 o : 175 &
S 530t lso & {100 & T 527 \‘ =
% ~ S grade 30 % 10.0 _& "q'é §/ 170 %
;)o 52.5+ §2#§_§/§ 140 § 49.5 Z 5)0 51t S grade ] g5 §
520 T~ 1305 490 =
SN 1200 gs 50+ 160
51.5F ] '
, PuppH * 110 |q) 155
51'0 1 1 1 1 1 1 1 0 ] 49 1 1 1 1 1
0 10 12 14 16 18 1.9 40 60 80 100 120

AMD dosage/(m3-t™")

SBX dosage/(g-t™")

Fig. 3 Effects of AMD (a) and SBX (b) dosages on pyrite flotation

As depicted in Fig. 3(a), AMD played a
positive role in pH adjustment and S recovery. The
pulp pH was 11.3, and the S recovery was only
8.75% in the absence of AMD, indicating that
pyrite was subjected to serious inhibition by lime.
With increased AMD dosage, the pulp pH
decreased considerably. Obviously, the remarkable
decrease in the pulp pH caused by AMD created
favorable conditions for the flotation of
lime-depressed pyrite. The maximum S recovery of
80.09% was obtained at 1.8 m*/t AMD dosage,
which increased by about 70% compared with the
corresponding result in the absence of AMD. In
addition, the influences of SBX dosage on the
recovery and grade of S are shown in Fig. 3(b)
(conditions: AMD dosage of 1.8 m*/t and rougher
pulp pH of 8.5). It is proved that the recommended
SBX dosage was 100 g/t, and the corresponding S
grade and recovery were 52.47% and 79.22%,
respectively. These results confirmed that AMD can
effectively activate the flotation of lime-depressed
pyrite. It is possible that AMD may have effectively
removed the hydrophilic species (Ca**, CaOH*, and
FeOOH) once wrapped on the pyrite surface after

the acid—base neutralization reaction. Meanwhile,
the adsorption of Cu?' stemming from the AMD can
increase the Cu-active sites on the pyrite surfaces,
which benefited the adsorption of the collector onto
mineral surfaces. Notably, the changes in the S
grade of the concentrates were inconspicuous,
indicating that the inclusions of gangue minerals
were negligible during AMD activation pyrite
flotation processing. Thus, AMD dosage was
determined to be 1.8 m%/t in the sulfur rougher stage,
and the rougher pulp pH was 8.5. Given these
results, adding AMD facilitated the flotation of
lime-depressed pyrite, and it can be viewed as a
promising natural activator. This activity provided
an innovative path to the comprehensive utilization
of AMD, with vital practical significance for
the emission reduction of AMD and increased
beneficiation profits.
3.1.3 Locked-cycle flotation test results of copper

sulfide ore

The locked-cycle flotation tests of copper
sulfide ore were carried out according to the
optimum conditions acquired in the open-circuit
flotation experiments, as depicted in Fig. 2. The
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experiment results are illustrated in Table 5. As can
be seen from Table 5, the recoveries of S and Fe in
the sulfur concentrate were 79.82% and 48.69%,
with grades of 51.16% and 42.54%, respectively, in
the HoSO4—CuSO4 system. When AMD (1.8 m?/t)
was used as an activator, the recovery of S was
82.95% with a grade of 51.08%. This concentrate
product was a high-quality sulfur concentrate and
can meet the needs of sulfuric acid production
desirably. The recovery of S in the AMD system
was improved by 5.33% compared with the former
S flotation index. Thus, the locked-cycle flotation
tests of copper sulfide ore provided strong evidence
that AMD can effectively activate the pyrite
flotation once depressed by lime in copper sulfide
ore separation. This method provided a novel
approach to AMD treatment, and formed an
innovative flotation technology consisting of Cu
differential flotation with high-alkali lime and
pyrite recovery with AMD activation. Obviously,
the application of AMD in copper sulfide flotation

2993

had considerable economic and environmental
benefits. This work can economize the great mass
of fresh water, and AMD may be viewed as a
promising natural activator instead of traditional
chemical reagents (such as H>SOs and CuSOs),
thereby increasing the economic benefits to the
flotation plant. Moreover, it can provide easy
access to the comprehensive utilization of AMD,
exhibiting vital practical significance for the
emission reduction of AMD.
3.1.4 Ton concentration in flotation pulp

To explore the effect of AMD on the ion
concentration in flotation pulp and indirectly
analyze its activation mechanism on the lime-
depressed pyrite, the Ca?>" and Cu?*" concentrations
in the pulp were analyzed, as presented in Figs. 4(a)
and (b). Figure 4(a) showed that the theoretical
concentration of Ca?" increased linearly with
increasing AMD dosage. The Ca®" concentration in
the pulp (sulfur rougher) without AMD addition
was 587.8 mg/L, whereas the Ca?* concentration

Table 5 Locked-cycle flotation tests results of copper sulfide ores

Grade/% Recovery/%
Condition Product Yield/%
Fe S Fe
Copper rougher concentrate 5.75 18.47 25.66 11.81 11.68
Sulfur concentrate 14.60 51.08 43.55 82.95 50.34
AMD system
Tailing 79.65 0.36 6.02 5.24 37.98
Feed 100.00 8.99 12.63 100.00 100.00
Copper rougher concentrate 6.09 20.23 26.09 13.41 12.68
H,S0,~CuSO4 Sulfur concentrate 14.34 51.16 42.54 79.82 48.69
system Tailing 79.57 0.86 6.12 6.77 38.63
Feed 100.00 9.19 12.53 100.00 100.00
1000
. (a) (b)
E]n 900 |- - Theoretical Ca* concentration T—l 10 -
g -~ Actual Ca?* concentration %0
&, 800 i
< S
o qa 1r
.5 700 o
:15, 600 - = 888 C —o— Theoretical Cu?" concentration |
2 3 0-02 i —— Actual Cu?* concentration
8 £ 0
L O L
500 | | | | | 0.02 . LY. 7
-02 0.2 0.6 1.0 1.4 1.8 -02 0.2 0.6 1.0 1.4 1.8

Dosage of AMD/(m3-t™!)

Dosage of AMD/(m?3-t™)

Fig. 4 Variation of Ca?" (a) and Cu** (b) concentrations in pulp with different AMD dosages
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decreased to 499 mg/L after the pre-removal of
high alkaline water. This result indicated that
the desorption of numerous Ca?" located on
the pyrite surface occurred. The actual Ca®"
concentration increased remarkably with increasing
AMD dosage ranging from 0 to 1.4 m*t, and then
gradually decreased with further increasing AMD
dosage. Notably, the actual Ca?* concentration
was significantly smaller than the theoretical
concentration of Ca?*. These results indicated that
the spontaneous reactions between Ca* and SO;~
stemming from AMD occurred and promoted
the formation of calcium sulfate precipitate
(CaS0O4-2H,0). This phenomenon facilitated the
desorption of Ca?" located on the lime-depressed
pyrite surface, thereby increasing the hydro-
phobicity of minerals. From Fig. 4(b), the
theoretical concentration of Cu?" in the initial pulp
was 0.22 mg/L, and it increased with increasing
AMD dosage. However, actual Cu?" concentration
was all below 0.02 mg/L, which was the lower limit
of detection. This finding suggested that Cu®*
originating from the AMD can be adsorbed onto the
pyrite surface completely, improving the Cu active
sites on the lime-depressed pyrite surface. Given
these results, adding AMD provided favorable
conditions for the flotation of lime-depressed pyrite.
The desorption of Ca®>" and the increase of
Cu-active sites on mineral surfaces played an
essential role in pyrite activation.

3.2 Flotation mechanisms
3.2.1 Adsorption and contact angle

Adsorption analysis and contact angle
determination were conducted to investigate the
effect of SBX collector on the hydrophobicity of
lime-depressed pyrite in the presence and absence
of AMD. As depicted in Fig. 5, the contact angle of
lime-depressed pyrite after the adsorption of SBX
collector in the absence of AMD was about 40°,
which was much lower than that of natural pyrite
once it interacted with xanthate (87.5°) in deionized
water, as reported by YANG et al [32]. Meanwhile,
the adsorption amount of SBX on the lime-
depressed pyrite surface was only 0.018x107° mol/g.
These results confirmed that pyrite was subjected to
serious inhibition by lime and failed to adsorb the
SBX collector. The contact angle of AMD-activated
pyrite increased to 71°, and the adsorption amount
of the SBX collector reached 0.053x107° mol/g,

0.07 + B8 Adsorption amount
0.06

0.05
0.04

0.02

0.01

Adsorption amount of SBX/(1075 mol-g™")

0
Lime-depressed pyrite ~ AMD-activated pyrite
Sample

Fig. 5 Adsorption amount and contact angle of lime-
depressed pyrite surface after interaction with SBX
collector in the absence and presence of AMD

indicating that the introduction of AMD remarkably
improved the hydrophobicity and floatability of
pyrite once inhabited by lime. Also, previous
studies [10,19,20,33] have indicated that Cu(I)-
xanthate species and dixanthogen formed in the
presence of copper ions through the reduction of
Cu(Il) and the oxidation of surface sulfides,
resulting in improved pyrite hydrophobicity. Thus,
it could be inferred that the adsorption of copper
ions introduced by AMD on the pyrite surface
benefited the formation of Cu(I)-xanthate species
and dixanthogen, and contributed to the activation
of pyrite flotation.
3.2.2 Raman spectra

The Raman spectra of lime-depressed pyrite
samples before and after AMD activation are shown
in Fig. 6. Meanwhile, the Raman spectrum of
chalcopyrite was analyzed as a reference to
investigate the effect of AMD on the surface
sulfides of pyrite. For the chalcopyrite sample, the
characteristic peaks at 285 and 462 cm™! were
assigned to the vibration of the Cu—S and Fe—S
bonds [34]. For the pyrite—CaO sample, three
characteristic peaks of lime-depressed pyrite were
located at 334, 367, and 415 cm ™!, respectively. The
peak at 334 cm™! was attributed to the deformation
vibration of Fe—(S,)*", whereas the peaks at 367
and 415 cm™! corresponded to the stretching vibration
of Fe—(S2)* and S—S, respectively [35-37]. After
AMD treatment, new peaks at 206, 262, and
477 cm™' were observed on the lime-depressed
pyrite surface. The peak located at 206 cm™' was
assigned to S, whereas the peaks located at 262 and
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Fig. 6 Raman spectra of chalcopyrite and lime-depressed
pyrite before (pyrite—CaO) and after (pyrite—CaO—AMD)
AMD activation

477 cm™! were assigned to the Cu—S bond, which
well agreed with previous results [34,38,39], and
the Raman spectra of chalcopyrite, respectively.
These results demonstrated that AMD treatment
promoted the formation of new hydrophobic
species (S° hydrophobic entity and copper sulfides
similar to chalcopyrite) on the pyrite surface. This
activity may play a vital role in the AMD activation
on the flotation of lime-inhibited pyrite.
3.2.3 Broad scan analysis results of XPS

Figure 7 exhibits the XPS survey spectra and
elemental quantification of lime-depressed pyrite
surfaces before and after AMD activation. As
indicated in Fig. 7, the O and Ca contents on the
pyrite—CaO surface were 38.94 at.% and 1.00 at.%,
respectively, illustrating that pyrite experienced
serious oxidation in the high-alkali lime system (pH
11.3), promoting the formation of hydrophilic
calcium and iron species on the surface of minerals.
When the lime-depressed pyrite was activated by
AMD, the Ca and Fe contents were decreased
to 0.052 at.% and 3.04 at.%, respectively. These
results indicated that AMD can effectively remove
the hydrophilic calcium and iron species, thus
improving the activity of the pyrite once restrained
by lime. It is noteworthy that significant increase in
oxygen content (49.47 at.%) was observed after
AMD treatment. This phenomenon may be
attributed to the adsorption of SO}~ stemming from
AMD. Moreover, the XPS spectrum of pyrite—
CaO—AMD surface had a new peak at 932.6 eV,
which was identified as a Cu2p signal based
on reported data [31]. The copper content was

approximately 1.05 at.%. This result confirmed that
the Cu?* originating from AMD was adsorbed on
the pyrite surface and facilitated the formation
of hydrophobic copper sulfides. The broad scan
analysis results of XPS were consistent with the
observations on the flotation experiments, as well
as the variation in Cu®" content in flotation pulp.

(a)

Ca2p

Pyrite-CaO

Pyrite-CaO-AMD

1400 1200 1000 800 600 400 200 O
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b
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£ 30t
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O 20+
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Atomic obital
Fig. 7 XPS survey spectra (a) and element contents (b) of

lime-depressed pyrite before and after AMD activation

(1) S 2p and Fe 2p spectra

Figure 8 presents the S2p and Fe2p XPS
spectra recorded on the surface of lime-depressed
pyrite before and after AMD activation. As
observed from S 2p spectra of the lime-depressed
pyrite, the characteristic peaks were located at
161.62, 162.58, and 163.79 eV, corresponding to
monosulfide (S?°), disulfide (S;7), and polysulfide
(S7) species, respectively [38,40,41]. The peak
located at 168.48 eV was assigned to SO [40]. The
results indicated that the surficial sulfur of pyrite
underwent oxidation in the high-alkali lime system
(pH 11.3). When AMD was added, the SO~ content
on the pyrite surface significantly increased
from 19.97% to 26.17%. It is possible that the SO;
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Fig. 8 S 2p (a, b) and Fe 2p (c, d) XPS spectra of lime-depressed pyrite surface before (a, ¢) and after (b, d) AMD

activation

originating from AMD may be adsorbed on the
pyrite surface, and the oxidation of surficial sulfur
also contributed to the increase of SO . The
proportion of S*~ increased from 10.72% to 14.55%,
whereas those of S;” and S~ decreased by 2.90%
and 7.13%, respectively. This finding was due to
the oxidation of pyrite and the adsorption of copper
ions during AMD activation [33]. Notably, the S;
and S7~ species played a vital role in pyrite flotation.
However, adding AMD failed to reinforce these
hydrophobic sulfur species on the pyrite surface.
Thus, it was inferred that AMD activation on the
flotation of lime-depressed pyrite in this study was
mainly attributed to the removal of the hydrophilic
calcium and iron species and the formation of new
hydrophobic copper sulfides.

In the Fe2p spectra of the lime-depressed
pyrite sample, Fe2p was fitted with Fe(I)—S
(707.12 eV), Fe—OOH (710.89 eV) and Fe—SO4
(711.97 eV), respectively [38,42,43]. The presence
of substantial amount of Fe — OOH (59.97%)
and Fe—SO04 (12.67%) confirmed that the lime-
depressed pyrite surfaces were wrapped by

hydrophilic calcium and iron species, which were
responsible for pyrite inhibition. After AMD
activation, the proportion of Fe—S remarkably
increased by 24.67%, and the Fe—OOH proportion
decreased sharply from 59.97% to 31.57%.
Meanwhile, the Fe—SO4 proportion increased by
3.73%. Thus, it can be concluded that the
introduction of AMD can effectively eliminate the
hydrophilic iron species owing to the interaction
between the Fe—OOH species and H*, which was
beneficial to restoring the activity of lime-inhibited
pyrite. Notably, the adsorption of SO;  stemming
from AMD can increase the hydrophilicity of pyrite
surfaces to some degree.

(2) Ca 2p and Cu 2p spectra

Figure 9 illustrates the XPS spectra of Ca 2p
and Cu2p recorded on the surface of lime-
depressed pyrite before and after AMD activation.
As indicated in the Ca2p spectra before AMD
activation (Fig. 9(a)), the characteristic peaks were
located at 346.54 and 347.56 eV, corresponding to
CaSO4 and Ca—O/OH species, respectively [14,44].
The proportions of CaSO4 and Ca—O/OH were
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activation

58.49% and 41.51%, respectively, confirming that
the pyrite surfaces after the lime treatment were
wrapped by hydrophilic calcium species and
experienced severe inhibition. The Ca2p peaks
disappeared and failed to be identified in the XPS-
extended energy spectrum analysis after AMD
activation (Fig. 9(b)). These results indicated that
the hydrophilic calcium overlays were effectively
removed from the pyrite surface with the addition
of AMD, resulting in the improved pyrite
floatability.

There was no Cu2p peak observed before
AMD activation, which was not identified in the
XPS-extended energy spectrum analysis results
(Fig. 9(c)). It can be seen from the Cu 2p spectrum
acquired in the high resolution XPS survey on lime-
depressed pyrite surfaces after AMD activation
(Fig. 9(d)). The main peak at 932.53 eV represented
the Cu(l) formation on the pyrite surface,
whereas the peak at 934.36 eV was assigned as
Cu(Il) [31,45]. It is well accepted that the Cu(I)—S

species formed by the copper ion activation plays
an important role in the pyrite flotation at mildly
acidic pH [19]. EJTEMAEI and NGUYEN [38]
proposed that a CuFeS,-type layer may be formed
in the presence of copper ions, and Cu(I)—S species
dominate the sulfide mineral on pyrite surfaces.
OERTZEN et al [46] suggested that CusFeS, .
surface species are generated after the complex
redox reaction between Cu(Il) and surficial sulfur
during copper adsorption process, thereby
contributing to the activation products for the pyrite
flotation. The reaction can be represented by

FeS,+3xCu” +4xH,0=
Cu, FeS, +xSO; +8H" (2)

The Cu 2ps3» peaks of species such as CuFeS,
may also appear at 932.30e¢V [47,48]. The
detection of Cu(l) in this study coincides with that
previously reported for Cu-activated pyrite. Based
on the basis of XPS and Raman spectroscopy
analysis, it can be concluded that new hydrophobic
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copper sulfide species formed on the pyrite surface,
which were similar to chalcopyrite during AMD
activation. Meanwhile, the oxidation of Cu(I)-S
surface species under alkaline conditions was
unavoidable, and the adsorption of the hydroxide
precipitation onto inevitably occurred, thereby
generating  Cu(Il) oxide/hydroxides overlays
covering the pyrite surface. This accounts for the
detection of Cu(ll). Given these results, the
activation of AMD on the lime-depressed pyrite
may be attributed to the formation of Cu-activation
products (new hydrophobic copper sulfide species),
as well as the removal of hydrophilic calcium and
iron species on the pyrite surfaces, thereby
facilitating the adsorption of the collector.

Based on the aforementioned results and
discussion, a schematic representing the AMD
activation for the lime-depressed pyrite flotation
was constructed and shown in Fig. 10. A substantial
amount of hydrophilic calcium and iron species
were wrapped on the pyrite surface depressed by
lime. When AMD was added, the H" and SO;
promoted the desorption of hydrophilic calcium and
iron species from the pyrite surface mainly via
acid—base neutralization and precipitation, resulting
in the formation of CaSQOss) and Fe(OH)se in the
pulp. Meanwhile, copper ions originating from
AMD were adsorbed on the pyrite surface and
promoted the formation of new hydrophobic
species (S° hydrophobic entity and copper sulfides).
With further addition of SBX collector, dixanthogen
and Cu(I)-xanthate species formed and interacted
with the pyrite surface. As a result, the lime-
depressed pyrite floatability was improved
considerably. The findings of the present theoretical
research well explained the flotation behavior of
lime-depressed pyrite from the tailings of Cu
differential flotation with AMD activation. The
application of AMD in pyrite activation can be

CaSOy(s)

FeOH*
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expected to solve the negative impacts of AMD on
the environment at its source and increase the
beneficiation effects. Therefore, this study can serve
as an important theoretical basis and technical
support for the cleaner production of copper sulfide
ore.

4 Conclusions

(1) Flotation test results showed that AMD can
effectively activate pyrite flotation with SBX
collector from the tailings of Cu differential
flotation with high-alkali lime, and a high-quality
sulfur concentrate with 51.08% S grade and 82.95%
S recovery was obtained.

(2) AMD facilitated the desorption of Ca**
located on the lime-depressed pyrite surface and
increased the hydrophobicity of the pyrite.
Meanwhile, the actual Cu®?* concentrations in the
pulp were all below 0.02 mg/L, and Cu?" originating
from the AMD can be adsorbed onto the pyrite
surface completely. Adsorption measurements and
contact angle analysis confirmed that adding AMD
improved the adsorption amount of SBX collector
from 0.018x107to 0.053x10° mol/g and increased
the contact angle by 31°. Results of Raman
spectroscopy and XPS analysis indicated that AMD
treatment promoted the formation of new
hydrophobic species (S° hydrophobic entity, and
copper sulfides similar to chalcopyrite) on the
pyrite surface.

(3) The activation of AMD on lime-depressed
pyrite may be attributed to the formation of new
hydrophobic species, as well as the removal of
hydrophilic calcium and iron species on the pyrite
surfaces, which reinforced the adsorption of the
collector. Therefore, the findings of the present
research well explained the flotation behavior and
mechanism of lime-depressed pyrite with AMD as a

Fe(OH)y(s) X Swme X,
e Jib b
Cu?* ) I
/X« Adsorption 3:3333“* ﬁ
Cu2j (CuZh €nz (o (Cus

Fig. 10 Schematic representation of AMD activation for lime-depressed pyrite flotation
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natural activator, providing an important theoretical
basis and technical support for the cleaner
production of copper sulfide ore.
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