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Abstract: Mineral fulvic acid (MFA) was used as an eco-friendly pyrite depressant to recover chalcopyrite by flotation
with the use of the butyl xanthate as a collector. Flotation experiments showed that MFA produced a stronger inhibition
effect on pyrite than on chalcopyrite. The separation of chalcopyrite from pyrite was realized by introducing 150 mg/L
MFA at a pulp pH of approximately 8.0. The copper grade, copper recovery, and separation efficiency were 28.03%,
84.79%, and 71.66%, respectively. Surface adsorption tests, zeta potential determinations, and localized electrochemical
impedance spectroscopy tests showed that more MFA adsorbed on pyrite than on chalcopyrite, which weakened the
subsequent interactions between pyrite and the collector. Atomic force microscope imaging further confirmed the
adsorption of MFA on pyrite, and X-ray photoelectron spectroscopy results indicated that hydrophilic Fe-based species
on the pyrite surfaces increased after exposure of pyrite to MFA, thereby decreasing the floatability of pyrite.
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1 Introduction

Copper is an irreplaceable element in the
economic and technological development of
modern society [1—4]. Copper is mainly extracted
from copper—sulfide mineral resources that are
easily beneficiated. Among such minerals,
chalcopyrite (CuFeS;) is a Cu-bearing sulfide
mineral that has attracted growing research
attention owing to its high recoverability in the
context of ever-dwindling copper resources [5—8].
In general, chalcopyrite can be effectively
recovered using the froth flotation method before
metallurgical treatments [9—11]. Unfortunately,
poor industrial indexes are frequently obtained
because of the presence of associated gangue
minerals, especially pyrite (FeS,), a representative
metallic sulfide mineral that is ubiquitously

distributed over the earth [12—15]. Accordingly,
there is an urgent need for depressants for pyrite.

Conventionally, inorganic reagents, such as
calcium oxide and sodium cyanide, are commonly
used as industrial depressants to inhibit pyrite
when recovering chalcopyrite by flotation [16—19].
However, the use of these two reagents usually
results in a toxic and highly alkalinized flotation
pulp. This feature not only affects the flotation of
other target minerals, but also leads to a loss of
flotation devices through alkaline corrosion. Most
importantly, such by-products seriously threaten the
physical health of operating workers and the
security of the environment [19,20]. Environment-
ally friendly depressants for pyrite used in weak-
alkalinity flotation systems therefore have therefore
drawn considerable research interest [21].

Starch, polyacrylamide, carboxymethyl cellulose,
lignosulfonate, and chitosan are traditional macro-
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molecular organic depressants for pyrite [22—25].
Additionally, several studies have reported on the
use of novel organic depressants to depress pyrite.
HAN et al [18,26,27] reported that salicylic acid,
lactic acid, and pyrogenic acid all exhibited a
stronger inhibition effect on pyrite than on
chalcopyrite. Adsorption tests suggested that
hydrophilic functional groups in these depressants
selectively adsorbed on the surfaces of pyrite,
thereby depressing the flotation of pyrite. LIU
et al [28] found that konjac glucomannan depressed
pyrite more efficiently than dextrin, starch, and guar
gum, where the flotation separation between pyrite
and chalcopyrite was realized by adding 10 mg/L
of konjac glucomannan. Analysis of these results
indicated that hydrogen bonding and acid-base
interactions might play a crucial role in depressing
pyrite by konjac glucomannan. KHOSO et al [7]
efficiently separated chalcopyrite from pyrite
through the use of a new environmentally friendly
depressant, poly-glutamic acid (PGA). Analyses
showed that hydrophilic species were generated on
the surfaces of pyrite after exposure to PGA, thus
attenuating its hydrophobicity. BAI et al [29,30]
revealed that sodium dimethyl dithiocarbamate
(SDD), an organic reagent having excellent
chelating ability for heavy metal ions, markedly
inhibited pyrite whereas chalcopyrite was basically
unaffected. The recovery of chalcopyrite was
achieved following addition of low dosages of SDD
in flotation testing of artificially mixed minerals.
Intriguingly, pyrite exploited from different ore
deposits exhibits different flotation behavior, owing
to the crystal defects and structural inhomogeneity
of pyrite. These variations contribute to ongoing
difficulties in separating pyrite from chalcopyrite
and other target minerals [7,31,32]. Therefore, a
reasonable and alternative depressant for pyrite
would have implications for both theoretical
research and industrial production.

Fulvic acid is a heterogeneous and amorphous
aliphatic—aromatic organic acid compound, which
is commonly formed by the decomposition and
synthesis of micro-organisms from plant residues. It
has a rich variety of activated functional groups,
e.g., carboxyl, carbonyl, and phenol hydroxyl
groups [33,34]. Fulvic acid is widely used in in
pharmaceuticals, agriculture, husbandry, and other
fields owing to its high aqueous solubility and
physiological activity [33,34]. However, the use of

fulvic acid to separate minerals has rarely been
reported. Accordingly, in the present study, mineral
fulvic acid (MFA), a kind of fulvic acid extracted
from organic mineral substances including lignite,
peat, and weathered coal, was used as a pyrite
depressant to recover chalcopyrite by flotation.
The inhibition mechanism of MFA on pyrite
was investigated through the use of multiple
characterization methods. The aim of this study was
to report a novel and eco-friendly pyrite depressant
for effectively recovering chalcopyrite in flotation.

2 Experimental

2.1 Materials

Pyrite and chalcopyrite specimens were
sourced from Kunming, Yunnan Province, China.
Raw mineral blocks were smashed, milled, and
sifted. Powdered products with particle diameters in
the range of 38—75 um were collected for micro-
flotation and surface adsorption tests. Samples
having a diameter of less than 38 um were used for
zeta potential determinations and X-ray photo-
electron spectroscopy (XPS) tests. Additionally,
mineral flakes were used in atomic force micro-
scope (AFM) observations and localized electro-
chemical impedance spectroscopy (LEIS) tests. The
X-ray diffraction (XRD) patterns (Fig. 1) and
multi-element detection results (Table 1) showed
that both minerals had a low impurity content, and
the purity of pyrite and chalcopyrite was calculated
to be 96.38% and 95.05%, respectively.

MFA (Rhawn Chemical Co., Ltd., China)
was used as a depressant. Sodium butyl xanthate
(NaBX; Rhawn Chemical Co., Ltd., China) was
used as a collector. Terpineol oil (CioHi7OH;
Tiefeng Chemical Co., Ltd.,, China) was used
as a foam agent. Sodium chloride (NaCl;
Fengchuan Chemical Co., Ltd., China) was used
as an electrolyte when performing zeta potential
determinations. The stock solutions of sodium
hydroxide (NaOH; Fengchuan Chemical Co., Ltd.,
China) and hydrochloric acid (HCI; Fengchuan
Chemical Co., Ltd., China) were prepared to
regulate the pH of the solution. All the tests were
prepared with deionized (DI) water.

2.2 Flotation experiments
Lab-scale flotation experiment was performed
using a mini-type flotation device (effective capacity:
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Fig. 1 XRD patterns of pyrite (a) and chalcopyrite (b) specimens

Table 1 Multi-element detection results of chalcopyrite and pyrite specimens (wt.%)

Specimen Cu Pb Zn Fe CaO MgO AL O3 SiO»
Chalcopyrite 32.85 0.08 0.11 34.66 30.13 0.37 0.19 0.22 0.31
Pyrite 0.03 0.14 0.01 52.09 44.98 0.21 0.14 0.17 0.26
60 mL) supplied by Whrock Co., Ltd., Wuhan,
China. The adopted process flow is depicted in Samples
Fig. 2. 5 min ‘f“;j MFA
For single-mineral flotation experiments, 2.0 g -l
of chalcopyrite or pyrite particles were ultra- 3 min K NaBX
sonically cleaned and transferred to a flotation cell, 2 min 2 Terpenic oil
followed by addition of 40 mL of DI water. After
adjusting the pulp pH to be approximately 8.0, the 3 min

specified dosages of MFA and NaBX solutions
were then sequentially added and reacted with
the mixture for 5 and 3 min, respectively. Next,
terpineol oil was added and reacted with the
mixture for 2 min. After completing the reaction,
the floated froth products were manually scraped
off the liquid surface, and the residual sediments
were collected. For mixed-mineral flotation
experiments, the pyrite and chalcopyrite particles
(mass ratio of 1:1) were mixed as the flotation feed,
and the experimental steps and reagent conditions
were the same as those described above. The
separation efficiency (SE) was calculated based on
the following formula:

:(ﬁ—a)5 « %
SE —(5—a)ay 100% (1)

where f represents the Cu grade in concentrates, «
refers to the Cu grade in flotation feed, J is the Cu

grade (32.85%) of the chalcopyrite tested in this
work, and y denotes the yield of concentrates.

Floated products
(Concentrates)

Sunken products
(Tailings)

Fig. 2 Process flow adopted in flotation experiments

2.3 Surface adsorption tests

Pyrite and chalcopyrite particles (2.0 g) were
separately ultrasonicated and blended with 40 mL
of DI water. Subsequently, the mixture was agitated
using a magnetic stirrer; MFA and NaBX solutions
were then added in sequence and reacted with the
mixture for 5 and 3 min, respectively. The reagent
concentrations and pulp pH were the same as those
used in the flotation experiments. The mixture was
allowed to stand for a while after the end of
the reaction, and an appropriate portion of the
supernatant was then extracted and centrifuged as
an aliquot to determine the organic carbon and
NaBX contents of the solution using a total organic
carbon (TOC) analyzer (Innovox, USA) and an
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UV-2700 type spectrometer (Shimadzu, Japan),
respectively.

2.4 Zeta potential determination

Mineral particles having a diameter of less
than 38 pm were further ground. A 0.1 g portion of
the resulting products was then ultrasonically
dispersed in a glass beaker containing NaCl
solutions (40 mL, 5x10°mol/L). MFA solutions
(150 mg/L) were subsequently added and reacted
with the mixture for 5 min. The pH was maintained
over the required range throughout the whole
reaction process. After this procedure, the mixture
was allowed to stand for 5min. Finally, an
appropriate amount of the supernatant was collected
and transferred to a mini potential cell to determine
the potentials using a 3000HS type zeta analyzer
(Malvern Instruments Ltd., UK).

2.5 LEIS tests

The chalcopyrite and pyrite flakes were first
inserted in a cylinder (diameter of 3 cm) made of
epoxy resin. The resulting flakes were then
immersed in KCI solution (1000 mL, 1x10°mol/L),
followed by addition of 150 mg/L MFA solutions.
After immersion of the flakes for 5 min, a probe
was used to determine the surface impedance of the
flakes with the use of a Versa Stat micro-scanning
electrochemical test system (VersaSTAT 3F, Ametek,
America). It was a three-electrode system in which
the Ag/AgCl electrode, mineral flakes, and
platinum ring were used as reference, working, and
counter electrodes, respectively.

2.6 AFM tests

The pyrite flakes were first cleaned
ultrasonically with DI water, after which the
cleaned flakes were immersed in a beaker
containing 40 mL of 150 mg/L MFA solutions for
S5min (pH=8.0). The resulting flakes were
immobilized on a glass sheet after removal of
surface moisture from the flakes. The surface
topography of the flakes before and after exposure
to MFA was imaged with an atomic force
microscope (AFM, Bruker Dimension Icon) over a
scanned area of 2 um x 2 um.

2.7 XPS tests
A 2 g portion of the ultrasonicated pyrite
particles was blended with 40 mL of DI water in a

beaker. The solution pH was then adjusted to
approximately 8.0, and 150 mg/L MFA solutions
were introduced and reacted with the particles for
5 min. The resulting pyrite particles were electro-
thermally dried in a vacuum oven (25 °C). The XPS
spectra of pyrite without and with exposure to MFA
were collected using a Versa Probe II type
spectrometer (PHI 5000, ULVAC-PHI, Japan).

3 Results and discussion

3.1 Flotation results

Flotation experiments were performed to
observe discrepancies in the flotation behavior of
pyrite and chalcopyrite with and without the
participation of MFA. The flotation results of both
minerals with different pulp pH are shown in
Fig. 3(a). After subjecting pyrite and chalcopyrite to
the NaBX treatment only, the flotation recovery of
both minerals was retained at a high level within
the pulp pH range of 2—8. However, the flotation
recovery of pyrite tended to decrease as the pulp pH
was increased to 10, which indicates that a highly
alkaline solution environment was unfavorable for
the flotation of pyrite. Consequently, subsequent
tests were all conducted at a pulp pH of
approximately 8.0. Moreover, it was difficult to
separate chalcopyrite from pyrite without the use of
the depressant in a weak-alkalinity flotation system,
because both minerals exhibited excellent
floatability after being treated by the collector even
at a low dosage. Therefore, MFA was selected as a
pyrite depressant to recover chalcopyrite. As shown
in Fig. 3(b), the flotation recovery of pyrite rapidly
decreased as the concentrations of MFA were
increased, and decreased to be less than 10% after
addition of MFA at a concentration greater than
150 mg/L. Thus, the floatability of pyrite underwent
a considerable change following the pre-treatment
with MFA. By contrast, the chalcopyrite recovery
slightly reduced for MFA concentrations in the
range of 20—200 mg/L, but still reached 86% for
the addition of 200 mg/L MFA approximately.
These data indicate that MFA markedly inhibited
the flotation of pyrite, whereas the flotation of
chalcopyrite was only slightly affected. This effect
could be attributed to selective adsorption of
O-containing hydrophilic functional groups (e.g.,
Ph—OH or —COOH) on surfaces of pyrite; thus,
the floatability of pyrite was markedly attenuated.
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Fig. 3 Flotation recovery of chalcopyrite and pyrite with
respect to different pulp pH (a) and MFA concentrations
(b) (NaBX=10 mg/L)

The selective inhibition effect of MFA on
the pyrite was further examined by testing
artificially mixed Cu—Fe sulfide mineral samples.
The optimal concentrations of MFA and NaBX
were adopted as 150 and 10 mg/L, respectively. The
calculated flotation indexes are given in Table 2.
The copper recovery in concentrates was 92.26%
after exposure of the minerals to NaBX without
addition of MFA, whereas the copper grade in
concentrates was only 16.01%. Hence, the
association of pyrite with chalcopyrite degraded the
quality of the copper products. In addition, the
separation efficiency was only 3.31% in this case,
further confirming the difficulties in separating
chalcopyrite from pyrite without a depressant.
However, after treating the minerals with MFA and
NaBX in sequence, the copper grade in concentrates
increased to 28.03%, and copper recovery of
84.79% in concentrates was achieved. Morcover,
the separation efficiency increased to 71.66%.
These results indicate that even when testing a
mixed-mineral sample, the flotation of pyrite was

inactivated by MFA whereas that of chalcopyrite
was unhindered. Hence, MFA had a favorable
selective depression effect on pyrite, and it may
have applications as a promising pyrite depressant
for effectively recovering chalcopyrite in flotation.
On the basis of the flotation results, the associated
depression mechanism of MFA on pyrite was
characterized by multiple methods.

Table 2 Flotation results of artificially mixed Cu—Fe
sulfide minerals

w(MFA)/ Yield/ Cu grade/  Cu SE/
(mg-L™" Product % %  recovery/% %

Concentrates 90.55 16.01 92.26

0 Tailings  9.45 12.87 7.74 331
Feed 100.00 15.71 100.00
Concentrates 47.06 28.03 84.79

150 Tailings 52.94 4.47 1521 71.66
Feed 100.00 15.56 100.00

3.2 Surface adsorption analyses

The adsorptive intensity of MFA on both
minerals was assessed by performing TOC tests,
as shown in Fig. 4(a). After treating pyrite and
chalcopyrite with MFA according to concentration
used in the flotation experiments, the amounts of
residual organic carbon in the pulp increased
together with the MFA concentrations. However,
the amounts of residual organic carbon in the pulp
of MFA-treated pyrite were lower than those of
MFA-treated chalcopyrite, indicating that more
MFA adsorbed on pyrite than on chalcopyrite.
This behavior could account for differential
adsorption behaviors of the collector for both
minerals.

Accordingly, the ultraviolet—visible spectro-
photometry was used to investigate how MFA
affected the adsorptive capacity of NaBX on the
surfaces of both minerals. As shown in Fig. 4(b),
after both minerals were sequentially conditioned
with MFA and NaBX, the residual amounts of
NaBX in the pulp of MFA-treated pyrite rapidly
increased as the MFA concentrations were
increased. Conversely, the residual amounts of
NaBX in pulp of MFA-treated chalcopyrite slightly
fluctuated over the tested MFA concentration range
of 20—200 mg/L. These results indicate that MFA
exhibited a stronger affinity for pyrite than for
chalcopyrite, thus greatly reducing the collector
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quantities adsorbed to the pyrite surfaces. The
selective adsorption of MFA on pyrite was
presumably attributed to the metal ions in the
crystals of both chalcopyrite and pyrite, which
had different affinities for the organic reagents.
This effect contributed to different adsorption
performances of the collector on both minerals;
hence, the separation of chalcopyrite from pyrite
was realized by addition of low concentrations of
collector [35,36].

3.3 Zeta potential analyses

Zeta potentials can directly reflect the
interactive intensity of floatation agents and
minerals [37]. Consequently, the electro-kinetic
properties of pyrite and chalcopyrite with and
without addition of MFA were assessed from zeta
potential determinations. The results presented in
Fig. 5 indicate that the potentials of both minerals
shifted in a negative direction at a higher pulp pH;
thus, more negatively charged OH™ groups were
present as the pulp pH was increased. The
isoelectric points of pyrite and chalcopyrite were
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detected at pulp pH of 4.82 and 3.56, respectively,
which are in line with previous reports [38,39].
Notably, after both minerals were processed by
MFA, the potentials of the MFA-treated pyrite
remarkably decreased compared with those of
untreated pyrite. Furthermore, the isoelectric point
of pyrite greatly shifted. Conversely, the potentials
of MFA-treated chalcopyrite were only slightly
lowered. These outcomes were attributed to the
presence of negatively charged O-containing groups
in MFA. These groups selectively adsorbed to the
surfaces of pyrite, and induced greater variation in
the potentials of pyrite after exposure to MFA.
Thus, the zeta potential results are consistent with
the behaviors characterized above.

3.4 LEIS analyses

LEIS is a frequency-domain analytical method
to accurately measure the impedance parameters of
solid and liquid interfaces over micrometer-scale
areas [40]. Therefore, this approach was used to
investigate the electro-chemical properties of both
minerals before and after the treatment with MFA.
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Fig. 4 Residual amounts of organic carbon (a) and NaBX (b) in pulp at various concentrations of MFA (pH=8.0;
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Fig. 5 Zeta potentials of pyrite (a) and chalcopyrite (b) at various pH with and without participation of MFA
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The recorded surface impedance diagrams of
both minerals are shown in Fig. 6. The average
surface impedance of untreated pyrite and
chalcopyrite was 117084.83 and 110032.59 Q,
respectively. Next, both minerals were treated by
MFA, and the average surface impedance of
MFA-treated pyrite and chalcopyrite increased to
119676.28 and 110614.86 Q, respectively. The
results demonstrate the change in the electro-
chemical properties of both minerals following
exposure to MFA. However, the increased extent of
the averaged surface impedance of MFA-treated
pyrite (2591.45 Q) was markedly greater than that
of  MFA-treated  chalcopyrite  (582.27 Q),
confirming that the adsorptive strength of MFA on
pyrite was higher than that on chalcopyrite, thereby
having a stronger depression effect on pyrite.

3.5 AFM analyses

The results above confirm that MFA strongly
adsorbed to the surfaces of pyrite, which markedly
degraded the floatability of pyrite owing to the
weakened collector adsorption. According to the
aforementioned results, the micro structural features
of the surface morphology of MFA-treated pyrite
were observed by AFM. The AFM images captured
from the surfaces of untreated and MFA-treated
pyrite are shown in Fig. 7. Rq and R, respectively
represent the root mean square and average surface
roughness. The images of untreated pyrite showed a
smooth 2D plane with a uniform 3D cross-sectional
morphology. The values of Rq and R, were 0.65 and
0.50 nm, respectively. These outcomes suggest that
untreated pyrite was not contaminated by the
impurities. Nevertheless, after subjecting pyrite to
the MFA treatment, a rough 2D plane with a
non-uniform 3D cross-sectional morphology was
presented in the images of MFA-treated pyrite.
Moreover, the values of R,, and R, increased to
3.12 and 2.08 nm, respectively. These results
suggest that the surfaces of pyrite were likely
covered by the MFA layers, which increased the
surface hydrophilicity of pyrite and impeded the
subsequent collector adsorption.

3.6 XPS analyses

The variation in the chemical forms and
compositions of the mineral surfaces before and
after the treatment with flotation agents can be
qualitatively and semi-quantitatively detected by

XPS [41]. In this way, the inhibition mechanism of
MFA on pyrite was further explored. The survey
scans of untreated and MFA-treated pyrite, and the
corresponding ratios of target elements are shown
in Fig. 8. Pyrite treated with 150 mg/L. MFA in a
weakly alkaline media showed increased peak
intensities of Cls and O 1s compared with
untreated pyrite. Additionally, the proportions of C
and O increased from 33.92 and 17.64 at.% to 46.78
and 25.08 at.%, respectively, which indicates that
MFA adsorbed to pyrite. Conversely, the intensities
of Fe 2p and S 2p peaks markedly decreased, and
the proportions of S and Fe decreased from 34.93
and 13.51 at.% to 21.12 and 7.02 at.%, respectively.
This result suggests that addition of MFA decreased
the amount of hydrophobic S-rich species adsorbed
to the surfaces of pyrite, which might be expected
to attenuate the floatability of pyrite.

The narrow-range Fe 2p and S 2p spectra were
fitted to further reveal the depressive effect of
MFA on pyrite, as represented in Figs. 9 and 10.
The corresponding ratios of Fe-based and S-based
species are summarized in Tables 3 and 4. As
shown in Fig. 9, the Fe 2p spectra of untreated and
MFA-treated pyrite were fitted by three singlet
peaks, wherein the peaks fitted at 707.42 and
707.50 eV corresponded to Fe(Il)—S species, those
at 709.08 and 709.63 eV corresponded to Fe—O
species, and those at 711.06 and 711.63 eV
corresponded to Fe(Ill)—OOH species [42—44].
For untreated pyrite, the proportions of Fe(Il)—S,
Fe—O, and Fe(Ill) —OOH species among all
Fe-based species were calculated to be 77.38%,
12.85% and 9.77%, respectively. Nevertheless, after
pyrite was exposed to 150 mg/L MFA at a pulp pH
of 8.0, the ratio of Fe(I)—S species decreased to
68.45%, whereas the ratios of Fe—O and Fe(IIl)—
OOH species increased to 15.11% and 16.44%,
respectively. The depressed flotation of pyrite by
MFA was confirmed from the increased quantities
of Fe—O and Fe(III)—OOH species, because these
species are hydrophilic in nature and unfavorable
for the flotation of pyrite. Moreover, compared with
the untreated pyrite, MFA-treated pyrite featured
binding energies of Fe—O and Fe(Ill) —OOH
species that were positively shifted by 0.57 and
0.55 eV, respectively. These data suggest that the
presence of MFA significantly altered the chemical
states of Fe-based species, further confirming the
strong adsorption to the pyrite surfaces.
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Fig. 6 LEIS images detected from surfaces of pyrite and chalcopyrite without and with participation of MFA (Scanning
area: 0.40 mm x 0.40 mm): (a;—d;) Side views; (a>—d>) Top views



Zhi-hao SHEN, et al/Trans. Nonferrous Met. Soc. China 35(2025) 313325 321

R=0.65 nm R,=0.50 nm

10 nm
10
S0
2.0 2.0
-10 nm
Height sensor 0
R,=2.08 nm
50 nm
s 50
£0
N
2.0 2.0
=50 nm

Height sensor

Fig. 7 AFM images detected from surfaces of untreated (a) and MFA-treated pyrite (b)

Untreated pyrite  3493at% [0 C
Fe 2p;
=0
Fe 2p, S2p IS
Ols Cls l 17.64 at% BlFe
l l 13.51 at.%
Untreated
pyrite 33.92at%
MFA-treated pyrite
» 2ay €
25.08 at.%
MFA-treated %%e
pyrite
7.02 at.%
46.78 at%

800 700 600 500 400 300 200 100 O
Binding energy/eV

Fig. 8 Full-scan XPS spectra of pyrite before and after exposure to MFA and corresponding elemental contents

(@) /707.42 (b) J 707.50

716 714 712 710 708 706 716 714 712 710 708 706
Binding energy/eV Binding energy/eV

Fig. 9 Fitted narrow-scan Fe 2p spectra detected from surfaces of untreated (a) and MFA-treated (b) pyrite
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Fig. 10 Fitted narrow-scan S 2p spectra detected from surfaces of untreated (a) and MFA-treated (b) pyrite

Table 3 Binding energy and calculated ratios of Fe-based species on surfaces of untreated and MFA-treated pyrite

Binding energy/eV Ratio/%
Specimen
Fe(ID—S  Fe—O Fe(1I1)—OOH Fe(Il—S  Fe—O Fe(III)—OOH
Untreated pyrite 707.42 709.08 711.06 77.38 12.85 9.77
MFA-treated pyrite 707.50 709.63 711.63 68.45 15.11 16.44

Table 4 Binding energy and calculated ratios of S-based species on surfaces of untreated and MFA-treated pyrite

Binding energy/eV Ratio/%
Specimen
S Sy S2 s Sy S
Untreated pyrite 161.59 162.76 164.00 7.97 82.00 10.03
MFA-treated pyrite 161.68 162.84 163.99 11.10 80.37 8.53

The S 2p spectra of untreated and MFA-treated
pyrite (Fig. 10) were fitted by three groups of
symmetrical peaks, wherein the peaks at 161.59 and
161.68 eV were assigned to S* species, those at
162.76 and 162.84 eV were attributed to S; species,
and those at 164.00 and 163.99 eV corresponded to
S species [42,45,46]. After treating pyrite with
MFA, the ratio of S?"species increased from 7.97%
to 11.10%, whereas the ratios of S;~ and S~ species
decreased from 82.00% and 10.03% to 80.37% and
8.53%, respectively. Notably, the floatability of
pyrite is related to the reactivity and amounts of S5~
and S.” species [42]. A slight variation occurred in
the binding energies of S-based species on the
pyrite surfaces before and after the treatment with
MFA. However, in combination with the analysis
results for the fitted Fe 2p spectra, it can be deduced
that the presence of MFA facilitated the formation
and adsorption of hydrophilic species to the pyrite
surfaces.

4 Potential depression mechanism

On the basis of these analysis results, a
schematic diagram (Fig. 11) was plotted to describe
how MFA degraded the surface hydrophobicity of
pyrite during the flotation of chalcopyrite in a
weakly alkaline pulp system. A larger amount of
MFA was adsorbed to pyrite than to chalcopyrite
after exposure of both minerals to MFA. This effect
could result from the selective adsorption of
hydrophilic groups in MFA to the pyrite surfaces,
which would be expected to generate more
hydrophilic  species. This  behavior would
detrimentally affect the subsequent interactions of
collector with pyrite, thus contributing to a
reduction in the floatability of pyrite. Conversely,
chalcopyrite was only slightly affected by MFA and
effectively floated even at a higher dose of MFA,
consequently realizing separation of chalcopyrite
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Fig. 11 Schematic diagram of selective depressing effect of MFA on pyrite for floating chalcopyrite in weak-alkalinity

solution system

from pyrite. This work reveals that MFA is a
promising alternative pyrite depressant for
beneficiating chalcopyrite and other target minerals.

5 Conclusions

(I) The flotation of pyrite was markedly
inhibited by MFA whereas that of chalcopyrite was
only slightly hindered even at a high concentration
of MFA. This behavior facilitated the separation of
chalcopyrite and pyrite by addition of 150 mg/L
MFA at a solution pH of nearly 8.0.

(2) The adsorption of MFA on pyrite was
stronger than that on chalcopyrite, inhibiting the
adsorption of subsequently added collector on pyrite;
thus, the hydrophobicity of pyrite was attenuated.

(3) The surfaces of pyrite were covered by the
MFA layers after being exposed to MFA. Additionally,
more hydrophilic Fe-based species were generated.
Hence, these effects degraded the floatability of

pyrite.
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