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ABSTRACT: Current flotation practices using lime or cyanide as
depressants in chalcopyrite and pyrite separation have significant
disadvantages, such as substantial reagent consumption, high slurry
pH, and environmental hazards. This work aimed to explore the
utilization and mechanisms of tannic acid (TA) as an eco-friendly
alternative to lime or cyanide in chalcopyrite−pyrite separation.
Flotation results showed that TA selectively depressed pyrite yet
allowed chalcopyrite to float at neutral or alkaline pH. Adsorption
density and zeta potential results indicated that TA adsorbed intensely
on pyrite but minorly on chalcopyrite. Besides, potassium ethyl
xanthate was still largely adsorbed on chalcopyrite but not on pyrite
after TA adsorption. Surface analysis by Fourier transform infrared
spectroscopy and X-ray photoelectron spectroscopy further showed
that the oxidation species of FeOOH and Fe2 (SO4)3, particularly FeOOH were the main active sites for TA chemical adsorption.
Owing to the greater and faster oxidation of pyrite, more FeOOH and Fe2 (SO4)3 were generated on the pyrite surface, and the
chemical adsorption of TA was more pronounced on the pyrite surface than on the chalcopyrite surface.

1. INTRODUCTION
Copper, an essential metal with diverse applications, has been
serving as raw materials in many fields, including electricity,
machinery, plumbing, chemistry, etc.1,2 China has abundant
copper resources; however, these copper ore deposits are
characterized by low-grade, fine-grained, and complex
mineralogy, typically coexisting with other minerals. Sulfide
and oxide copper minerals are the two main copper-containing
species that have been commercially exploited. As one of the
vitally significant copper-bearing sulfide minerals, chalcopyrite
(CuFeS2) is the primary source of copper smelting.3 In natural
deposits, chalcopyrite often grows together with other sulfide
minerals, particularly pyrite (FeS2). In the beneficiation
process of chalcopyrite, it is crucial to separate pyrite from
chalcopyrite to obtain a high-grade copper concentrate.4

Flotation is the dominant method for separating these two
sulfide minerals. Both chalcopyrite and pyrite behave with
good flotation permeability using thiol collectors in flotation.
To enlarge the difference in surface hydrophilicity, cyanide and
lime are two inorganic reagents that are commonly used to
effectively depress pyrite yet allow chalcopyrite to float.5

However, cyanide is well-known to be highly toxic and poses
significant hazards to both human health and environmental
safety.6 Lime is generally considered to be nontoxic, but a large
amount of it is needed to achieve an alkaline pulp pH as high
as 12.0 for the effective depression of pyrite.7 Consequently,
this can lead to the accumulation of calcium ions in the

pipeline, resulting in severe blockage.8,9 Furthermore, lime
addition causes sticky foam at high pH, which deteriorates the
flotation process by increasing the mechanical entrainment of
unwanted gangue minerals and therefore decreasing the quality
of chalcopyrite concentrate.10

To address the aforementioned problems, organic depres-
sants are increasingly being explored as promising alternatives
to inorganic depressants in chalcopyrite−pyrite flotation
separation. The structure of organic depressants, in particular
the macromolecular organics, contains abundant hydrophilic
groups (−OH, −COOH, etc.), some of which show chelating
affinity capability toward mineral metal sites.11 However, the
weak solubility and limited selectivity of macromolecular
organics attenuate their depression effects on gangue minerals
and thus restrict their wide application.12 Despite the excellent
aqueous solubility of some small molecular organic depres-
sants, their effectiveness is constrained by the smaller number
of hydrophilic groups in the structure.13 Therefore, a relatively
high-molecular-weight depressant with plentiful hydrophilic
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groups and high solubility holds promise as a green and
effective depressant in chalcopyrite−pyrite separation.

Tannic acid (TA, C76H52O46), a polyphenolic compound, is
naturally extracted from plant tissues such as pods, cork oak,
and sicilian lacquer leaves. The chemical formula of tannic is
shown in Figure 1 with the basic structure of one glucose
molecule bonded to as many as five digallic acid molecules.14 It
comprises numerous phenolic hydroxyls as the hydrophilic
groups.15 Additionally, as a weak acid, TA dissolves easily in
water and hydrolyzes to generate hydrophilic glucose and
digallic acid species. Owing to these natural characteristics, TA
could be an effective organic depressant for flotation. Zhang et
al. used TA in the separation of calcium-bearing minerals and
found that TA selectively depressed calcite flotation from
fluorite when TA was added before sodium oleate.16 Besides,
many literature studies also used tannins as depressants for
iron-containing minerals including hematite, pyrite, marmatite,
pyrrhotite, arsenopyrite, etc.17−20 One important reason was a
strong complexation interaction between metallic iron and
tannins (Fe−TA) so that tannins can adsorb onto the surface
of these minerals. However, the detailed adsorption process
was not revealed clearly. In the case of pyrite flotation, pyrite is
susceptible to oxidation in aqueous solution and can produce
multiple oxidative species coating on pyrite surfaces. Depend-
ing on the oxidation degree and specific flotation conditions,
the oxidation products may include iron oxides/hydroxides
(FeO/FeOOH), sulfur/polysulfide (S0/Sn2−), and iron(II)/
(III) sulfates.21,22 It is not clear the target site through which
TA can be anchored to pyrite surfaces. On the other hand,
chalcopyrite processes better electrochemical stability in water
compared to pyrite.23 Since the existence of Fe in chalcopyrite
crystals, it remains confusing regarding the selectivity of TA in
chalcopyrite−pyrite flotation. In addition, many studies have
demonstrated that proper oxidation of sulfide minerals would
favor the adsorption and depression behavior of organic
depressants.24−27

This work investigated the application of TA as a depressant
in chalcopyrite−pyrite flotation using potassium ethyl xanthate
as a collector. Microflotation was performed to examine the
depression effectiveness of TA toward chalcopyrite and pyrite.

The underlying mechanisms for the selective adsorption of TA
were revealed by adsorption density tests, zeta potential
measurements, Fourier transform infrared (FTIR) spectrosco-
py, and X-ray photoelectron spectroscopy (XPS).

2. EXPERIMENTAL SECTION
2.1. Materials. High-purity lump ores of chalcopyrite

(CuFeS2) and pyrite (FeS2) were handpicked from the
underground mine of Daye Iron Mine Co., Ltd., China. The
−1.7 mm particles were ground by a laboratory ceramic mill.
The grinding products were screened to obtain the −0.074 +
0.038 mm and −0.038 mm fractions, respectively. The −0.074
+ 0.038 mm samples were utilized for microflotation
experiments and XPS analysis. The −0.038 mm samples
were used to conduct adsorption tests. Besides, a part of the
−0.038 mm sample was ground finer (−0.005 mm) and
utilized for zeta potential measurements and FTIR tests. The
XRD spectra of chalcopyrite and pyrite are displayed in Figure
2, which indicates the high crystallinity with high purities of
minerals. Additionally, the Cu and Fe grades of chalcopyrite
and pyrite were 33.05 and 45.41%, respectively, indicating a
purity of 95.03% for chalcopyrite and 97.30% for pyrite.

TA and potassium ethyl xanthate (KEX) purchased from
Macklin Inc., China, were used as the depressant and collector,
respectively. NaOH and HCl were used as the pH modifiers.
Terpineol oil obtained from the Daye beneficiation plant was
used as the frother. Deionized (DI) water with a conductivity
of less than 5 μs/cm was used.
2.2. Microflotation Experiments. The flotation was

performed on an XFG flotation machine. For each flotation,
2.0 g of mineral was mixed with 35 mL of DI water and then
the spindle was started to rotate at 1680 rpm. Afterward, the
reagents including pH modifiers, TA (if needed), KEX, and
terpineol oil (1.0 μL) were added sequentially and stirred for 2,
4, 3, and 1 min, respectively. After 6 min of scraping the blister,
products of concentrates and tailings were collected to
calculate the flotation recovery. The flotation flowsheet is
shown in Figure 3.
2.3. Adsorption Density Tests. The KEX adsorption

density on chalcopyrite and pyrite after TA adsorption was

Figure 1. Chemical structure of TA and its hydrolysis products.
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measured by using a UV2550 spectrophotometer. The
prepared sample followed the microflotation process. After
all the reagents were added and conditioned, the pulp was
settled for 10 min and then the supernatant was centrifuged for
at least 30 min. The supernatant of the centrifuged pulp was
injected into a quartz cuvette for testing.
2.4. Zeta Potential Measurements. For preparation,

0.05 g of mineral samples (−0.005 mm) and 35 mL of KCl
(1.0 × 10−3 mol/L) electrolyte water were mixed. Then,
certain concentrations of reagents were dropped into the pulp
and stirred following the procedure of microflotation.

Subsequently, the pulp had 10 min settlement and the
supernatant was taken out for testing.
2.5. FTIR Tests. The test samples were prepared by mixing

2.0 g of mineral (−0.005 mm) and 35 mL of DI water and
then treated with TA which was in line with the flotation. After
the interaction, the pulp was filtered, washed three times using
DI water, and vacuum-dried below 50 °C. The dried sample
was sent to test.
2.6. XPS Tests. In this research, the powder sample was

prepared following the same process as FTIR tests. After
preparation, the samples were sent to the laboratory for tests.

3. RESULTS AND DISCUSSION
3.1. Microflotation Experiments. Figure 4 depicts the

flotation recoveries of chalcopyrite and pyrite at various TA

concentrations (a) and pulp pH values (b). As depicted in
Figure 4a, both chalcopyrite and pyrite exhibited good
flotation by KEX with an approximate recovery of 94.0%
without TA treatment. As the TA concentration increased to
10 mg/L, a subtle decrease (about 5%) in chalcopyrite
recovery was observed, indicating that TA had a minor
deteriorating effect on chalcopyrite flotation within the
experimental concentrations. In the case of pyrite flotation,
when the TA concentration increased from zero to 1.25 mg/L,

Figure 2. XRD spectra of (a) chalcopyrite and (b) pyrite.

Figure 3. Flowsheet of microflotation experiments.

Figure 4. Flotation recoveries of chalcopyrite and pyrite at various (a)
TA concentrations and (b) pH values.
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the pyrite recovery decreased quickly from 94.0 to 31.5%,
suggesting that TA had a strong inhibition on pyrite.
Sequentially, with further growth in TA concentration
(1.25−7.5 mg/L), the flotation recovery of pyrite remained
as low as 26.0%. Furthermore, the pyrite flotation recovery had
a further slight decrease with the TA concentration increasing
to 10 mg/L, indicating that a higher TA concentration resulted
in a stronger depression effect. By comparison of the flotation
recovery gaps of the two curves shown in Figure 4a, it can be
concluded that the optimal concentration of TA was 2.5 mg/L.

Figure 4b shows the flotation recoveries of chalcopyrite and
pyrite at various pH values. For the chalcopyrite flotation, the
recovery remained at around 93.0% regardless of the slurry pH.
It suggests that TA had a minor impact on chalcopyrite
floatability over the pH range of 2−12. On the other hand, the
depression of pyrite by TA was dependent on pulp pH. In
acidic conditions (pH < 5), the depression was relatively weak
and pyrite recovery was still above 40%. While the pyrite
recovery decreased apparently with increasing pH, it was
strongly depressed in the high alkaline pulp. The more
pronounced depression effect at higher pH was likely caused
by the faster and stronger oxidation of pyrite, which generated
more hydrophilic FeOOH and Fe2 (SO4)3 species on its
surface.28 By contrast, the oxidation products would be
dissolved at acidic pH particularly when pulp pH was as low
as 2.4, which may decrease the adsorption sites of TA.29

3.2. Adsorption Density Tests. Figure 5 presents the
adsorption density of KEX on the mineral surfaces at different

TA concentrations. As depicted, the KEX on chalcopyrite was
kept at a high level with increasing TA concentration to 10
mg/L. It indicates that TA could barely adsorb on the
chalcopyrite surface and had negligible effects on KEX
adsorption, which explained the high recovery of chalcopyrite
in microflotation tests. For the KEX adsorption on the pyrite
surface, when TA was added and increased to 1.25 mg/L, the
adsorption capacity decreased sharply, indicating that TA
strongly prevented KEX from adsorbing on the pyrite surface.
With further increasing the TA concentration, the adsorption
capacity decreased slowly, the trend of which agreed well with
flotation results. Obviously, the KEX density on chalcopyrite
was much denser than that on pyrite, thus a high flotation
recovery of chalcopyrite. While TA could adsorb strongly and

occupy the target sites on pyrite, thus the subsequent KEX
adsorption was hindered.
3.3. Zeta Potential Measurements. As illustrated in

Figure 6a, the zeta potential of chalcopyrite decreased as the

pH increased. Additionally, the isoelectric point was located at
pH = 3.1 which was along with the published papers.30,31 After
the addition of TA, the zeta potential of chalcopyrite shifted
negatively, suggesting the adsorption of TA ions.32 However,
the negative shift was minor (less than 4 mV), implying that
TA was weakly adsorbed on chalcopyrite.

Figure 6b illustrates the zeta potential of pyrite with and
without TA. Without TA, the curve of pyrite was similar to
that of chalcopyrite, and the isoelectric point was located at 3.5
which was in the same range as the reported results in the
literature.33,34 When the pyrite was treated by TA, the zeta
potential had a larger decrease (as high as 16 mV) compared to
TA-treated chalcopyrite. This implied that TA possessed
stronger adsorption toward pyrite than chalcopyrite.32 More-
over, the decreased values at acidic pH were lower than those
at natural and alkaline pH, indicating that TA adsorption was
less pronounced at acidic pH and had a weak affinity with
pyrite.35 This may result from the dissolution of oxidized
products at strong acidic pH which eliminated the adsorption
sites of TA.29

Figure 5. Adsorption density of KEX on chalcopyrite and pyrite
surfaces at various TA concentrations.

Figure 6. Zeta potentials of (a) chalcopyrite and (b) pyrite before and
after treatment with TA at various pH values.
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3.4. FTIR Analysis. As depicted in Figure 7a, the TA curve
exhibited a broad band at 3382.19 cm−1, which was assigned to

the phenolic hydroxyl.36 The 1715.59 and 1317.46 cm−1 values
were associated with the carboxyl carbonyl group and phenol
group, respectively. The 1612.62 and 1535.13 cm−1 were
induced by the −C�C− aromatic ring.20 The 1448.01 and
1194.12 cm−1 were owned by the aromatic C−C and
stretching vibrations of C−O, respectively.37 Additionally,
the 1100−1000 cm−1 range accounted for C−O and C−H
deformations, and another range of 900−550 cm−1 belonged
to the C−H bonds of the benzene ring.38 In the chalcopyrite
spectrum, 3428.93 cm−1 was assigned to the vibration of liquid
water which originated from the atmosphere during testing.
Importantly, the weak 1078.74 and 609.86 cm−1 were ascribed
to SO4

2−,39,40 indicating slight oxidation of chalcopyrite.41

When TA was added, the bands of liquid water and SO4
2− still

existed with shifts lower than 2.00 cm−1. This implied that TA
weakly interacted with chalcopyrite, which was consistent with
zeta potential results.

In the spectrum of pure pyrite, the band of liquid water
appeared at 3430.13 cm−1, and the two bands of SO4

2−

appeared at 1086.04 and 611.67 cm−1. Notably, the band

areas of SO4
2− were larger for pyrite than for chalcopyrite,

indicating deeper and stronger oxidation on the pyrite surface.
Upon treatment with TA, the bands of SO4

2− shifted as much
as 7.00 cm−1, suggesting stronger chemical adsorption of TA
on pyrite. However, the band areas were smaller than those
observed before treatment, which may be attributed to the
interaction between oxidation products and TA. Furthermore,
the band at 1623.27 cm−1 on the pyrite surface after treatment
with TA shifted by 9 cm−1 compared to that before treatment
with TA, likely due to the −C�C− aromatic ring of the
adsorbed TA on pyrite. Additionally, 553.09 cm−1 appeared as
a new band that may contribute to the C−H bonds of the
benzene ring. These further implied the stronger chemical
adsorption of TA on pyrite.
3.5. XPS Analysis. As presented in Figure 8a, the Cu 2p,

Fe 2p, O 1s, C 1s, and S 2p peaks were detected in the spectra

of chalcopyrite both with and without TA treatment. Cu, Fe,
and S were the constituent elements of chalcopyrite while C
was the background for the XPS test.42 The presence of O may
originate from the testing environment and the oxidation of
chalcopyrite.43 To the atomic contents shown in Table 1, for
chalcopyrite, the C and O contents were 39.88 and 17.13%,
respectively, for the bare chalcopyrite sample. After interaction

Figure 7. FTIR spectra of (a) chalcopyrite and (b) pyrite before and
after treatment with TA.

Figure 8. XPS survey spectrum of (a) chalcopyrite and (b) pyrite
before and after treatment with TA.
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with TA, C and O contents increased to 50.73 and 19.96%,
respectively, suggesting that TA was adsorbed on chalcopyrite.
In the case of pyrite, Fe 2p, O 1s, C 1s, and S 2p were detected
in the two spectra. The contents of C and O were 42.57 and
27.29%, respectively, on the surface of bare pyrite. It was noted
that the O content was much higher than that on the
chalcopyrite surface, suggesting a more pronounced and
stronger oxidation degree of the pyrite surface. After TA
addition, the C and O contents were increased by 14.85 and
3.87%, respectively, which were much larger than those on the
chalcopyrite surface, particularly for the C content. This
indicated that TA adsorbed strongly with a higher adsorption
density on the pyrite surface.

To confirm the target sites between TA and chalcopyrite and
pyrite surfaces, the XPS narrow spectra with fitting peaks were
analyzed (Figures 9 and 10). Figure 9 shows the high-
resolution spectrum of Fe 2p3/2. Before treatment with TA,
three peaks presented on the pure chalcopyrite at 707.58,
709.76, and 712.06 eV, which were assigned to the Fe 2p3/2 in
CuFeS2, FeOOH, and Fe2 (SO4)3, respectively.

44 FeOOH and
Fe2 (SO4)3 were the oxidation species of chalcopyrite.45 After
treatment with TA, the three peaks changed to 707.67, 709.90,
and 712.20 eV, respectively, with minor shifts (lower than 0.15
eV) compared with those on pure chalcopyrite surface,
indicating the weak affinity and limited chemical adsorption
of TA on chalcopyrite. For pyrite shown in Figure 9b, the
binding energies of 707.40, 709.28, and 711.93 eV were
detected and identified as FeS2, FeOOH, and Fe2 (SO4)3,
respectively. After treatment with TA, they shifted to 707.41,
710.08, and 712.32 eV with 0.01, 0.80, and 0.39 eV changes,
respectively. By comparison, it implied that TA was intensely
and chemically adsorbed on pyrite, and it mainly interacted
with the surface oxidation products, particularly FeOOH.

Figure 10 shows the O 1s on chalcopyrite and pyrite before
and after treatment with TA. Before treatment, as depicted in
Figure 10a, the 530.33 and 531.75 eV peaks were ascribed to
H2O and O2, respectively, which may be adsorbed from the air
during testing.46,47 The peak at 533.15 eV was attributed to
OOH/SO4

2−, which originated from the oxidation of
chalcopyrite.4 When TA interacted with chalcopyrite, the
peaks of H2O, O2, and OOH/SO4

2− appeared at 530.47,
533.70, and 533.05 eV, respectively. The shifts of those three
peaks were minor (lower than 0.15 eV), indicating the weak
adsorption of TA on chalcopyrite. In addition, 533.70 eV was
detected as a new peak, resulting from the C�O bond in TA.
This also indicated the adsorption of TA. In the case of pyrite,
the peaks of H2O, O2, and OOH/SO4

2− were detected at
530.38, 531.90, and 533.10 eV, respectively. After treatment
with TA, the H2O and O2 peaks shifted slightly to 530.37 and
531.82 eV, respectively. However, the peak of the OOH/SO4

2−

ion shifted significantly to 532.73 eV, indicating the strong
chemical adsorption of TA on pyrite. Furthermore, a large C�

O peak originating from TA was shown, further suggesting the
strong chemical adsorption of TA on pyrite.

According to the above results and analysis, it could be
drawn that TA was a selective depressant in chalcopyrite−
pyrite flotation. TA was largely adsorbed on the pyrite surface
chemically and impeded the subsequent KEX adsorption, while
the results were contrary on the chalcopyrite surface. The
surface oxidation differences on chalcopyrite and pyrite
resulted in different adsorption of TA and subsequent KEX
on mineral surfaces and thus the different flotation behavior of
chalcopyrite and pyrite. Pyrite was readily oxidized in the
flotation process and generated a higher density of FeOOH
and Fe2 (SO4)3 species compared to chalcopyrite. These
oxidizing species served as active adsorption sites for TA
molecules, resulting in a higher chemical adsorption density on
pyrite.

4. CONCLUSIONS
In this research, TA was used as an eco-friendly depressant in
chalcopyrite−pyrite separation. The flotation behavior of
chalcopyrite and pyrite under TA depressant was investigated
by microflotation experiments, and the adsorption density
tests, zeta potential measurements, FTIR analysis, and XPS
tests were conducted to reveal the mechanisms. The results
showed that TA (2.5 mg/L) had a negligible effect on

Table 1. Atomic Contents on Chalcopyrite and Pyrite
Surfaces before and after Treatment with TA

sample atomic contents/%

S 2p C 1s O 1s Fe 2p Cu 2p

chalcopyrite 21.9 39.88 17.13 8.58 12.51
chalcopyrite + TA 17.57 50.73 19.96 3.72 8.02
pyrite 21.35 42.57 27.29 8.79
pyrite + TA 6.26 57.42 31.16 5.16

Figure 9. XPS narrow spectrum of Fe on (a) chalcopyrite and (b)
pyrite before and after treatment with TA.
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chalcopyrite flotation but strongly depressed pyrite under a
neutral or alkaline pH. TA was intensely chemically adsorbed
on pyrite and blocked the subsequent adsorption of KEX. In
contrast, weak adsorption of TA was found on chalcopyrite,
and KEX could still function effectively and float chalcopyrite.
The oxidation species of Fe2 (SO4)3 and particularly FeOOH
on the chalcopyrite and pyrite surfaces served as the chemical
adsorption sites for TA, but the chemical adsorption was more
significant on pyrite owing to its stronger oxidation and higher
density of FeOOH and Fe2 (SO4)3 species on the surface.
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