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Abstract: The disadvantages of using lime to depress the flotation of copper-activated
pyrite and pyrrhotite are well known. In this study, oxidized starch, prepared by the ozone
nanobubble technology, was employed as an eco-friendly depressant for copper-activated
pyrite and pyrrhotite in the flotation of chalcopyrite. Single mineral flotation showed that
oxidized starch inhibited the flotation of copper-activated pyrite and pyrrhotite at pH 5.5
while having no significant impact on chalcopyrite flotation. Zeta potential and adsorp-
tion measurements, together with XPS analysis and EDTA extraction, were conducted to
understand the mechanism underpinning the selective depression behavior of oxidized
starch. It was found that oxidized starch had a stronger affinity for copper-activated pyrite
and pyrrhotite than for chalcopyrite. The depression of pyrite and pyrrhotite by oxidized
starch was due to the combined effect of the formation of hydrophilic Cu-starch complex
and the oxidation of Cu(I) on their surfaces. Further, oxidized starch was examined in the
flotation of an actual bulk sulfur concentrate where a comparable depression performance
to that of lime was shown. This investigation may contribute to the greening of the chal-
copyrite flotation process by demonstrating the promising potential of oxidized starch for
copper-activated pyrite and pyrrhotite depression.

Keywords: chalcopyrite; pyrite; pyrrhotite; segregation flotation; flotation depressants;
starch; copper activation

1. Introduction

Pyrrhotite and pyrite are often found in association with magnetite and chalcopy-
rite iron (Fe)-copper (Cu) polymetallic deposits [1]. Pyrrhotite is known for its magnetic
properties; magnetic pyrrhotite can be easily enriched in the concentrate during the mag-
netic separation process [2—4]. Meanwhile, flotation, a common method for separating
valuable minerals from ores, has been adopted to recover pyrrhotite using xanthate col-
lectors [5-8]. Therefore, a flotation first then magnetic separation flow sheet is normally
adopted to concentrate Cu, sulfur (S) and Fe from this type of ore. In flotation, a bulk
chalcopyrite-pyrrhotite-pyrite concentrate is firstly obtained by bulk sulfide flotation, fol-
lowed by copper-sulfur separation with the aid of pyrite and pyrrhotite depressants [6,9].
However, the readily oxidized pyrrhotite possesses a low floatability. Copper ions are
therefore added to boost pyrrhotite flotation in the bulk sulfide flotation stage [4,10-13],
which makes its depression in the following Cu-S separation stage even more difficult.
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Lime and cyanide have been the most widely used depressants for iron sulfide minerals
in the conventional Cu-Fe sulfide flotation separation circuits because of their satisfactory
depressive performance [14-16]. However, while the use of lime suffers from high lime
consumption as well as scaling in pipelines [17], cyanide gradually fades out due to high
toxicity [15,18-21]. Polyamines such as diethylenetriamine (DETA) have been proven
to be effective in inhibiting the flotation of Cu?*-activated pyrrhotite and pyrite [22-24].
However, DETA-metal complex as the dominant depression product is extremely stable
and soluble in water, which can make the concentrations of metal ions such as Cu?* in
the backwater exceed that stipulated in regulations [23,25,26]. Therefore, eco-friendly iron
sulfide depressants are urgently needed to achieve a cleaner and more efficient beneficiation
of copper and iron minerals from the Fe-Cu polymetallic deposits.

Starch, a natural, widely available, non-polluting biopolymer, has previously been
examined as a depressant for pyrite and pyrrhotite [15,25]. It is made of two major compo-
nents: linear amylose and highly branched amylopectin [27]. However, while native starch
struggled to cope with the ongoing decrease in grade and increase in mineralogy complex-
ity of the ore deposits worldwide, starch modification by oxidation has the potential to
meet this challenge [14,15,23,25,28]. For instance, Khoso et al. have successfully utilized a
modified starch (tricarboxylate sodium starch) to separate chalcopyrite from pyrite and
from pyrrhotite [15,29]. However, the pyrite and pyrrhotite used in their studies were pure
minerals without pre-activation by copper ions. Fletcher et al. found that compared to
the use of natural wheat starch, oxidized starch resulted in a better depression of Cu?*-
activated pyrite due to the introduction of -C=0 and -COOH substituents, accompanied
by depolymerization upon oxidation [28,30]. Unfortunately, only single mineral (pyrite)
flotation was performed in their study. The feasibility of using oxidized starch for flotation
separation of chalcopyrite from Cu?*-activated pyrite and pyrrhotite is still not clear, which
is the main focus of this study. It is worth mentioning that selective depression of iron
sulfide using other natural polysaccharides including dextrin and guar gum [16], as well as
several pretreatment technologies such as low temperature plasmas and Fenton oxidation,
has also been documented [31].

Ozone is known for its environmentally friendly nature as there are no secondary
pollutants produced in the oxidation process [32-34]. It has been reported that ozone has a
higher solubility and a longer residence time in the aqueous phase when administered as
nanobubbles (NBs) [35,36]. In this paper, ozone NB technology was adopted to prepare
oxidized starch and the effect of ozone NB oxidized starch (ONOS) on the flotation be-
haviors of single copper-activated pyrite, pyrrhotite and chalcopyrite, as well as a bulk
chalcopyrite-pyrrhotite-pyrite concentrate was investigated.

2. Materials and Methods
2.1. Materials and Reagents

Pure lump chalcopyrite, pyrite and pyrrhotite samples were received from Guangdong
Province, China. The purity of chalcopyrite, pyrite and pyrrhotite was determined by X-ray
diffraction (XRD) and chemical composition analysis and the results are shown in Figure 1
and Table 1, respectively. Each sample was first crushed by a hammer covered by hard
plastic and then ground using a laboratory vibratory mill (HLXZM-100, Hengle Mineral
Engineering Equipment, Wuhan, China). The milled samples were then dry screened
to obtain +38-74 um fraction for flotation tests, while the —38 pum fraction was used
for adsorption tests, zeta potential and XPS and EDTA extraction. To minimize surface
oxidation, the prepared samples were hermetically sealed and stored in a refrigerator.
A bulk sulfur concentrate was collected from the Daye Iron Mine of WISCO (Huangshi,
China). The mineralogical study shows that sulfur in the raw iron ore is mainly in the
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form of sulfides (pyrite, pyrrhotite and chalcopyrite), while iron is mainly in the form
of magnetite, as shown in Table 2. The bulk sulfur concentrate was obtained by a bulk
flotation of the sulfides after copper-activation. The contents of copper and sulfur in the
bulk sulfur concentrate were 5.02%, and 43.76%, respectively.
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Figure 1. XRD analysis of the chalcopyrite, pyrite and pyrrhotite samples.

Table 1. Chemical composition of chalcopyrite, pyrite and pyrrhotite samples.

Elements (wt.%)

Cu Fe S Mg Al Si Ca P
Chalcopyrite 31.829 30.367 34.481 - 0.025 0.368 0.088 0.021
Pyrite - 45.343 48.920 0.033 0.120 0.375 0.235 0.022
Pyrrhotite 0.124 52.019 34.115 0.726 0.189 1.465 1.010 0.019

Table 2. Mineral composition of the raw iron ore from Daye Iron Mine of WISCO.

Mineral Magnetite Pyrite Chalcopyrite Pyrrhotite =~ Muscovite
Content (%) 25 6 4 2 3

Mineral Chlorite Calcite Tremolite Diopside Other
Content (%) 6 24 10 8 12

Potassium ethyl xanthate (KEX), isopropyl ethyl thionocarbamate (Z200) and terpineol
were provided by Daye Iron Mine of WISCO. Corn starch was sourced from Weihaomei
Food (Wuhan, China). NaOH, HCl, KCI, lime, sulfuric acid, phenol and ethylenediaminete-
traacetic acid (EDTA) were all purchased from Sinopharm Chemical Reagent (Shanghai,
China). Copper sulfate pentahydrate (CuSO4-5H,0) was purchased from Macklin Bio-
chemical Technology (Shanghai, China).

2.2. ONOS Preparation

A custom-made ozone NB oxidation system (Figure 2) based on the combination of
hydrodynamic cavitation and ozonation was adopted for the preparation of ONOS [37].
In particular, a 3% (w/v) starch solution was prepared and transferred to the ozone NB
preconditioning system and treated for 30 min, during which time the ozone gas concen-
tration and flow rate were held at 45 + 5 mg/L and 0.2 L/min, respectively. The treated
starch solution was filtered and the residues were dried at 40 °C in a vacuum oven [34].
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After grinding with a mortar and pestle, the dried starch was sieved with a 75 um screen
and sealed in plastic bags.

Figure 2. Setup of the ozone NB oxidation system used in this study.

2.3. Flotation Tests

Single mineral flotation tests were carried out on an XFGC flotation machine equipped
with a 50 mL plexiglass cell and the agitation speed was maintained at 1680 rpm. For each
test, 3 g of chalcopyrite/pyrite/pyrrhotite together with 40 mL of deionized water was
added to the cell to make up the flotation pulp. The pulp was then mixed for 2 min, during
which time the pulp pH was adjusted to the desired values using NaOH and HCI. After that,
300 g/t CuSOy, 600 g/t ONOS, 400 g/t KEX and 200 g/t terpineol were added sequentially
and conditioned for 2 min each. After manual scraping for 4 min, the concentrate and
tailing were collected, dried at 80 °C for 12 h and weighed for recovery calculations.

2.4. Adsorption Tests

For each test, 1.0 g of mineral sample was added to a beaker containing 100 mL of
deionized water to form a mineral slurry. The pH of the slurry was then adjusted to 5.5,
followed by the addition of 3 x 10~* mol/L CuSOj solution for 5 min and a predetermined
dose of ONOS was added to the slurry with continuous stirring for 1 h. After that, 50 mL
of the slurry was transferred to a centrifuge tube and centrifuged for 20 min at 4000 rpm.
The residual concentration of starch in the supernatant was determined according to the
method of Dubois [38]. Specifically, 2 mL of the supernatant was collected in a test tube,
to which 0.05 mL of 80% w/v phenol solution and 5 mL of 98% sulfuric acid were added
sequentially. Finally, the reaction solution was subject to a UV-Visible spectrophotometer
(Shimadzu UV-2550, Duisburg, Germany) and measured at 490 nm [25].

2.5. Zeta Potential Measurements

The zeta potential measurements on Cu?*-activated chalcopyrite, pyrite and pyrrhotite
were conducted using a zeta sizer (Nano Z590, Malvern Instruments, Malvern, UK). For
each test, 200 mL of 1 x 1073 mol/L KCl solution was added to a 250 mL baker as a
background electrolyte solution, followed by the addition of 50 mg of mineral sample. The
resulting suspension was then mixed for 5 min by a stirrer, during which time its pH was
adjusted using dilute NaOH or HCl solution. Desirable amounts of CuSO; and ONOS
were added sequentially and reacted for 5 min each. After settling for another 5 min, the
supernatant was subjected to zeta potential measurements.

2.6. X-Ray Photoelectron Spectroscopy (XPS)

Surface analyses of pyrrhotite and pyrite were carried out using XPS. Samples were
prepared following the same procedure as the flotation tests, except that KEX and terpineol
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were not added. The slurry was filtered, washed with deionized water thrice then dried in
a vacuum oven at 30 °C. Background corrections were applied to the C 1s, Cu 2p, Fe 2p and
O 1s spectra using the SMART method. Peak shapes were defined using the Gauss-Lorentz
function. The C 1s binding energy peak at 284.8 eV was used for energy calibration.

2.7. EDTA Extraction

For each extraction, 180 mL of 3 wt.% EDTA solution was prepared and its pH was
adjusted to 7.5 using NaOH. The EDTA solution was then added to a reaction vessel and
flushed with argon gas for 10 min to eliminate oxygen. During this period, 20 mL of
flotation pulp was freshly prepared following the procedure described in Section 2.3, except
that KEX and terpineol were not added. The pulp was then transferred to the vessel and
stirred continuously for 15 min while the argon gas flushing was maintained to prevent
mineral oxidation [39,40]. After that, the pulp was filtrated with 0.45 ym membrane filter
and the filtrate was subjected to ICP-OES analysis for copper, while the solid obtained was
dried and weighed.

3. Results and Discussion
3.1. Flotation of Single Minerals

Figure 3 shows the flotation recovery of Cu?*-activated single chalcopyrite, pyrrhotite
and pyrite as a function of flotation time at different pH conditions using 600 g/t ONOS
as a depressant. Note that pH 5.5 was selected because it was the optimal pH for the
depression performance of a similar oxidized starch (prepared with H,O, and NaOH)
in separating chalcopyrite from pyrite [29]. Both pyrrhotite and pyrite showed poorer
floatability than chalcopyrite at all the three pHs examined. For instance, at pH 5.5,
chalcopyrite recovery reached 81.10% while the recoveries of pyrite and pyrrhotite were
1.20% and 9.83%, respectively. Apparently, ONOS has the capacity to selectively depress
pyrite and pyrrhotite flotation without affecting the flotation of chalcopyrite. In addition,
it is evident that among all the three pHs examined, ONOS performance best at pH 5.5
as suggested by the largest separation window between chalcopyrite and the unwanted
pyrrhotite and pyrite, in line with the work of Khoso et al. who used oxidized starch
as a pyrite depressant and found that the best depression results were obtained when
flotation was conducted at pH 5.5 [14]. The superior performance of ONOS at pH 5.5 may
result from the strong interaction of ONOS with the pyrite and pyrrhotite surfaces. It is
well known that during oxidation, the -OH groups of starch are first oxidized to -C=0O
groups, then to -COOH groups [30]. In acidic pHs, the surfaces of pyrite and pyrrhotite
either have positive polyvalent metallic ions (Fe?* /Fe®") or positive metal hydroxyl species
(Fe(OH)* /Fe(OH)?*). A strong reaction of these species with the negatively charged
functional groups (carboxylate groups) of ONOS at pH 5.5 is expected [41]. Thus, pH 5.5
was chosen for the subsequent investigations unless otherwise mentioned.
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Figure 3. Flotation recovery of Cu?*-activated single mineral as a function of flotation time in the
presence of 600 g/t ONOS at different pHs: (a) pH 5.5; (b) pH 7.0; and (c) pH 9.0.
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3.2. Adsorption Tests

Figure 4 shows the adsorption results of ONOS on Cu?*-activated chalcopyrite,
pyrrhotite and pyrite at pH 5.5. It can be seen that the adsorption density of ONOS
on the surface of the three minerals increased as the concentration of ONOS increased.
Similar observations on Cu?*-activated pyrite and sphalerite have previously been reported
by Fletcher et al. [28] and Wei et al. [42], respectively. Importantly, the adsorption den-
sity of ONOS on the three minerals surfaces is ranked in a decreasing order as follows:
pyrite > pyrrhotite > chalcopyrite. For example, at an ONOS concentration of 60 mg/L, the
adsorption density of ONOS on pyrite was 4.54 mg/g, which decreased to 2.45 mg/g when
pyrite was replaced by pyrrhotite and further dropped to 1.38 mg/g when chalcopyrite
was the mineral examined. Based on the fact that for a specific depressant, a stronger
depressant adsorption generally corresponds to a more hydrophilic mineral surface, the
adsorption behaviors of ONOS on these three individual minerals are in agreement with
the results of single mineral flotation where the floatability of three minerals is ranked in
an increasing order as follows: pyrite < pyrrhotite < chalcopyrite. The stronger affinity of
ONOS for pyrite and pyrrhotite than for chalcopyrite might be due to the fact that pyrite
and pyrrhotite contain relatively higher amounts of ferric ions and ferric hydroxide species
on their surfaces than chalcopyrite [29].

7 —=— Chalcopyrite
—— Pyrrhotite
6 —— Pyrite

Adsorption density (mg/g)

0 1 1 1 1
20 40 60 80 100

ONOS concentration (mg/L)

Figure 4. Adsorption density of ONOS on Cu?*-activated chalcopyrite, pyrrhotite and pyrite as a
function of ONOS concentration at pH 5.5. [CuSOy4] =3 x 10~* mol/L.

3.3. Zeta Potential

The zeta potentials of chalcopyrite, pyrrhotite and pyrite after Cu®* activation in the
presence and absence of ONOS are shown in Figure 5. It can be seen that the zeta potential
of Cu?*-activated chalcopyrite changed little after the addition of ONOS, suggesting that
there is no strong interaction between ONOS and Cu?*-activated chalcopyrite. In contrast,
the zeta potentials of Cu®*-activated pyrrhotite and pyrite shifted to a more negative
direction after the addition of ONOS, indicating that the negative functional groups of
ONOS were adsorbed on the surface of pyrrhotite and pyrite [14,15]. In summary, the zeta
potential results showed the affinity of ONOS for pyrrhotite and pyrite were stronger than
that for chalcopyrite, which is consistent with the flotation and adsorption results. To reveal
the mechanism underpinning the selective depression performance of ONOS, XPS analysis
was conducted and the results are shown in the next section.
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Figure 5. Zeta potential of Cu”*-activated (a) chalcopyrite, (b) pyrrhotite and (c) pyrite as a function
of pH in the absence and presence of 20 mg/L ONOS. [CuSOy4] =1 x 10~% mol/L.

3.4. XPS

Figure 6 shows the XPS spectra of Fe 2p, Cu 2p, O 1s for Cu®*-activated pyrite in
the absence and presence of ONOS. In Figure 6a, before the addition of ONOS, the peaks
at 706.24 eV, 707.18 eV and 708.22 eV were attributed to Fe(II)-S [43,44]. While the peak
at 710.92 eV was attributed to FeO-OH [43,45], the peak at 713.85 eV corresponded to
Fey(SO4)3 [43,46]. After the addition of ONOS, the peaks corresponding to Fe(II)-S, FeO-
OH and Fe,(S04)3 were all shifted, indicating the interaction of ONOS with the pyrite
surface [14]. In Figure 6b, before the addition of ONOS, the peak at 530.12 eV was attributed
to oxides [43,47,48]. While the peak at 531.86 eV was attributed to iron hydroxides or
sulfates [48,49] and the peak at 533.46 eV was attributed to bound water [50]. After the
addition of ONOS, the peak corresponding to iron hydroxides or sulfates was shifted and
the peak intensity was also weakened. Meanwhile, a new peak appeared at 532.44 eV,
which was due to the bonding of organic components of starch to the metal atoms on
the pyrite surface (i.e., the formation of Cu(I)-ONOS complex) [23,51,52]. In Figure 6c,
compared to the Cu?*-activated pyrite without ONOS addition, the addition of ONOS led
to a weakening of the intensity of the Cu(I)-S peak and the appearance of a new peak of
copper oxide at 933.81 eV, suggesting the oxidation of Cu(I). This enhanced oxidation of
Cu(I) could result from the formation of Cu(I)-biopolymer complex as suggested by Mu
etal. [53]. A similar XPS observation has previously been made by Agorhom et al. [24] who
used DETA to depress Cu-activated pyrite. It has been reported that Cu(I)-S is the dominant
product when activating pyrite flotation using Cu?* [9,54]. Owing to the presence of Cu-
ONOS hydrophilic compounds as well as a reduced contribution from Cu(I)-S species, a
depressed pyrite flotation was therefore expected (Figure 3) [21,24].

Figure 7 shows the XPS spectra of Fe 2p, O 1s, Cu 2p for Cu?*-activated pyrrhotite
in the absence and presence of ONOS. In Figure 7a, before the addition of ONOS, the
peaks at 706.93 eV, 710.53 eV and 713.12 eV were attributed to Fe-S, Fe-O and Fe,(SOy4)3,
respectively [55]. While the peaks at 719.71 eV and 723.93 eV corresponded to FeO-OH, the
peak at 726.05 eV was the characteristic peak of hydrated iron [55]. After the addition of
ONOS, the peak intensity of FeO-OH at 719.71 eV was weakened and the peak area was
reduced, indicating that ONOS interacted with FeO-OH on the pyrrhotite surface [14]. In
Figure 7b, the two distinct peaks at 529.63 eV and 531.53 eV before ONOS addition could
belong to the iron oxides, iron hydroxides or sulfates [15,23,43]. After the addition of ONOS,
similar to what occurred in the case of pyrite, a new peak appeared at 532.37 eV, which
again could be attributed to the formation of Cu(I)-ONOS complex [21,24]. In Figure 7c,
the Cu 2p spectra changed after the addition of ONOS. Specifically, the intensity of the
Cu(I)-S peak decreased and a distinct new peak corresponded to copper oxide (Cu(Il)-O)
appeared at 932.32 eV, indicating that Cu(I) was oxidized to Cu(Il) [24,56]. Again, this could
be caused by the formation of Cu(I)-ONOS complex [21,24]. The formation of hydrophilic
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Cu(I)-ONOS species and the oxidation of Cu(I) are both responsible for the depressed
pyrrhotite flotation using ONOS as depressant as shown in Figure 3.
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Figure 6. High resolution XPS spectra of Cu’*-activated pyrite with and without ONOS addition:
(a) Fe2p; (b) O 1s; (c) Cu 2p.
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Figure 7. High resolution XPS spectra of Cu?*-activated pyrrhotite with and without ONOS addition:
(a) Fe 2p; (b) O 1s; (c) Cu 2p.



Minerals 2025, 15, 133

90f13

3.5. EDTA Extraction

EDTA was employed to extract copper oxidation products present on the surfaces
of Cu®*-activated pyrrhotite and pyrite before and after treatment with ONOS [57] and
the results are shown in Table 3. As can be seen, the extractable copper oxidation species
on the surfaces of Cu?*-activated pyrrhotite and pyrite increased from 0.052 mg/g and
0.119 mg/g before treatment to 0.061 mg/g and 0.170 mg/g after treatment, respectively.
This confirms the result of the XPS study and further supports the conclusion that the
addition of ONOS promoted copper oxidation on the surfaces of Cu?*-activated pyrrhotite
and pyrite [21].

Table 3. Copper oxidation species present on the Cu?*-activated mineral surfaces as extracted by
EDTA with and without the addition of ONOS.

Copper Oxidation Species Extracted

Mineral Test Condition by EDTA (mg/g of Solids)
Cu?* 0.052
Pyrrhotite
Cu%* + ONOS 0.061
Cu?* 0.119
Pyrite
Cu?* + ONOS 0.170

A further comparison between the amounts of EDTA extractable copper on the two
minerals surfaces in the presence of ONOS revealed that the oxidation of copper on the
surface of Cu®*-activated pyrite was more pronounced than that on the surface of Cu®*-
activated pyrrhotite, which may contribute to the stronger depression of pyrite as observed
in the flotation of single minerals (Figure 3).

It is worth noting that as a modified starch, ONOS belongs to the category of biomacro-
molecules. Hence, the formation of Cu(I)-ONOS complex may also hinder the adsorp-
tion of the xanthate collector on the pyrite and pyrrhotite surfaces, further contributing
to their depression in flotation [14,53]. A schematic diagram illustrating this effect is
shown in Figure 8.

— —
Copper ion

EPSPUBAE S FSPE) ;:G)?ziﬁm[c&.&i j’

Figure 8. A competitive adsorption model of ONOS and xanthate on copper-activated pyrite and

® >
ONOS

pyrrhotite surfaces.

3.6. Flotation of Bulk Sulfur Concentrate

Flotation of the bulk sulfur concentrate collected from Daye Iron Mine of WISCO
using ONOS as depressant was performed to further validate the depressive capacity
of ONOS, and the results were compared to those using traditional lime as depressant
(Table 4). The flotation was performed according to the same flowsheet used in the mine
site as shown in Figure 9.
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Table 4. Flotation separation results of bulk sulfur concentrate using ONOS and lime as depressants.

Depressant Product Yield (%) Cu Grade (%) S Grade (%)  Cu Recovery (%) S Recovery (%)

Copper 22.86 19.33 39.43 87.61 20.30
concentrate

Lime Sulfur 77.14 0.81 45.89 12.39 79.70
concentrate

Feed 100.00 5.04 4441 100.00 100.00

Copper 21.97 20.66 38.59 90.37 19.06
concentrate

ONOS Sulfur 78.03 0.62 46.13 9.63 80.94
concentrate

Feed 100.00 5.02 44 .47 100.00 100.00

Bulk sulfur concentrate

&

K pH 11~12/ pH 5~6

Lime 2000 g/t / ONOS 600 g/t
X 7200 20 g/t
K Terpineol 10 g/t

N

Roughing o 0

K 7200 10g/t

K Lime 1000 g/t / ONOS 300 g/t
K Terpineol 5 g/t

VL \4

Cleaning I v + Scavenging I 1

Cleaning II
M y Scavenging II
\ /M _J

\4

v
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Figure 9. Flotation flowsheet of bulk sulfur concentrate from Daye Iron Mine of WISCO.

It can be seen from Table 4 that at the dosages of 600 g/t (rougher) and 300 g/t (cleaner)
of ONOS, Cu grade of the copper concentrate was 20.66% and Cu recovery was 90.37%. In
contrast, at the dosage of 2000 g/t (rougher) and 1000 g/t (cleaner) of lime, a Cu grade of
19.33% with a Cu recovery of 87.61% was obtained. The S grade and recovery in the final
sulfur concentrate were also better when lime was replaced by low doses of ONOS.

To better compare the selective depression performance of ONOS and lime, the flota-
tion results obtained with these two depressants are presented as copper or sulfur recovery
in the concentrate versus recovery of non-copper or non-sulfur components in the tailing
(Fuerstenau upgrading plots, Figure 10). It can be seen that there was no obvious difference
in the selectivity of the Cu-S separation process when lime was replaced by ONOS. Hence,
it was concluded that ONOS can be an alternative to the problematic lime for copper-
activated pyrite and pyrrhotite depression, thanks to its environmentally friendly nature
and selective depression performance comparable to that of lime.
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Figure 10. Copper (a) or sulfur (b) recovery in the concentrate versus recovery of non-copper or non-
sulfur components in the tailing (Fuerstenau upgrading plots) using lime or ONOS as the depressant.

4. Conclusions

In this study, ONOS was examined as an eco-friendly depressant in the flotation
separation of chalcopyrite from copper-activated pyrite and pyrrhotite. Micro-flotation
of single minerals showed that ONOS strongly depressed copper-activated pyrite and
pyrrhotite flotation while not influencing the flotation of chalcopyrite at pH 5.5. Zeta
potential and adsorption results suggested that ONOS had a stronger affinity for copper-
activated pyrite and pyrrhotite than for chalcopyrite, pointing to its selectivity. XPS analysis
and EDTA extraction revealed that the use of ONOS led to the formation of a hydrophilic
Cu(I)-ONOS complex as well as a reduction in the contribution from Cu(I)-S species, which
resulted in the depressed flotation of pyrite and pyrrhotite. While flotation of an actual
bulk sulfur concentrate using ONOS at a low dosage yielded slightly better Cu-S separation
results, the Fuerstenau upgrading curve indicated that the selective effect of ONOS on
depression of sulfur components was comparable to that of lime.

Although further testing in industrial flotation systems is needed, the results of this
investigation have revealed the promising performance of ONOS in depressing copper-
activated pyrite and pyrrhotite and may accelerate the application of eco-friendly depres-
sants in chalcopyrite flotation.
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