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Abstract: This study demonstrates the effects of a potassium propyl xanthate (PPX) collector and
sodium sulfite (Na2SO3) depressant on pure chalcopyrite in synthetic seawater (SSW) and potassium
chloride (KCl) solutions. SSW solutions with 35 g/L of salt and 0.01-M KCl were used for microflotation
and zeta potential tests. Particles sized between 200# and 100# (75–150 µm) were used, and the
pH was between 8.0 and 8.5. The surface of the mineral and its interaction with the collector were
characterized using Raman spectrometry. The zeta potential of the chalcopyrite was measured in KCl
solution at a pH range of 3–12 using the collector and depressant at a monodispersed particle size of
635# (20 µm). The results indicate that the floatability of chalcopyrite is not affected by the presence
of PPX collectors in SSW solutions. SSW provides better recoveries than KCl solutions with values of
91.42% and 88.15%, respectively. The Na2SO3 depressant does not hinder the mineral floatability
throughout the entire concentration range used; however, special care must be taken when adjusting
the pH range to avoid increasing the zeta potential.
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1. Introduction

The use of desalinated or raw seawater has become a necessary alternative in many operations
in Chile and other parts of the world [1]. The scarcity of water has generated the need to manage
this resource more efficiently [2], optimize its recycling [3], seek alternatives of using waste brines [4],
and operate with seawater with and without desalination [5,6]. In fact, several mining companies
already use or plan to use seawater in their concentrator plants [1,2,7,8]. However, less than half of
these mining companies use seawater without desalinating it due to the complications arising from
its low-quality. On the one hand, the use of desalinated seawater can have adverse effects, such as
high energy consumption in water supply systems and the generation of brines that can alter marine
ecosystems [2]. On the other hand, the use of raw seawater can adversely affect the flotation of
sulfides such as molybdenite (MoS2) and increase lime consumption due to the buffering effect of
seawater at high pH values [9–12]. However, the use of raw seawater reduces frother consumption
by inhibiting the coalescence of bubbles [13,14], even at low salinity concentrations [15]. In practice,
the reactants that have gained prominence include thionocarbamates and xanthates as collectors and
sodium cyanide, sodium bisulfite, zinc sulfate as dispersants [16–22]. One of them is potassium propyl
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xanthate (PPX), a short-chain collector of the xanthate family [23]. Several sulfur-oxy species, including
sulfur dioxide (SO2), bisulfite (HSO3

−), metabisulfite (S2O5
2−) and sulfite (SO3

2−), have been employed
in flotation as pyrite depressants [17,24]. These sulfur-oxy species function mainly through SO3

2− [25].
The reducing agents sulfide/sulfite ions are more reducing than the xanthate ion/dixanthogen couple.
Since dixanthogen is the main species responsible for pyrite flotation, the sulfide/sulfite ions couple
acts as pyrite depressants by preventing the oxidation of xanthate. The application of sodium sulfite
(Na2SO3) is versatile. It is used for its reducing effect in several industries, such as food, photography,
paper, water treatment and mineral processing [26–29]. Individual applications have been studied
in flotation studies of Galena with PPX [30], and depressant action for chalcopyrite in the flotation
of molybdenite from copper–molibdene ores [29]. However, the joint application of these materials
under saline conditions such as seawater has not been analyzed in depth. This study investigated the
effects of PPX and sodium sulfite on the flotation of pure chalcopyrite in synthetic seawater (SSW) and
potassium chloride (KCl) solutions. The objective is to evaluate the effect of sodium sulfite and PPX on
the flotation of chalcopyrite in these types of solutions and their possible application as an alternative
for copper sulfide minerals in seawater.

2. Materials and Methods

Pure chalcopyrite from Durango, Mexico, acquired through Ward Science, was used in all tests.
An agate mortar was used to reduce the particle size, and then the particles were classified by 635#–100#
(20–150 µm) sieves. The mineral was characterized by analysis with a Hitachi SU 5000 model scanning
electron microscope (Hitachi, Tokyo, Japan) and Bruker advance d8 model X-ray diffractor (Bruker,
Billerica, MA, USA). Particles sized between 200# and 100# (75–150 µm) were used for the microflotation
tests at pH between 8.0 and 8.5 since this is the pH typical of seawater. The SSW was prepared
using 1.81 g of CaCl2·2H2O; 10.31 g MgCl2·6H2O; 0.88 g KCl; 23.79 g NaCl; 0.0043 g Na2HPO4·7H2O
and 4.13 g Na2SO4 in a liter of solution. The solution obtained has a chemical composition close
to the seawater with a salinity of 35 [31]. The mineral surface and its interaction with the collector
were qualitatively characterized using Raman spectrometry. The zeta potential measurements were
performed in a KCl solution at a pH range of 3–12 in the presence of collector particles sized 635#
(20 µm). The zeta potential in SSW solutions were not measured because the high presence of cations
affects the results. All samples were stored under a nitrogen-neutral atmosphere to prevent mineral
oxidation and ensure the reproducibility of the tests. High purity samples of PPX and sodium sulfite
(>99%) were provided by Industrias Químicas de México. PPX and Na2SO3 solutions were prepared
daily with deionized water of resistivity 18.2 MΩ cm−1. See Table 1 for a summary of the information.

Table 1. Microflotation conditions test.

Parameter Property Dose Units

Mineral
Chalcopyrite 1 g

Granulometry 75–150 µm

Solution
KCl 0.01 mol/L
SSW 0.54 mol/L

Volume 150 mL

Collector type PPX 0–0.01 mol/L
Depressant Na2SO3 0–0.01 mol/L
Cell type Hallimond tube 150 mL

pH HCl/NaOH 8.0–8.5
Air type Nitrogen 20 mL/min

Agitation Magnetic 700 rpm
Flotation Time 1 minutes
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2.1. Microflotation in Saline Solutions

The microflotation assays were performed in a 150-mL Hallimond tube [32]. The KCl or SSW
solution was adjusted to a pH between 8.0 and 8.5. Once one gram of the mineral was added, the pH
was adjusted again. Once the collector and pulp were added, the solution was stirred at 900 rpm for
20 min as suggested by Fullston [33]. When a collector and depressant were used in the test, first,
the collector was added over 5 min, and then, the depressor was added over an additional 15 min.
All samples were decanted for 2 min to preserve the suspension. Then, the pulp was transferred to a
microflotation cell and stirred at 700 rpm. Aeration was performed at a nitrogen flow rate of 20 mL/min,
and flotation was performed for 1 min. All tests were performed in duplicate, and their averages were
reported with an average deviation of 3.8%. The recovery of the float material (R) was calculated from:

R =
m1

m1 + m2
× 100 (1)

where m1 and m2 are masses of the floating and non-floating fractions, respectively.

2.2. Electrokinetics of Chalcopyrite

The chalcopyrite potential was measured by electrokinetic studies in a Riddick Zeta model D
instrument and an electrophoretic cell No. S-2479. Five-hundred milligrams of mineral was used
in 50 mL of 0.01 mol/L KCl solution in a pH range of 3–12 in the presence of the collector and the
depressor studied. The tests were carried out with 0.01-mol/L KCl solutions and in the presence of PPX
and Na2SO3 at different doses. See Table 2 for a summary of the information. The order of aggregation
and conditioning of the reagents was the same as those applied in the microflotation tests. An average
of 10 readings was used to measure the mobility of the chalcopyrite, which presented a standard
deviation of 0.19 mV. The zeta potential was measured using the Smoluchowski Equation [34].

Table 2. Experimental conditions of the zeta potential measurement.

Parameter Property Doses Units

Mineral
Chalcopyrite 500 mg

Granulometry 20 µm

Solution KCl
0.01 mol/L
50 mL

Collector type PPX 0–0.01 mol/L
Depressant Na2SO3 0–0.01 mol/L
Cell type Riddick Zeta D model 150 mL

pH HCl/NaOH 03-dic
Agitation Magnetic 800 rpm

Energy Voltage 100 mV
Conditioning Time 15 min

3. Results and Discussions

3.1. Mineralogical Characterization of Chalcopyrite by SEM and Raman

The Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) analysis
indicated that the mass fractions of elements in chalcopyrite were 31.39% Cu, 34.40% Fe and 31.02% S
and the mole ratio of Cu to Fe to S was 1:1.25:1.96, which is close to the stoichiometry of chalcopyrite.
Impurities includes 1.25% Si, 0.82% Ca and 1.11% Mg. Figure 1 displays the SEM and XRD analysis—
a standard XRD analysis of chalcopyrite [35,36].
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Figure 1. SEM and XRD analysis of chalcopyrite. The meaning of different colors of the SEM 
photograph: white—oxygen, blue—silicon, red—sulfur, green—calcium, navy blue—iron, light 
blue—copper, magenta—magnesium.  

The results of the spectrometry (Raman) test are shown in Figure 2. The frequency bands below 
500 cm−1 are typical of sulfides creating metal–sulfur bonds, and these results are repeated for the rest 
of the particles analyzed [37–39]. 

 
Figure 2. Pure chalcopyrite Raman spectrum with a wavelength of 663 nm, power of 5 mW, opening 
of 25 µm, resolution of 2.6–4.4 cm−1, and a target number of 20. 

3.2. Effects of Salinity on Chalcopyrite Flotation Using PPX 

The floatability of chalcopyrite in KCl and SSW solutions with an equivalent ionic strength is 
shown in Figure 3 as a function of the PPX collector at pH between 8.0 and 8.5. Mineral recoveries 
over 80% are observed from doses of 1 × 10−5 mol/L of PPX in SSW. The chalcopyrite shows reduced 
floatability in the KCl solutions over the entire range of doses studied with respect to SSW. In their 
study and analysis of natural sulfide floatability, Fuerstanou [40] found that recovery rates without 
collectors or frothing agents are similar (>90%) for chalcopyrite samples of different origins. For this 

Figure 1. SEM and XRD analysis of chalcopyrite. The meaning of different colors of the SEM
photograph: white—oxygen, blue—silicon, red—sulfur, green—calcium, navy blue—iron, light
blue—copper, magenta—magnesium.

The results of the spectrometry (Raman) test are shown in Figure 2. The frequency bands below
500 cm−1 are typical of sulfides creating metal–sulfur bonds, and these results are repeated for the rest
of the particles analyzed [37–39].
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Figure 2. Pure chalcopyrite Raman spectrum with a wavelength of 663 nm, power of 5 mW, opening of
25 µm, resolution of 2.6–4.4 cm−1, and a target number of 20.

3.2. Effects of Salinity on Chalcopyrite Flotation Using PPX

The floatability of chalcopyrite in KCl and SSW solutions with an equivalent ionic strength is
shown in Figure 3 as a function of the PPX collector at pH between 8.0 and 8.5. Mineral recoveries
over 80% are observed from doses of 1 × 10−5 mol/L of PPX in SSW. The chalcopyrite shows reduced
floatability in the KCl solutions over the entire range of doses studied with respect to SSW. In their study
and analysis of natural sulfide floatability, Fuerstanou [40] found that recovery rates without collectors
or frothing agents are similar (>90%) for chalcopyrite samples of different origins. For this sample,
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the flotation without the collector for both types of solutions have recoveries of 7% and 30% for KCl
and SSW, respectively. In the presence of PPX, SSW enhances the oxidation of chalcopyrite, reducing
the energy barrier in the double layer, facilitating the adhesion of the collector as it was observed when
the effects of chloride ions on the surface of chalcopyrite and pyrite in seawater were studied [41,42].
The oxidation reduction potential (ORP) values reported in Figure 3B show the reduction in potential as
the dose of PPX increases. The ORP values, according to the type of solution, do not indicate significant
differences. Fuerstenau [40], in his study on the floatability of chalcopyrite from different origins,
found that recovery without collectors or foaming agents is similar (>90%). This study was carried out
with freshwater, so the lower recovery can be attributed to the reduction in dissolved oxygen [42].
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Figure 3. Floatability (A) and oxidation reduction potential (ORP) (mV vs. Ag/AgCl) (B) measurements
of chalcopyrite in potassium chloride (KCl) and synthetic seawater (SSW) as a function of potassium
propyl xanthate concentration at pH 8.0–8.5.

3.3. Effect of Sodium Sulfite Concentration on Flotation without the Chalcopyrite Collector in Saline Solutions

Figure 4 shows the recoveries of the mineral at doses between 0 and 0.01 mol/L Na2SO3.
The recovery of the chalcopyrite without the collector at different doses of Na2SO3 was slightly higher
than the natural floatability achieved, as indicated above. Na2SO3 does not have a depressing effect on
the mineral since the surface of the chalcopyrite was not oxidized and exhibited behavior similar to
that reported by [29,43], using the same mineral size and in the presence of sodium sulfite. For doses of
1 × 10−4 mol/L, in both solutions, a decrease in the floatability of the mineral was observed. The ORPs
reported in Figure 4B help to clarify the behavior of the mineral at different doses of depressant.
This shows that spontaneous changes are generated in the reducing capacity of Na2SO3, which has
repercussions in reducing floatability by lowering the redox potential as reported by Castro in his study
when comparing ORP in distilled water and seawater [44]. The speciation of sulfite and bisulfite in
seawater was studied in the literature [45]. In pure water at 4.5 < pH < 10, the sulfite and bisulfite ions
are in equilibrium. In seawater, the intermolecular interactions with dissolved ions affect the speciation
equilibrium. In studies of sodium and potassium chloride aqueous solutions with a concentration
of chloride similar to seawater, solvation shells around the bisulfite and the sulfite were observed.
Nevertheless, the sulfur species were not influenced by an exchange of the monovalent cation. However,
if magnesium or calcium ions are present in concentrations similar to seawater, a significant decrease
in the concentration of sulfite was observed, but no influence on bisulfite was observed. This behavior
is primarily attributed to a stronger interaction between the divalent cations with sulfite than with
bisulfite. This interaction of the sulfite and bisulfite ions with the monovalent and divalent ions can
explain the behavior in chalcopyrite recovery and ORP values of in Figure 4.
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Figure 4. (A) Floatability and (B) ORP (mV vs. Ag/AgCl) measurements of chalcopyrite in KCl and
SSW as a function of sodium sulfite concentration at pH 8.0–8.5.

The results of the spectrometry test (Raman) are shown in Figure 2. Frequency bands below
500 cm−1 are typical for sulfides when creating metal–sulfur bonds, and these results are repeated for
the rest of the particles analyzed [37,38].

4. Discussion

4.1. Chalcopyrite Floatability in the Presence of PPX and Na2SO3 in Saline Solutions

Figure 5 shows the floatability of chalcopyrite at a dose of 0.01 mol/L PPX as a function Na2SO3

concentration. At this collector dose, the effects of the depressant are negligible throughout the
concentration range studied. Both salinity solutions give similar values for recovery rates. This can
be attributed to the pH and type of aeration used. It is known that xanthate decomposes at pH 6.5
and when oxygen is dissolved [19]. However, the doses studied show that the xanthate and sulfite
interactions are not at a level that hinders the floatability of the chalcopyrite, inhibiting the surface
oxidation of the mineral [46]. Again, the effect of the interaction between the monovalent and divalent
cations with sulfite, as opposed to bisulfite, was observed.
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Figure 5. Floatability (A) and ORP (mV vs. Ag/AgCl) (B) measurements of chalcopyrite in KCl and
SSW with 0.001 mol/L of potassium propyl xanthate (PPX) as a function of sodium sulfite concentration
at pH 8.0–8.5.

When the floatability of the mineral is evaluated at different concentrations of PPX and at constant
doses of sodium sulfite, the effects of the water type are observed, as shown in Figure 6. The difference



Minerals 2020, 10, 991 7 of 11

in recovery in the range of concentrations studied converges only at one point at 0.01 mol/L PPX.
The spectrometry performed on the sample with a concentration of 0.005 mol/L Na2SO3 shows that
the sulfite does not affect the surface of the chalcopyrite, showing the same frequency bands as the
mineral without sodium sulfite. This coincides with what was reported by Fullston [33], who classified
chalcopyrite as the most stable mineral at different pH and oxidation conditions compared to other
sulfides in the following order:

chalcocite < tennantite < enargite < bornite < covellite < chalcopyrite.
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In KCl, higher doses of the PPX collector are required to achieve results the same as those with
SSW because of the types of ions that make up the solutions. In the case of KCl, the presence of K+

ions, a type of chaotropic ion (also known as structure-breakers for their higher ionic radius), induces
the breaking of the structures formed by water molecules [47]. Regarding the effect of sodium sulfite,
Figure 7 shows the spectrometry of the sodium sulfite attack on chalcopyrite in a KCl solution [46].
The resulting frequency bands were equal to those of the untreated sample, that is, below 500 cm−1,
without any frequency peaks indicating an altered mineral surface. Typical sodium sulfite vibrational
Raman frequencies’ spectra were not observed [48]. This makes sense based on the difference in the
flotation of the mineral in SSW and KCl.
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4.2. Effects of Potassium Propyl Xanthate and Sodium Sulfite on Chalcopyrite Zeta Potential Using KCl

The results obtained for the zeta potential measurements, shown in Figures 8 and 9, are consistent
with the recoveries obtained in the floatability of the mineral. These curves replicate the results
obtained by Fullston and Li [33,42]. The effects of the collector and depressant on the negativity of the
mineral potential are generated by increasing their concentration. This increase makes the surface
of the mineral more electrostatically repulsive. For the dose of 0.001 mol/L PPX and 0.005 mol/L
sodium sulfite, the zeta potentials obtained throughout the entire pH range show subtle variation in
their values with respect to the concentrations studied. This indicates that KCl does not significantly
affect the zeta potential of the mineral in the case of the collector. Concerning the depressant, the zeta
potential behavior varies as a function of the pH in the doses used in the microflotation tests.
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5. Conclusions

The results indicate that the mineral floatability of chalcopyrite is affected by the presence of
Na2SO3 in the SSW and KCl solutions in the absence of a collector. These results are confirmed with
studies of zeta potential and Raman spectra. The zeta potential varies depending on the concentrations
of the reagents, becoming more electronegative at higher doses throughout the pH range. In the
presence of a collector, the improvements are more notable in SSW solutions than in KCl solutions,
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with values of 91.42% and 88.15%, respectively, which is attributed to the different types of ions present
in both solutions. Na2SO3 does not hinder the floatability of the mineral in the presence of the collector
or in the entire concentration range used. However, the interaction of the sulfite and bisulfite ions
with the monovalent and bivalent ions affects the behavior in chalcopyrite recovery. However, studies
with mixtures of more minerals should be continued to determine their potential application in saline
media applying design of experiment.
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