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A B S T R A C T   

Water quality affects the flotation recovery of minerals and their separation. Mining-process waters become 
saturated with soluble salts after contact with minerals (oxidation and dissolution) during crushing, classification 
and flotation. Inorganic species, such as metal ions but also carbonate and sulphate ions, may have a positive or 
negative effect on mineral flotation. As sulphate ions are always found in high concentrations in process waters, 
their effects on the flotation of copper, molybdenum and zinc sulphides were investigated in single minerals and 
ores experiments with complementary mineral surface analysis and particle-bubble detachment studies. It was 
found that molybdenite flotation was more depressed than chalcopyrite flotation by the presence of sulphate ions 
in water as a result of increased surface oxidation which decreased particle-bubble attachment. Similar results 
were obtained in the flotation of two copper ores; however, the grade of chalcopyrite and molybdenite was much 
lower as a result of increased recovery of unwanted or gangue minerals (e.g., sphalerite, pyrite and quartz).   

1. Introduction 

Water quality is important in mineral processing operations as it may 
impact on mineral recovery and separation, but also on the discharge of 
used water into the environment (Broman, 1980; Chen et al., 2009; 
Biçak et al., 2012; Ikumapayi and Rao, 2015; Sinche-Gonzalez et al., 
2016; Rebolledo et al., 2017; Castro, 2018). Water used in processing 
plants comes from various sources such as fresh water, bore, surface 
waters, industrial wastewaters but also recycled waters from tailing 
dam, which all affect water quality (Fisher and Rudy, 1976; Levay et al., 
2001; Levay and Schumann, 2006). These waters may contain high 
concentrations of various organic and inorganic species. For example, 
recycled water becomes saturated with soluble salts as a result of contact 
with minerals (oxidation and dissolution) during the processes of 
crushing, classification and flotation, especially when carbonate, sul-
phate and sulphide minerals are present. As a result, salinity in water can 
vary from 45 to 210 g/l, with high concentrations of calcium (780–4100 
mg/L), magnesium (2000–11000 mg/L) and sulphate (3800–12000 mg/ 
L) (Levay et al., 2001; Levay and Schumann, 2006). The constituents of 
process water may have a negative effect on mineral processing opera-
tions as they may indiscriminately adsorb or precipitate on minerals 
making their separation by flotation inefficient (Hoover, 1980; Rao and 

Finch, 1989). It was reported that calcium ion adsorption on galena and 
chalcopyrite reduces xanthate adsorption, which results in a lower 
bubble-particle attachment probability and recovery of these minerals 
(October et al., 2020). Formation of calcium sulphate (gypsum) by the 
interaction of calcium ions with sulphate ions in the pulp produces fines 
slime coatings on the sulphide minerals and hinders the flotation of the 
desired minerals (Raghavan and Hsu, 1984; Grano et al., 1995; Zanin 
et al., 2019). Sulphate may also increase capital expenditure because of 
its impact on corrosion and scaling in pipes (Broman, 1980). 

The effect of metal ions present in water on mineral flotation has 
been well documented in the literature (Fuerstenau et al., 1985; For-
nasiero and Ralston, 2005; Boujounoui et al., 2015; Bulut and Yenial, 
2016). These metal ions can activate or depress mineral flotation; for 
example, sphalerite flotation can be activated/enhanced with copper 
ions addition but depressed with zinc ions addition (Finkelstein and 
Allison, 2012, 1976; Finkelstein, 1997; Fornasiero and Ralston, 2006). 
Although, these metal ions are mostly added as sulphate salts, the exact 
role of sulphate ions in and their impact on mineral flotation are seldom 
studied and therefore poorly understood. Fisher and Rudy (1976) clearly 
identified anions as the species contained in water responsible for the 
decrease in mineral flotation performance. 

Sulphate is a polyatomic anion; it undergoes negligible hydrolysis 
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and accumulates in water. Strongly hydrated polar groups like sulphate 
are frequently distributed through the particle and can interact with 
sites on the mineral (Ramanchandra, 2004). Anionic species in water 
like sulphate, sulphite and thiosulphates are known as sulphoxyl ions, 
hydrophilic and depressant (Ramanchandra, 2004). These ions are 
significantly surface active at the normal process pH, influencing the 
extent of collector adsorption. 

With sulphide ores, sulphate ions mainly originate from the oxidative 
dissolution of metal sulphides (Fornasiero et al., 1994; Fairthorne et al., 
1997; Fuerstenau et al., 2007) which increases with oxygen content in 
the water. However, sulphate concentration in water may be reduced if 
sulphate ions form precipitates with metal ions, e.g. calcium or lead 
sulphate (Silva et al., 2010) or in special anaerobic conditions where 
sulphate may be reduced to sulphite/thiosulphate (Massmann et al., 
2003; Stoessell et al., 1993; Yamanaka et al., 2007). 

Addition of sulphate ions (as sodium or potassium salts) has been 
found to increase the dissolution and oxidation of molybdenite, which 
resulted in a decreased recovery of this mineral at alkaline pH values, 
but to an increased recovery at acidic pH values (Li et al., 2018). 
However, other studies have reported an increase in pyrite flotation and 
no or little effect on sphalerite or chalcopyrite flotation (Ikumapayi 
et al., 2012a; Bulut and Yenial, 2016). Furthermore, for galena the effect 
of sulphate ions on flotation is concentration dependent; its recovery 
increases at low sulphate ion (as sodium salt) concentrations then de-
creases at higher concentrations (Ikumapayi et al., 2012b; Bulut and 
Yenial, 2016). 

There have been only a few studies on the effects of sulphate addition 
on the flotation of sulphide ores. For example, sulphate addition (63 mg/ 
L) to a complex sulphide ore showed mixed results on the flotation of the 
major minerals: Pb recovery increased but Zn recovery decreased while 
Cu recovery slightly decreased. The grade of these three elements 
decreased by>17%, which was attributed to pyrite activation (Ikuma-
payi and Rao, 2015). However, sulphate addition at higher concentra-
tions (up to 6000 mg/L) promotes Cu, Pb and Zn recoveries at the 
expense of grades (Boujounoui et al., 2015). 

Several explanations have been provided in the literature to explain 
how sulphate ions may influence sulphide mineral flotation. Sulphate 
acts as an inorganic ligand (Ramanchandra, 2004). Sulphate easily form 
complexes with Al, Fe, Mn, Mg and Ca (Hoover, 1980; Grano et al., 
1995) which precipitate coating the mineral surface and could prevent 
reaction with collector by a blocking mechanism. Sulphate may also be 
in the form of localized particle colloids and continuous reacting or 
precipitating as a surface layer (Smart et al., 2007). Somasundaran and 
Dianzuo, (2006) cited that minerophilic (anionic) groups such as sul-
phate depress adsorption of anionic collectors on mineral, the electro-
static component is usually the predominant one (Fuerstenau et al., 
2007) and its depressing capability is stronger under an alkaline con-
dition which indicates the interaction between depressant and mineral is 
via chemical adsorption of an ionic bond (Wang, 2016). 

Strong evidence of increased sulphide mineral oxidation, formation/ 
precipitation of metal sulphate and replacement of collectors by sul-
phate ions at the mineral surface have been provided, which all result in 
decreased surface hydrophobicity (Ikumapayi et al., 2012b; Li et al., 
2018) and therefore depression of mineral flotation at high sulphate ion 
concentrations. The beneficial effect of sulphate ions on flotation is more 
difficult to explain, but it has been linked to the formation of more 
soluble species (e.g., PbSO4) at the mineral surface (Boujounoui et al., 
2015). In particular, Li and co-workers (2018) ascribed the change in 
molybdenite recoveries with pH in the presence of sulphate salts to 
changes in electrostatic interactions between molybdenite particles and 
bubbles which, for example, become more negatively charged with 
increasing pH value, resulting in increased particle-bubble repulsion and 
therefore decreased molybdenite recovery. 

The present paper deals with the effects of sulphate ions on copper 
mineral flotation in two copper ores: one where chalcopyrite is associ-
ated with molybdenite and the other with sphalerite. Complementary 

studies of single mineral flotation of chalcopyrite and molybdenite, their 
surface analyses and particle-bubble interaction are also conducted to 
explain the effects of the sulphate ions on mineral flotation. 

2. Methodology 

2.1. Materials 

Two single minerals, chalcopyrite (Cp) and molybdenite (MoS2), and 
two complex ores were used. The chalcopyrite sample was obtained 
from Moonta Bay (Australia). For the flotation experiments, the chal-
copyrite sample was ground in a small amount of water with a ceramic 
mortar and pestle and classified in the size range + 38–75 μm through 
stainless steel Endecott sieves. The molybdenite sample was obtained as 
a molybdenite concentrate from Kennecott Utah Copper Corporation 
(USA), with MoS2 > 95%. The molybdenite sample was sieved to retain 
only the coarse particles > 150 μm. The molybdenite particles were 
cleaned with n-propyl bromide > 93% (Ensolv) five times to remove the 
oil collector and washed several times with ethanol. 

The Cu-Mo sulphide ore containing chalcopyrite as the major copper 
sulphide mineral was obtained from a Sud-American plant. The sample 
was chosen from one of the ores that commonly feed the flotation 
circuit. 

The Cu-Zn ore was a Pyhäsalmi ore which contains chalcopyrite 
(CuFeS2) and sphalerite (ZnS) as main valuable minerals. Table 1 shows 
the chemical analysis and composition of the samples. 

The ores were crushed and sieved through a − 10 Tyler mesh (2 mm), 
riffled, split in 1.5 (Cu-Mo) and 0.6 kg (Cu-Zn) samples and kept in 
closed plastic bags. 

2.2. Flotation tests with single minerals of Cu and Mo 

Sodium isopropyl xanthate (SIPX) and diesel oil were used as col-
lectors for chalcopyrite and molybdenite, respectively. Methyl isopropyl 
carbinol (MIBC) was used as a frother, prepared as a dilute solution 
(1%). Sulphates of potassium and calcium (K2SO4; CaSO4) were used in 
flotation experiments at a concentration of 10− 4, 10− 3 and 10− 2 molar 
(M). All reagents were analytical grade. 

Five grams of chalcopyrite (+38–75 μm) or molybdenite (+150 μm) 
were placed in a 300 ml mechanical flotation machine and conditioned 
at pH 10 for 2 min before addition of 7 g/t collector, SIPX for chalco-
pyrite and diesel oil for molybdenite, followed by 15 g/t frother, MIBC. 
The collector and frother conditioning times were 2 and 1 min, 
respectively, before the start of flotation. The pH of the pulp was 
controlled with addition of NaOH. 

Four concentrates were collected at flotation times of 1, 3, 5 and 8 
min (cumulative). The concentrate and tail samples were dried in an 
oven and weighted to obtain mass recoveries. The concentrations of 
collectors used in the flotation tests for chalcopyrite and molybdenite 
were adjusted to produce optimum and comparative flotation perfor-
mance. Flotation tests were carried out in duplicate and averaged re-
coveries were calculated. A 1st order rate equation was used to fit the 
recovery versus flotation time data to extract the parameters of 
maximum recovery, Rmax, and flotation rate constant, k. 

2.3. Flotation of a complex Cu-Mo ore 

Bulk Cu-Mo kinetic flotation tests were conducted following the 
standard flotation procedure (Fig. 1) and using water with sulphate 
concentrations of 10− 2 M (960 mg/L) and 2.1 × 10− 2 M (2000 mg/L). 
Three concentrates were collected at flotation times of 2, 6 and 15 min. 

2.4. Flotation of a complex Cu-Zn ore 

Rougher Cu kinetic flotation tests were conducted following the 
standard flotation procedure used in the plant (Fig. 2) and using tap 
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water (TW, sulphate ~ 250 mg/L) or tap water containing higher 
amounts of sodium sulphate, SW1 = 1000 mg/L and SW2 = 2000 mg/L. 

2.5. X-ray photoelectron spectroscopy (XPS) 

The surface chemical composition of Cp and MoS2 samples was 
determined by XPS. This analysis was conducted with an X-ray photo-
electron spectrometer (Kratos Axis Ultra DLD). The XPS instrument uses 
an Al Kα source (1486.6 eV) operated at 130 W. The XPS spectra were 
curve fitted using the CasaXPS program. The energy scale was calibrated 
in relation to the C 1 s peak at 284.6 eV (Smart, 1991). 

2.6. Detachment force measurement 

The preparation of the mineral samples for the detachment force 
experiments was the same as that used for the flotation experiments, 
except that the size fraction 350–425 µm was retained. The critical 
amplitude of vibration for the detachment of 350–425 µm Cp or MoS2 
particles from a 2 mm bubble was measured with a loudspeaker appa-
ratus connected to an audio signal generator and the program Sine 30 
following the procedure of Xu et al. (2010), at a fixed frequency of 50 
Hz. A 2 mm bubble was formed at the end of a capillary attached to the 
loudspeaker in a rectangular glass cell (9 × 9 × 3.5 cm) containing water 
with 10− 2 M KNO3 in the presence of sulphate (2 × 10− 5, 10− 4 M). One 

particle was attached to this bubble and the amplitude of vibration was 
increased until the particle detached from the bubble. The experiment 
was repeated ten times for the same particle and with five different 
particles. The force required for particle-bubble detachment (Fdet, max) 
can be calculated using Eq. (1) (Cheng and Holtham, 1995).  

Fdet, max = Fv, max + Fg                                                                    (1) 

where Fv, max is the maximum vibrational force for the detachment of 
particles and Fg is the particle immersed gravity force. 

Fv, max = A.m (2π.ƒ) 2 where m is the particle mass, A the amplitude 
and ƒ the frequency of vibration. 

3. Results and discussion 

3.1. Single mineral experiments 

3.1.1. Flotation of chalcopyrite and molybdenite 
Results of flotation tests carried out with increasing concentration of 

K2SO4 (0, 10− 4, 10− 3 and 10− 4 M) are showed in Fig. 3 (a) for chalco-
pyrite and (b) for molybdenite. The recovery of molybdenite is more 
affected by sulphate addition than that of chalcopyrite. It is only at 10− 2 

M K2SO4 (equivalent to 960 mg/L SO4
2− ) that a decrease in chalcopyrite 

recovery is observed, although there is a constant decrease in the 
flotation rate constant (k) from 0.7 min− 1 (no K2SO4) to 0.3 min− 1 (10− 2 

Table 1 
Chemical composition (weight %) and mineral composition (%) of chalcopyrite, molybdenite and the Cu-Mo and Pyhäsalmi Cu-Zn ores.  

Chalcopyrite Cu Zn Fe S Ca Si Pb Mn Mg Ni  

30.1 0.15 29.4 32.1 0.11 2.3 0.42 0.004 0.01  0.02 
Molybdenite Mo MoS2          

>56.9 >95         
Cu-Mo ore Cu CuSUL* Mo Fe chalcopyrite molybdenite pyrite quartz muscovite/sericite   

0.7 0.66 0.01 3.6 1.75 0.02 9.3 44.3 34  
Pyhäsalmi Cu Zn  chalcopyrite sphalerite pyrite quartz    
Cu-Zn ore 0.79 2.19  2.27 3.27 62.6 31.9     

* CuSUL refers to the Cu associated with sulphides. 

Fig. 1. Standard flotation tests for the Cu-Mo ore using various concentrations of sulphate at pH 10.5.  

Fig. 2. Standard flotation tests for the Cu-Zn ore using various concentrations of sulphate ion at pH 11.8.  
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M K2SO4) as shown in Table 2. Molybdenite flotation is more sensitive to 
the presence of K2SO4 as both its flotation recovery (after 8 min) and rate 
constant decrease gradually from 71% and 0.6 min− 1, respectively with 
no K2SO4 down to 45% and 0.2 min− 1 at 10− 2 M K2SO4. These flotation 
results confirm a previous observation that the flotation of molybdenite 
is more affected by changes in water quality than chalcopyrite (Sinche- 
Gonzalez et al., 2016). 

A larger decrease in flotation recoveries was observed in Fig. 4 when 
potassium sulphate was replaced with calcium sulphate (CaSO4); cal-
cium sulphate is generally found in recycled process water when lime is 
added to increase the pH. Indeed, after the addition of 10− 2 M CaSO4 
chalcopyrite recovery decreases from 82% to 65% (Fig. 4a) and 
molybdenite recovery decreases from 70% to 40% (Fig. 4b). However, 
the flotation rate constant values and their decrease with increasing 
CaSO4 concentration (Table 3) are similar to those obtained with K2SO4 
(Table 2). 

Similar results were found by Li et al. (2015) for molybdenite as they 
reported that addition of sodium sulphate, potassium sulphate or cal-
cium sulphate all depressed molybdenite flotation in alkaline pH con-
ditions. However, it was reported that sodium sulphate (0–10− 2 M) had 
no or little effect on chalcopyrite flotation (Ikumapayi and Rao, 2015). 
The increased depression observed with calcium sulphate (Fig. 4 and 
Table 3) compared to potassium sulphate (Fig. 3 and Table 2) is in 
agreement with results obtained by Li et al (2018) and can be the result 
of calcium sulphate precipitation on the mineral surface. Calcium sul-
phate is sparingly soluble (solubility of CaSO4 = 2.6 g/L at 25◦ C). It will 
precipitate at lower pH than hydroxides (Loughery, 2012) and it has the 
same mechanism of depression of flotation than metal hydroxides that 
reduce hydrophobicity of the mineral due to their precipitation as a thin 
layer and adsorption on the mineral surface, which also affects xanthate 

adsorption (Wu et al., 2002) and explains the results obtained in Fig. 4 
and tests with complex minerals. 

3.1.2. Particle-bubble adhesion force 
The force required for the detachment of a 350–425 µm chalcopyrite 

or molybdenite particle from a stationary bubble was measured to 
determine how the sulphate ions affect the strength of particle-bubble 
adhesion and to explain the flotation results. Results of the particle- 
bubble detachment force experiments are shown in Fig. 5 for (a) chal-
copyrite and (b) molybdenite, respectively. It was found that the force 
required for particle-bubble detachment increases with increasing col-
lector concentration, which indicates that the particle-bubble adhesion 
is stronger when the particle surface is made more hydrophobic after 
collector adsorption. 

On the contrary, the addition of 10− 4 M K2SO4 decreases substan-
tially the force required to detach the molybdenite particles, which in-
dicates that the particle-bubble adhesion is weaker as a result of the 
molybdenite surface becoming less hydrophobic. As for chalcopyrite, 
K2SO4 addition has no effect (within experimental error) on the force 
required for its detachment from the bubble, in agreement with the 
trends observed in the flotation results in Fig. 3. 

The decrease in surface hydrophobicity for molybdenite with sul-
phate addition can be the result of less collector and/or more oxidation 
products at its mineral surface. 

3.1.3. XPS study of molybdenite and chalcopyrite in the presence of K2SO4 
X-ray photoelectron spectroscopy (XPS) is a surface-sensitive 

analytical technique which provides information on the species pre-
sent at the mineral surface, and therefore it should identify the species 
responsible for the decrease in surface hydrophobicity after potassium 
sulphate addition and help to explain the flotation results. The pro-
portions of elements (C, O, Mo and S) on the surface of molybdenite 
particles collected just before frother addition are shown in Table 4. The 
results indicate that the proportion of carbon (contribution from hy-
drocarbon contamination and collector) at the surface remains more or 
less constant, within experimental error, after K2SO4 addition but that of 
oxygen increases while that of molybdenum and sulphur decreases. 

This is not the case for chalcopyrite where the proportion of these 
elements on the chalcopyrite surface remains almost constant after 
K2SO4 addition within experimental error (Table 4). These results agree 
with the flotation results showing that 10− 4 M K2SO4 has no effect on 

Fig. 3. Effect of potassium sulphate concentration on (a) chalcopyrite recovery (SIPX = 7 g/t) and (b) molybdenite recovery (diesel oil = 7 g/t) at pH = 9.3 ([KNO3] 
= 10− 2 M). 

Table 2 
Effect of K2SO4 on chalcopyrite and molybdenite recovery at 8 min and flotation 
rate constant (k).   

Chalcopyrite Molybdenite 

K2SO4 (M) Rec (%) k (min¡1) Rec (%) k (min¡1) 

0 82 ± 1  0.7 70 ± 2  0.6 
10− 4 82 ± 2  0.6 64 ± 3  0.5 
10− 3 81 ± 2  0.4 53 ± 3  0.4 
10− 2 75 ± 4  0.3 45 ± 5  0.2  
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chalcopyrite flotation but depressed molybdenite flotation. 
More detailed information on the type of surface species can be 

extracted from the XPS spectra by deconvoluting each spectrum into 
components (Fairthorne et al., 1997) 

In the case of molybdenite, the C 1 s XPS spectra (not shown) has 
only a broad peak at 284.6 eV which is attributed to adventitious hy-
drocarbon species. The peaks associated with the collector are buried 
behind this broad peak (Buckley and Woods, 1984; Buckley and Walker, 
1988). The O 1 s spectra (not shown) may be divided into three com-
ponents, i.e. hydroxide species (531–532 eV), silicate (~534 eV) and 
adsorbed water (535–536 eV) (Fairthorne et al., 1997). The spectral 

feature of the C 1 s and O 1 s spectra does not change after sulphate 
addition, although the proportion of oxygen species increases (Table 4). 

The S 2p spectrum of molybdenite in Fig. 6 is typical of that for metal 
sulphide and is composed of two peaks (doublet) separated by around 
1.2 eV and with the intensity of the low binding energy peak (S 2p5/2) 
double that of the high binding energy peak (S 2p1/2) (Buckley and 
Woods, 1984). The position of the peak for sulphide (S2− ) in MoS2 at 
162.7 eV agrees with literature values for molybdenite at 162.0–162.8 
eV (Gerson and Bredow, 2000; Von Oertzen et al., 2006). In the presence 
of potassium sulphate, two new doublets appear at higher binding en-
ergies; they are attributed to polysulphide, Sn

2− (163–164 eV) and sul-
phite, SO3

2− (~166 eV). No sulphate peak at 169 eV was observed in the 
S 2p spectra in Fig. 6 (Wagner, 1990). The Mo 3d spectrum of molyb-
denite in Fig. 7 presents two peaks, the main peak (Mo 3d5/2) at 229.9 
eV and the other (Mo 3d3/2) of lower intensity at 233 eV. They are both 
attributed to MoS2. In the presence of potassium sulphate, two new 
peaks/shoulders appear at 230.57 eV and 234 eV on the high energy side 
of the two Mo 3d peaks; they are attributed to MoO2 (Wagner, 1990). 

The XPS results for chalcopyrite are shown in Fig. 8 and Fig. 9. In 
Fig. 8, the main peak at ~ 932.3 eV in the Cu 2p spectrum is attributed to 
cuprous sulphide (Wagner, 1990). The broader peak at 934–935 eV is 
attributed to Cu oxide/hydroxide or cupric sulphide (Smart, 1991). No 
change was observed after potassium sulphate addition. The C 1 s, O 1 s 

Fig. 4. Effect of calcium sulphate concentration on (a) chalcopyrite recovery (SIPX = 7 g/t) and (b) on molybdenite recovery (diesel oil = 7 g/t) at pH = 9.3 ([KNO3] 
= 10− 2 M). 

Table 3 
Effect of CaSO4 on chalcopyrite and molybdenite recovery at 8 min and flotation 
rate constant (k).   

Chalcopyrite Molybdenite 

CaSO4 (M) Rec (%) k (min¡1) Rec (%) k (min¡1) 

0 82 ± 1  0.7 70 ± 2  0.6 
10− 4 78 ± 2  0.5 59 ± 2  0.3 
10− 3 71 ± 2  0.4 47 ± 2  0.2 
10− 2 65 ± 2  0.3 40 ± 2  0.2  

Fig. 5. Force required for the detachment of (a) chalcopyrite and (b) molybdenite particles from bubbles as a function of collector and sulphate ion concentration at 
pH 9.3 (for Cp ‘0.5′ and ‘1′ refer to 3.5 and 7 g/t SIPX, and for MoS2 ‘0.5′ refers to 3.5 g/t diesel oil). 
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and Fe 2p spectra (not shown) remained also more or less unchanged. 
In the S 2p spectrum (Fig. 9), the highest peak at around 161.6 eV is 

attributed to sulphide (Buckley and Woods, 1984) and the peaks at 
around 162–164 eV are associated to di-sulphide (S2

2− ) and polysulphide 
(Sn

2− ) (Fornasiero et al., 1994). After sulphate addition, two small and 
broad peaks (doublet) at 168–170 eV attributed to sulphate (Fairthorne 
et al., 1997) are observed. 

Potassium sulphate addition produces more changes in the XPS 
spectra of molybdenite than chalcopyrite. The XPS analysis of molyb-
denite (Table 4 and Figs. 6 and 7) indicates that its surface becomes 
oxidised after addition of potassium sulphate, with the formation of 
polysulphide (Sn

2− ) and more oxygen species on its surface as MoO2 and 
sulphite, SO3

2− . As the basal planes of molybdenite are inert, it is 
therefore likely that potassium sulphate addition promotes the oxidation 

of the edges (Raghavan and Hsu, 1984). One explanation is that sulphate 
ions adsorb on the molybdenite surface and are subsequently reduced to 
sulphite (Eq. (2)), which promotes the oxidation of molybdenite to 
polysulphide and MoO2 (Eq. (3)). The SO4

2− reduction to SO3
2− should 

increase with increasing SO4
2− concentration (Kuhl and Jorgensen, 

1992).  

SO4
2− ⇒ SO3

2− + 1/2 O2                                                                   (2)  

nMoS2 + nO2 + 4e− ⇒ nMoO2 + 2Sn
2− (3) 

Usually, disulphide, polysulphide and elemental sulphur are inter-
mediate surface hydrophobic products when sulphide minerals undergo 
mild oxidation, and further oxidation leads to thiosulphate, sulphite and 
finally to sulphate. Thiosulphate, sulphite and sulphate formed at higher 
oxidation potentials are hydrophilic and therefore suppress floatability 
(Fairthorne et al., 1997; Subrahmanyam and Forssberg, 1993; Arai et al., 
2004). 

For chalcopyrite, the presence of Cu(OH)2, S2
2− and Sn

2− on its surface 
indicates that chalcopyrite was already partially oxidised (Fairthorne 
et al., 1997) before sulphate addition. No or little change occurs after 
sulphate addition. The presence of a sulphate peak may be simply due to 
sulphate adsorption on chalcopyrite (Wu et al., 2002; Lefèvre and 
Fédoroff, 2006). 

These surface oxidation species detected on the molybdenite surface 
confirm that sulphate ions promote the oxidation of molybdenite (Li 
et al., 2018) and can explain the decrease in particle-bubble adhesion 

Table 4 
Concentration (atomic %) of the elements measured on the chalcopyrite and 
molybdenite surface by XPS without and with 10− 4M K2SO4 addition.  

Element Chalcopyrite Molybdenite  

no K2SO4 with K2SO4 no K2SO4 with K2SO4 

C 1 s 27 26 27 29 
O 1 s 31 31 23 30 
S 2p 24 25 29 24 
Mo 3d   21 17 
Cu 2p 11 12   
Fe 2p 6 6    

Fig. 6. S 2p XPS spectra of molybdenite conditioned at pH 9.3 without (left) and with (right) 10− 4 M K2SO4.  

Fig. 7. Mo 2p XPS spectra of molybdenite conditioned at pH 9.3 without (left) and with (right) 10− 4 M K2SO4.  
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and recovery of molybdenite observed in Fig. 5 and Fig. 3, respectively 
after potassium sulphate addition. These oxidation species may also 
prevent collector adsorption on molybdenite. Indeed, an infrared study 
has shown that less xanthate collector is observed on the galena surface 
in the presence of sulphate in water (Ikumapayi et al., 2012b). 

Furthermore, the results of the single mineral experiments are 
consistent in showing that more surface oxidation species are found on 
molybdenite than on chalcopyrite after sulphate addition, which results 
in a larger decrease in surface hydrophobicity and flotation recovery for 
molybdenite compared to chalcopyrite. The fact that the chalcopyrite 
surface was already oxidised may explain why sulphate ions had no or 
little effect on chalcopyrite flotation. 

3.2. Effect of sulphate on the flotation of Cu-Mo ore 

Results in Table 5 show that the flotation of Cu minerals is not 

affected by the presence of sulphate as its recovery remains high and 
constant (94%). This is not the case for molybdenite which recovery 
decreased. Fe is the only element which recovery increases with sul-
phate concentration. As the grade of these elements all decreased, other 
minerals (pyrite, quartz, clays) must have also reported to the concen-
trate (mass recovery increases with sulphate concentration) by 
entrainment or/and as a result of copper activation (Finkelstein, 1997; 
Fornasiero and Ralston, 2005). As it was observed in the single mineral 
experiments, sulphate has a negative effect mainly on the flotation of 
molybdenite. 

3.3. Effect of sulphate on the flotation of Cu-Zn ore 

The purpose of this kinetic-bulk flotation was to obtain a rougher Cu 
concentrate with depression of Zn and Fe minerals with the addition of 
zinc sulphate at a high pH of 11.8. Fig. 10 depicts the Cu grade versus Cu 

Fig. 8. Cu 2p XPS spectra of chalcopyrite conditioned at pH 9.3 without (left) and with (right) 10− 4 M K2SO4.  

Fig. 9. S 2p XPS spectra of chalcopyrite conditioned at pH 9.3 without (left) and with (right) 10− 4 M K2SO4.  

Table 5 
Effect of sulphate concentration in Cu-Mo ore.   

Grade Recovery % Mass recovery % 

SO4 concentration, (M) Cu% Mo ppm Fe% Cu Mo Fe 2 min 6 min 15 min 

0  3.4 521  7.8 94 75 40 6.6  11.8  19.5 
10− 2 (960 mg/L)  3.1 439  6.6 94 74 43 6.5  11.9  22.1 
2.1*10− 2 (2000 mg/L)  2.9 319  6.5 94 72 48 6  11.3  22.7  
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recovery curves (after 3, 8 and 15 min of flotation) at the three sulphate 
concentrations. Cu recoveries are high reaching 96% in the final 
concentrate. As expected, Cu grade decreases with increasing flotation 
time and Cu recovery. There is also a gradual decrease in Cu recoveries 
and grades with increasing sulphate concentration. 

The decrease in Cu grade with increasing flotation time is attributed 
to an increase in the recovery of the other minerals present in the ore 
(sphalerite, pyrite and quartz), especially at flotation times>8 min (2nd 
concentrate) as shown in Fig. 11. The Cu grade also decreases with 
increasing sulphate concentration as a result of less Cu and more Zn 
reporting to the concentrate. Indeed, the final Zn recovery increases 
from 8.3% to 10.5% and 11.9% when sulphate concentration increases 
from 250 mg/L to 1000 mg/L and 2000 mg/L, respectively. 

The cause of gangue activation has been debatable, Silva et al. 
(2018) showed in their study that sulphate is unlikely to adsorb on pyrite 
but Ikumapayi et al. (2010) found that sulphate ions activate pyrite 
flotation. Thus, it is possibly that pyrite was activated by complexes of 
sulphate and metal ions such as Cu-ions which forms from chalcopyrite- 
like surface (Ejtemaei and Nguyen, 2017). 

Results in Table 6 confirm the increase in Zn recovery (Rmax from 
9.4% to 13.5%) with sulphate concentration, although Zn flotation rate 
remains more or less constant (k of 0.12–0.15 min− 1). These results also 
confirm that sulphate addition has a very small effect on Cu flotation 
rate and recovery (Rmax of 95–96% and k of 0.77–0.83 +/-0.03 min− 1). 

Table 7 shows the natural pH of the tap water (TW: sulphate ~250 
mg/L) and water with 1000 mg/L (SW1) and 2000 mg/L sulphate (SW2), 
and the amount of lime added to increase the pH from the natural value 
to pH 11.8, the pH used in the flotation experiments. Results show that 
increasing sulphate concentration causes acidification of the pulp solu-
tion and therefore more lime was required to reach the required pH. 

As it was mentioned earlier, sulphate addition promotes the disso-
lution/oxidation of sulphide minerals (Li et al., 2018), which may 
explain this acidification of the solution. Furthermore, dissolution/ 
oxidation of chalcopyrite (Eq. (4)) may promote the copper-activation of 
sphalerite, pyrite and quartz resulting in the increased recovery of these 
three minerals (Bushell and Krauss, 1962; Voigt et al., 1994; Fornasiero 
and Ralston, 2005)  

CuFeS2 + 17/4 O2 + 9/2 H2O ↔ Cu(OH)2 + Fe(OH)3 + 2 H2SO4         (4) 

It was found that the addition of sodium sulphate (or copper sul-
phate) to a Cu-Pb-Zn ore resulted in 1% decrease in Cu recovery and 5% 
decrease in Zn recovery but Pb recovery increased by 9%. Their grades 

all decreased, which was attributed to copper-activation of pyrite (Iku-
mapayi and Rao, 2015). In another study on the flotation of a Cu-Pb-Zn 
ore, it was found that sulphate addition promotes Cu, Pb and Zn re-
coveries at the expense of their grades (Boujounoui et al., 2015). The 
explanation proposed was that sulphate ions have a cleaning action of 
the sulphide mineral surface, replacing metal oxy-hydroxide species 
with more soluble metal sulphate complexes formed after sulphate 
adsorption, e.g., lead sulphate. 

Finally, the presence of sulphate in the flotation of Cu-Mo and Cu-Zn 
ore might be more complex because of the presence of gangue material 
which oxidation and hydrolysis (such as of the FeS2) increase the con-
centration of sulphate and equivalent preferential complexation with 
many metals released during grinding and flotation in the pulp solution. 
The presence of sulphur-oxy species does not remain inert in the flota-
tion process but rather is created a cyclic process of oxidation–reduction 
(redox) reaction that control concentrations of redox-sensitive species 
such as sulphate (Yamanaka et al., 2007) as it is a surface-active 
(Hodgson and Agar, 1989). 

4. Conclusions 

Sulphate ions found in high concentrations in mining-process water 
have a specific effect on the flotation of each sulphide mineral. For 
example, sulphate ions have been found to depress molybdenite flota-
tion but activate the flotation of sphalerite and pyrite, while for galena 
their effects are sulphate concentration dependent. Explanations for 
their action range from competing with collectors, promoting surface 
oxidation or to precipitation of metal sulphate, which all depress min-
eral flotation; on the other hand, increased mineral flotation has been 
attributed to a surface cleaning effect by sulphate ions. 

The results obtained in the single minerals and ores study all show 
that chalcopyrite flotation is less affected by sulphate ions compared to 
molybdenite. There was clear evidence that sulphate ions promoted 
molybdenite oxidation with the formation of surface hydrophilic man-
ganese dioxide and sulphite species which reduce the attachment force 
between particles and bubbles and molybdenite recovery. No such 
changes were observed on the chalcopyrite surface and therefore chal-
copyrite attachment to bubbles and flotation were no or little affected by 
sulphate ions addition. However, a larger decrease in chalcopyrite 
flotation was only observed when sodium sulphate was replaced with 
calcium sulphate, probably as the latter precipitates on the mineral 
surface. 

Fig. 10. Cu Recovery and grade with SO4
2− concentrations of 250 mg/L (TW; 2.6 × 10− 4 M), 1000 (10− 2 M) and 2000 mg/L (2.1 × 10− 2 M) in water.  
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Results for the two copper ores were similar and in agreement with 
the single mineral study. Indeed, sulphate addition has no or little 
negative effect on chalcopyrite recovery while depressing molybdenite 
flotation. More importantly, the recovery of unwanted or gangue min-
erals (e.g., sphalerite, pyrite and quartz) all increased, which decreases 
the copper grade. Increased dissolution/oxidation of sulphide minerals 
by sulphate ions is well documented. Therefore, one expects more 
copper dissolution which can activate sphalerite, pyrite and quartz 
flotation. 

Flotation tests indicate the necessity to treat high sulphate 

containing waters (>1500 mg/L) in mineral processing particularly if 
the water is recycled to the process. Flotation test results also indicated 
that possible sulphate limit (>1000 mg/L) can be found where certain 
recoveries and grades are more influenced by sulphate. The removal of 
sulphate may lead to an improvement in sulphide flotation. 
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