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Cover Image: Schematic picture of Boliden’s sulphide minerals processing plant (top). FTIR-
DRIFT spectra of chalcopyrite in process water with different added Ca2+ ions concentration 
at pH 10.5 (bottom left). XPS spectra of chalcopyrite treated in solution containing 5x10-5M
of potassium amylxanthate (KAX) in deionised water (bottom right, top) and in process water 
(bottom right, bottom).
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ABSTRACT

The chemistry of recycled process water could be detrimental to the flotation efficiency of 
complex sulphide ores. Therefore in this work: the influence of process water components
calcium and sulphate on chalcopyrite flotation was investigated through Hallimond tube 
flotation, zeta-potential, diffuse-reflectance FTIR spectroscopy and XPS measurements using 
pure chalcopyrite. Significance of process water species in flotation was assessed using 
deionised water, process water and simulated water containing calcium and sulphate ions in 
experiments. Hallimond tube flotation indicated decrease in chalcopyrite recovery in the 
presence of calcium and sulphate ions with potassium amyl xanthate as collector. Calcium 
ions adsorption was shown by significant increase in the zeta-potential of chalcopyrite. FTIR
and XPS studies revealed presence of surface-oxidised sulfoxy species on chalcopyrite and
surface iron and calcium carbonates at pH 10.5 in process water and water containing calcium 
ions, which surface species influenced xanthate adsorption.

Keywords: Chalcopyrite; Flotation; Zeta-potential; FTIR; XPS

1 INTRODUCTION

Increasing environmental friendly production practices mandated by strict regulations have 
called for higher recycling of process water in sulphide minerals processing through flotation. 
However the presence of a number of components and species in the recycled water has raised 
questions of possible implications on flotation grade and recovery. It is a common practice in
complex sulphide ore processing to float Cu and Pb minerals in the first stage while Zn
mineral is activated and floated in the second stage (Liu and Zhang, 2000). The floatability of 
Cu mineral is usually affected by a number of factors which include: electrochemical effects,
galvanic interaction between sulphide minerals, components and species present in the pulp
(Chen et al., 2009; Das et al., 1997; Göktepe and Williams, 1995; Houot and Duhamet, 1992; 
Peng and Grano. 2010; Subrahmanyam and Forssberg, 1993), control of the grinding 
environment especially the presence of iron oxidation species and metal deficient surface 
from chalcopyrite oxidation depending on the grinding medium (Forssberg et al., 1988; Guy 
and Trahar, 1984; Martin et al., 1991; Peng et al., 2003a). The major species in process water 
includes calcium and sulphate ions. Calcium ions originate mainly from the lime used as pH 
regulator and also from the ore while sulphate originates from the oxidation products of 
sulphide mineral and also from the sodium bisulphite used to control the surface properties.
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A number of studies carried out in the past dealt with the effect of calcium and sulphate ions 
on environmentally important organic and inorganic anions and metal cations on wide band-
gap metal hydroxides and the results were interpreted as either competitive (Lefèvre and 
Fédoroff, 2006; Wu et al., 2002), promotive (Jia Y and Demopoulos, 2005; Kirjavainen et al., 
2002b; Ostergren et al., 2000; Swedlund and Webster, 2001) or indifferent (Lefèvre and 
Fédoroff, 2006) adsorption depending on the speciation of the adsorbed anion and the 
formation of calcium bearing surface co-precipitates. However little is known about the
effects of concentrated sulphate and calcium solutions on adsorption-reaction of collectors on
sulphides and flotation recovery and grade.

Particular previous work has shown that calcium activates copper and nickel in a Ni-Cu ore 
and improves the floatability of the sulphide by increasing the adsorption of xanthate on the 
sulphides (Kirjavainen et al., 2002a). In addition the adsorption of calcium ions on 
chalcopyrite promotes adsorption of dextrin and depresses the flotation of chalcopyrite (Liu 
and Zhang, 2000). In this study the influence of two major process water contaminants,
calcium and sulphate ions on chalcopyrite flotation in single mineral were investigated.

2 EXPERIMENTAL

2.1 Materials and reagents

Pure chalcopyrite mineral (grading 25.8 %Cu, 29 %Fe, 29.5 %S, 0.54 %Zn and 0.22 %Pb)
used in Hallimond flotation tests, zeta-potential, FTIR and XPS measurements were procured 
from Gregory, Bottley & Lloyd Ltd. United Kingdom. The mineral sample was crushed, 
ground and classified into different size fractions and preserved in sealed polyethylene bags.

150+38 m was used in the Hallimond tube flotation tests and 5 μm
fraction was used in zeta-potential measurements, FTIR and XPS studies.

Table 1. Chemical species and their concentration range in Boliden process water.

Concentration range of chemical species in process water
Species Concentrations

From To Unit
Sulphate SO4 200 1500 mg/l
Calcium Ca 100 500 mg/l
Iron Fe 0.1 1300 mg/l
COD (Cr) <30 130 mg/l
Nitrogen N 0.1 10 mg/l
Phosphorus P <0.05 0.7 mg/l
Magnesium Mg 4.3 53 mg/l
Manganese Mn 4.4 8000 μg/l
Zinc Zn 12 3900 μg/l
Aluminium Al 59 59000 μg/l
Cadmium Cd 0.12 5.2 μg/l
Cobolt Co 4 540 μg/l
Copper Cu 2.7 20000 μg/l
Mercury Hg <0.1 <0.13 μg/l
Conductivity at 25oC 96 160 ms/m
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2.2 Hallimond tube flotation tests

The Hallimond flotation tests were conducted with 1 g of mineral sample conditioned in a 100 
ml standard volumetric flask and subsequently transferred into a 100 ml Hallimond tube 
flotation cell. This was followed by flotation under magnetic stirring. The sequence of reagent 
additions was as follows: pH regulators, species in water, collector, and frother. Conditioning 
time for species in water, collector and frother were 10 min, 5 min and 1 min respectively. Air 
was supplied at the rate of 200 cm3/min and the flotation time was 1 min. A collector 
concentration of 20 mg/l and a frother dosage of 50 μg/l were used. All tests were carried out 
at pH ~10.5 in room temperature of approximately 22.5oC unless otherwise specified.

2.3 Zeta-potential measurements

Zeta potential measurements were carried out with the aid of ZetaCompact instrument
equipped with a charge-couple device (CCD) video camera and Zeta4 software. The software 
allows the direct reading of zeta-potential calculated from the electrophoretic mobilities using 
Smoluchowski equation. The result is a particle distribution histogram, from which the mean 
mobility is recalculated to zeta-potential value. In each measurement; abo
fraction of the mineral at a concentration of about 10 mg/100 ml of solution was used. The 
ionic strength was maintained with KNO3 at a concentration of about 0.01M the pH was 
adjusted with solutions of HNO3 and KOH accordingly. The required concentration of each
solution was usually prepared followed by addition of the mineral, conditioning for 10
minutes and addition of other required reagent and species. The pH of the suspension after all 
conditioning prior to zeta-potential measurement is always regarded as the pH of the 
measurement. All the measurements were carried out at the flotation pH 10.5 unless otherwise 
specified.

2.4 Diffuse reflectance FTIR spectroscopy measurements

The instrument used was Bruker FTIR spectrometer model IFS 66v/s. The samples were 
prepared similarly as in zeta-potential and the pulp is subsequently filtered and the solids left 
to dry on the filter paper at room temperature. The pH of the suspension after all conditioning 
prior to filtration is always regarded as the pH of the measurement. Diffuse reflectance 
infrared Fourier transform (DRIFT) method was used in the measurement with 2.8 wt% 
concentration in potassium bromide (KBr) matrix. Each spectrum was recorded after 256 
scans.

2.5 XPS measurements

The XPS measurement samples were prepared the same way as the FTIR samples and were 
used as dry sample during the analysis. The measurement was carried out with the aid of a 
Kratos Axis Ultra electron spectrometer using mono Al operated at 150W X-ray source 
and a low-energy electron flood gun for charge compensation. The spectrometer is equipped 
with nitrogen pre-cooling chamber to prevent evaporation of volatile components in the 
sample such as water and elemental sulphur. The procedure involves the precooling the end of 
sample transfer rod at -170oC for 20 minutes and pumping of the introducing chamber to 
5x10-5 Pa. The sample was subsequently transferred and kept in the pre-cooled manipulator 
until base vacuum of 6x10-7 Pa was reached. The scale of the binding energy (BE) was 
referenced to C 1s line of aliphatic carbon contamination, set at 285.0 eV. Processing of the 
spectra was done with Kratos software. The S 2p spectra were fitted with symmetric peaks 
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using S 2p3/2-S 2p1/2 doublets. The measurement procedure and data acquisition was as 
described by Sandström et al., (2005).

3 RESULTS AND DISCUSSION

3.1 Hallimond tube flotation studies

All experiments are repeated three times and the mean of three data are recorded. The 
recovery of chalcopyrite as a function of pH ranging from 3 to 11.5 in both deionised and 
process water is shown in Fig. 1; the recovery decreases generally as pH is increased until pH 
10 when it begins to rise again. Chalcopyrite floatability is slightly reduced in process water 
compared to deionised water after pH 5, larger bubbles was seen during process water 
experiments but specific size of the bubbles were not measured.

Fig. 1. Recovery of chalcopyrite at different pH in deionised and process waters.

Ca2+ ions in deionised water decrease the flotation of chalcopyrite on the average and more 
evidently between 50 and 100 mg/l calcium concentration at pH 10.5 (Fig. 2). Similar 
recovery response was observed in the presence of different concentrations of SO4

2- ions at 
pH 10.5 as shown in Fig. 3. Generally less floatability is observed in process water. The 
reduction in recovery in the presence of calcium was due to formation of CaCO3 between 
calcium and carbon dioxide dissolved in the pulp on the surface of the mineral particles which
inhibits collector adsorption as seen under FTIR and XPS studies. In the presence of SO4

2-

ions, the strongly bonded SO4
2- ions on the mineral surfaces inhibit collector adsorption 

(Lefèvre and Fédoroff, 2006; Wu et al., 2002). Adsorption of sulfoxy species and other 
components that exist in process water including SO4

2-, SO3
2- (Houot and Duhamet, 1992),

dissolved iron (Kant et al., 1994; Peng et al., 2003b), copper (Fullston et al., 1999) and iron
hydroxyl species form hydrophilic layers on the surface of chalcopyrite; thus inhibits collector 
adsorption to some degree as confirmed under XPS studies.
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Fig. 2. Effect of calcium ions on chalcopyrite flotation in both deionised and process water at 
pH 10.5.

Fig. 3. Effect of sulphate ions on chalcopyrite flotation in both deionised and process water at 
pH 10.5.

3.2 Zeta-potential studies

The zeta-potential reduces gradually (becomes highly negative) as the pH increases in 
deionised water while the reduction is not very obvious in process water (Fig. 4). However it
is less negative in process water and in the presence of calcium ions than in deionised water.
Chalcopyrite surface is negatively charged in the entire pH 3 to 11.5 regions either in 
deionised or process water, and an extrapolation of these curves show an iso-electric point 
(iep) around pH 3. Similar iep for chalcopyrite at low pH 3.0 has been documented by several 
authors (Fullston et al., 1999; Healy and Moignard, 1976). The negative charge density is 
mostly constant between pH 4 and 10 with a lesser negative charge at higher calcium 
concentration. Above pH 10, all the curves in the presence of calcium proceeding towards 
positive charge and exhibiting a point of charge reversal (pcr) at around pH 11.5 in the 
presence of 1000 ppm calcium concentration.
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Fig. 4. Zeta-potential response of chalcopyrite at different pH in the presence of deionised
water, process water and deionised water containing 200, 500 and 1000 ppm calcium.

The zeta-potential of chalcopyrite at pH 10.5 increases with calcium ions concentrations (Fig. 
5) while approximately stable between 0 and 1000 mg/l sulphate ions but averagely rises and 
stabilises from 1200 to 1600 mg/l (Fig. 6).

Fig. 5. Zeta-potential of chalcopyrite at different calcium ions concentration and in the 
presence of fixed concentration of sulphate ions at pH 10.5.

Presence of 700 mg/l sulphate ions in calcium solution has no marked influence while 300 
mg/l calcium ions in sulphate solution sharply increase the zeta-potential indicating dominant 
effect of calcium ions. Similar trends of chalcopyrite zeta-potential was seen in the presence 
of different concentration of xanthate in solution (Fig. 7) as well as in the presence of the 
following sulphide mineral flotation reagents: ZnSO4 a depressant for zinc minerals (Cao and 
Liu, 2006), NaHSO3 a common depressant for pyrite (Grano et al., 1997; Khmeleva et al., 
2003; Shen et al., 2001) and Dextrin (C6H10O6) a polysaccharide commonly used as a non-
toxic depressant of pyrite (Bogusz et al., 1997; Bolin and Laskowski, 1991; Laskowski et al., 
1991; Liu et al., 1994; López et al., 2004). Generally all zeta-potentials measured in the 
presence of calcium ions are identical, and also identical to those measured in process water. 
The high zeta-potential in process water and in the presence of calcium ions than in deionised 
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water is due to the presence of positively charged metal ions in process water which adsorb on 
the surfaces of the mineral particles. This is an indication that adsorption of negatively 
charged collector on chalcopyrite particles may be enhanced (Fuerstenau and Pradip, 2005; 
Zhang et al., 1997). Negative surface charge arises due to the sulphide anions, copper and iron 
cations interacting with oxygen of hydroxyl species.

Fig. 6. Zeta-potential of chalcopyrite as a function of sulphate ion concentration and in the 
presence of fixed concentration of calcium ions at pH 10.5.

Fig. 7. Zeta-potential of chalcopyrite at different concentration of KAX in both deionised and 
process waters and in the presence calcium and sulphate ions.

The Ca2+ ions shifted (increased) the iep indicating it specifically adsorbs. The presence of 
calcium clearly showed an iep at about pH 3.5 and the positive charge below this pH is 
obviously due to the adsorption of Ca2+ ions on the surface. An increase in zeta-potential 
above pH 10 can be attributed to the presence of CaOH+ species and their adsorption on the 
surface (Fig. 4). Increasing xanthate concentration, the zeta-potentials became less negative in 
deionised water implying that the higher negative surface sulfoxyanions have been exchanged 
up on the adsorption of fewer negative xanthate species (Fig. 7).
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3.3 Diffuse reflectance FTIR studies

The samples treated in deionised and process water at acidic, pH 3, neutral, pH 7, and basic 
pH 10.5 (Fig. 8); shows spectral features bands depicting surface sulfoxyanions and oxy-
hydroxide species (1009 cm-1) indicating partial oxidation of mineral surface and the extent of 
surface oxidation is pH and water quality dependent; similar observation was earlier reported 
for galena (Ikumapayi et al. 2012). The spectra in process water, in particular at pH 10.5, 
illustrate two additional bands, a broad band at 1432 cm-1 and a sharp band at 877 cm-1,
representing C–O stretch and C–O out-of-plane bend respectively in carbonate structural unit 
(Persson, 1994; Smith, 1999; Socrates, 2001). In our elaborate work (Ikumapayi, 2010); the 
intensity of these bands was seen to increase with increasing calcium concentration in water.
The band frequencies related to sulfoxyanion species, mainly sulphate and/or sulphites are the 
same with increasing calcium concentration.

Fig. 8. DRIFT spectra of chalcopyrite conditioned at pH 3, 7 and 10.5 in deionised water (top)
and process (bottom) water.

The S–O stretching bands (1009 cm-1 and 1195 cm-1) in deionised water and in process water 
(1009 cm-1, 1088 cm-1, 1139 cm-1, 1158 cm-1 and 1186 cm-1) are also seen to increase with 
increasing sulphate concentration. The intensity of C-O bands was seen to increase with 
increasing calcium concentration in water hence they represent calcium carbonate 
precipitation on chalcopyrite surface or in bulk solution as seen in XPS Table 2. Since the 
solubility of calcium sulphate is much higher than calcium carbonate, the formation of 
calcium carbonate coating on the surface is understandable. Many peaks in process water 
compared to deionised water Fig. 8 could be due to the presence of several reduced 
sulfoxyanions in process water and their adsorption. A strong adsorption of these anionic 
species on surface metal cations may largely inhibit anionic collector adsorption as indicated 
by XPS in Table 2.
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The spectra of chalcopyrite treated with xanthate in deionised and process waters and in the 
presence of calcium and sulphate ions after subtracting the pure mineral spectrum conditioned 
in respective waters at the same experimental pH 10.5 without xanthate are shown in Fig. 9.
The xanthate concentration of 5x10-4 M used in deionised water show prominent bands 
associated with adsorbed xanthate species at 1225 cm-1 and 1148 cm-1. An additional band 
1022 cm-1 was also observed with the use of 5x10-5 M xanthate. The higher intensity band 
1148 cm-1 can be assigned to C–O–C vibrations and the bands at 1225 cm-1 and 1022 cm-1 are 
due to S–C–S and C–O–C stretching vibrations (Leppinen, et al. 1989; Leppinen 1990;
Persson 1994; Mielczarski, et al. 1998; de Donato, et al. 1999). The observed bands 1148 cm-1

and 1225 cm-1 are also characteristic of copper xanthate and dixanthogen respectively.

Fig. 9. Difference DRIFT spectra of chalcopyrite treated with 5x10-4M, 5x10-5M xanthate and 
300 ppm calcium and 700 ppm sulphate ions in the presence of 5x10-5M xanthate after 
substracting the mineral spectrum treated in deionised water (left) and similar spectrum in 
process water (right) at pH 10.5.

The bands at 1148 cm-1 and 1022 cm-1 diminished in the presence of calcium while a broad 
and a sharp band associated with surface carbonate species emerges at around 1440 cm-1 and 
874 cm-1 respectively indicating reduced adsorption of xanthate due to the formation of 
surface carbonate. In process water, the S–O stretching band 1050 cm-1 dominates over 
xanthate species bands, except at higher xanthate concentration 5x10-4 M, having weak 
intensity bands compared to deionised water inferring lower adsorption of xanthate. In 
addition the presence of both calcium or sulphate ions and xanthate show a negative carbonate 
band at 874 cm-1 and 1440 cm-1 indicating that the surface carbonate layer is more 
concentrated when treated in process water than in the presence of xanthate. This could be 
due to ion-exchange between carbonate anions and xanthate or surface metal ion 
carbonation/calcium carbonate precipitation is impeded in the presence of xanthate.

3.4 X-ray photoelectron spectroscopy (XPS) studies

The requisite size fractions of pure chalcopyrite sample used in XPS measurement were taken 
from the remaining samples used in FTIR measurements. The binding energies at which the 
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spectra of chalcopyrite surface components were recorded in this study corroborate the 
common binding energies found in databases and in previous works (Acres et al., 2010; 
Laajalehto et al., 1999; Sandström et al., 2005). The XPS results are summarized in Table 2.
The XPS results of chalcopyrite treated in deionised water show that the surface contains 
more of oxide species (Cu-O; Cu-OH) and lower Cu-S compared to the sample conditioned in 
process water. In process water, the surface contains in addition CO3

2- and Ca species, and 
relatively lower Cu-O species (Mielczarski et al., 1996a; Mielczarski et al., 1996b). The 
marginally lower recoveries of chalcopyrite in process water than in deionised water in 
Hallimond flotation is difficult to correlate directly with the surface species. However it is 
presumed to be the adsorption of sulfoxy species present in process water. The results also 
show the presence of calcium, carbonate and sulphate species in process water indicating 
calcium carbonate and/or calcium sulphate precipitate layers on the surface.

Adsorption of xanthate species in deionised water is high while xanthate adsorption is
relatively less in process water in addition to significant amount of Ca and CO3

2- species. 
Thus the surface calcium carbonate in process water is inhibiting the xanthate adsorption. In 
process water, a significant reduction of carbonate species bands seen in FTIR (Fig. 9) is also 
observed in XPS results with a decrease in carbonate species when chalcopyrite is treated 
with xanthate in the presence of calcium and sulphate independently.

In Fig. 10 the C 1s level of chalcopyrite treated in deionised and process water shows peaks 
signifying three different carbon atoms on the chalcopyrite surface treated in deionised water 
and four in the one treated in process water. The peaks are observed at BEs 285, 286.7, 288.7 
eV in both waters and one more at 290 eV in process water. The atoms have been identified as 
originated from hydrocarbon contaminants on the sulphide surface (Pillai et al., 1983). The 
peaks at BEs 285 are symmetric (with full width at half maximum, FWHM = 1.3 eV) with 
high intensity in deionised water and (FWHM = 1.4 eV) and low intensity in process water.
The peaks at 286.7 eV are also symmetric with higher intensity in deionised water than in 
process water (FWHM = 1.65 and 1.85 eV respectively) while the ones at 288.7 eV are 
narrow (FWHM = 1.35 and 1.2 eV respectively) with equivalent intensity in both waters. The 
most intense C 1s peak observed on all samples is at 285 eV and it can be associated with C-
(C,H) species. The peak at 286.7 eV can be associated with C-O, 288.7 eV with COOH 
species, while the peak at 290 eV is associated with carbonate species (CO3

2-) suggesting the 
presence of CuCO3 and/or CaCO3 on the sample treated in process water (Mielczarski et al., 
1996a).

It has long been established that the peaks 285, 286.7 and 288.7 eV are due to hydrocarbon 
contamination and substantial adsorption of xanthate or a component derived from xanthate in 
oxidative environment on sulphide mineral with the intensity of 286.7 eV peaks increasing 
while that of 285 and 288.7 eV decreases in the presence of xanthate (Pillai et al., 1983). We 
therefore suggest that the observed low intensity of 285 and 288.7 eV peaks and high 286.7 
eV peak in deionised water and vice-versa in process water in Fig. 11 was due to a better 
adsorption of xanthate on samples treated in deionised water and lower adsorption of xanthate 
on samples treated in process water.
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Fig. 10. C 1s XPS spectra of chalcopyrite treated in deionised water (top) and process water 
(bottom) at pH 10.5.
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Fig. 11. C 1s XPS spectra of chalcopyrite treated in solution containing 5x10-5M KAX in 
deionised water (top) and process water (bottom) at pH 10.5.

The S 2p lines can be fitted by three doublets with the position of the S 2p3/2 splitting peaks at 
about 161.3, 162.1, 164.3 and 169 eV (FWHM 0.65, 1.1, 1.65 and 1.15 eV in deionised water, 
0.75, 0.9, 1.4 and 1.15 eV in process water). S 2p1/2 peaks at about 163.3 and 170 eV (Fig. 
12). The peaks around 161.3 and 163.3 eV are characteristic of the chalcopyrite sample and 
162.1 eV was due to the presence of sulphur in xanthate (Mielczarski et al., 1996a; 
Mielczarski et al., 1996b) while 169 eV was suggested to indicate presence of surface sulfoxy 
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specie such as SO4
2- due to oxidation of surface sulphur as well as presence of SO4

2- in 
solution (Pillai et al., 1983).

0

200

400

600

800

160165170
In

te
ns

ity
 (c

ps
)

Binding Energy (eV)

0

200

400

600

800

160165170

In
te

ns
ity

 (c
ps

)

Binding Energy (eV)

Fig. 12. S 2p XPS spectra of chalcopyrite treated in solution containing 5x10-5M KAX in 
deionised water (top) and process water (bottom) at pH 10.5.

Peaks at 164.3 and 170 eV could not be assigned from literature studies but we suggest that 
they indicate sulphur in xanthate and sulfoxy species respectively. The high intensity of the 
xanthate peaks of samples treated in deionised water compared to process water therefore 
suggests lower adsorption of xanthate on chalcopyrite in process water.

4 CONCLUSIONS

Calcium and sulphate ions marginally decreased the Hallimond flotation recovery of 
chalcopyrite both in deionised water and process water. The depressing effect is evident at 
lower concentrations of about 50 mg/l of calcium and 100 mg/l of sulphate, above which 
concentration the flotation recoveries are either increase marginally or the same.

Chalcopyrite is negatively charged in the entire pH region in deionised water, where the 
magnitude of negative charge is significantly higher than in process water, illustrating the 
adsorption of metal ions that exist in process water. Significant effect of calcium ions but not 
sulphate ions is observed on the zeta-potentials of chalcopyrite.

DRIFT spectra of chalcopyrite pure sample showed that the surface is partially oxidised,
depicting surface sulfoxy and carbonate species bands. Similar observation is also noticed 
from XPS spectra. Process water, sulphate and calcium ions suppressed xanthate adsorption 
where xanthate species bands intensities were lower. On addition of calcium and sulphate to 
process water in the presence of xanthate the surface carbonate species bands are seen to 
disappear.
The findings so far indicates detrimental effect of process water reuse for chalcopyrite 
flotation, however additional studies that could clarify other physicochemical behaviour of the 
mineral under flotation conditions are inevitable.



14

ACKNOWLEDGEMENTS

The financial support from the Swedish VINNOVA foundation and, Boliden and Lundin 
Mining mineral companies for the research project on “Recycling of process water and 
influence of its chemistry on sulphide flotation and flotation selectivity” is gratefully 
acknowledged. Prof. K.H Rao would like to acknowledge the support from the “Centre for 
Advanced Mining and Metallurgy (CAMM)”, Luleå University of Technology, Sweden.

REFERENCES

Acres, R.G., Harmer, S.L. and Beattie, D.A., 2010. Synchrotron XPS studies of solution 
exposed chalcopyrite, bornite, and heterogeneous chalcopyrite with bornite. 
International Journal of Mineral Processing, 94(1-2): 43-51.

Bogusz, E., Brienne, S.R., Butler, I., Rao, S.R. and Finch, J.A., 1997. Metal ions and dextrin 
adsorption on pyrite. Minerals Engineering, 10(4): 441-445.

Bolin, N.J. and Laskowski, J.S., 1991. Polysaccharides in flotation of sulphides. Part II. 
Copper/lead separation with dextrin and sodium hydroxide. International Journal of 
Mineral Processing, 33(1-4): 235-241.

Cao, M. and Liu, Q., 2006. Reexamining the functions of zinc sulfate as a selective depressant 
in differential sulfide flotation--The role of coagulation. Journal of Colloid and 
Interface Science, 301(2): 523-531.

Cases, J.M. and De Donato, P., 1991. FTIR analysis of sulphide mineral surfaces before and 
after collection: galena. International Journal of Mineral Processing, 33(1-4): 49-65.

Chen, J.-m., Liu, R.-q., Sun, W. and Qiu, G.-z., 2009. Effect of mineral processing 
wastewater on flotation of sulfide minerals [J]. Transactions of Nonferrous Metals 
Society of China, 19(2): 454-457.

Das, K.K., Pradip and Natarajan, K.A., 1997. The Effect of Constituent Metal Ions on the 
Electrokinetics of Chalcopyrite. Journal of Colloid and Interface Science, 196(1): 1-
11.

de Donato, P. et al., 1999. Chemical surface modifications of sulphide minerals after 
comminution. Powder Technology, 105(1-3): 141-148.

Eric Forssberg, K.S., Subrahmanyam, T.V. and Nilsson, L.K., 1993. Influence of grinding 
method on complex sulphide ore flotation: a pilot plant study. International Journal of 
Mineral Processing, 38(3-4): 157-175.

Finkelstein, N.P., 1997. The activation of sulphide minerals for flotation: a review. 
International Journal of Mineral Processing, 52(2-3): 81-120.

Forssberg, E., Sundberg, S. and Hongxin, Z., 1988. Influence of different grinding methods 
on floatability. International Journal of Mineral Processing, 22(1-4): 183-192.

Fuerstenau, D.W. and Pradip, 2005. Zeta potentials in the flotation of oxide and silicate 
minerals. Advances in Colloid and Interface Science, 114-115: 9-26.

Fullston, D., Fornasiero, D. and Ralston, J., 1999. Zeta potential study of the oxidation of 
copper sulfide minerals. Colloids and Surfaces A: Physicochemical and Engineering 
Aspects, 146(1-3): 113-121.

Grano, S., 2009. The critical importance of the grinding environment on fine particle recovery 
in flotation. Minerals Engineering, 22(4): 386-394.

Grano, S.R., Cnossen, H., Skinner, W., Prestidge, C.A. and Ralston, J., 1997. Surface 
modifications in the chalcopyrite-sulphite ion system, II. Dithiophosphate collector 
adsorption study. International Journal of Mineral Processing, 50(1-2): 27-45.



15

Guy, P.J. and Trahar, W.J., 1984. The influence of grinding and flotation environments on the 
laboratory batch flotation of galena. International Journal of Mineral Processing, 12(1-
3): 15-38.

Göktepe, F. and Williams, K.P., 1995. Electrochemical effects in flotation of a Turkish 
complex sulphide ore. Minerals Engineering, 8(9): 1035-1048.

Healy, T.W. and Moignard, M.S. (Editors), 1976. A review of electrokinetic studies of metal 
sulphides. In:M.C Fuerstenau, Ed. Flotation, 1. SME-AIME, New York, 275-297 pp.

Houot, R. and Duhamet, D., 1992. The use of sodium sulphite to improve the flotation 
selectivity between chalcopyrite and galena in a complex sulphide ore. Minerals 
Engineering, 5(3-5): 343-355.

Ikumapayi, F.K., 2010. Flotation chemistry of complex sulphide ores:Recycling of process 
water and flotation selectivity. Licentiate thesis. Lulea University of Technology. 
http://pure.ltu.se/portal/files/5204978/Fatai_Kolawole_Ikumapayi_Lic2010.pdf

Ikumapayi, F., Makitalo, M., Johansson, B., Hanumantha Rao, K., 2012. Recycling of process 
water in sulphide flotation: Effect of calcium and sulphate ions on flotation of galena, 
Minerals Engineering, 39 (77-88)

Jia Y and Demopoulos, G.P., 2005. Adsorption of arsenate onto ferrihydrite from aqueous 
solution: influence of media (sulfate vs nitrate), added gypsum, and pH alteration.
Environmenta Science Technology, 39 (24): 9523-7.

Kant, C., Rao, S.R. and Finch, J.A., 1994. Distribution of surface metal ions among the 
products of chalcopyrite flotation. Minerals Engineering, 7(7): 905-916.

Khmeleva, T.N., Beattie, D.A., Georgiev, T.V. and Skinner, W.M., 2003. Surface study of the 
effect of sulphite ions on copper-activated pyrite pre-treated with xanthate. Minerals 
Engineering, 16(7): 601-608.

Kirjavainen, V., Schreithofer, N. and Heiskanen, K., 2002a. Effect of calcium and thiosulfate 
ions on flotation selectivity of nickel-copper ores [J]. Minerals Engineering, 15(1-2): 
1-5.

Kirjavainen, V., Schreithofer, N. and Heiskanen, K., 2002b. Effect of some process variables 
on flotability of sulfide nickel ores. International Journal of Mineral Processing, 65(2): 
59-72.

Laajalehto, K., Leppinen, J., Kartio, I. and Laiho, T., 1999. XPS and FTIR study of the 
influence of electrode potential on activation of pyrite by copper or lead. Colloids and 
Surfaces A: Physicochemical and Engineering Aspects, 154(1-2): 193-199.

Laskowski, J.S., Liu, Q. and Bolin, N.J., 1991. Polysaccharides in flotation of sulphides. Part 
I. Adsorption of polysaccharides onto mineral surfaces. International Journal of 
Mineral Processing, 33(1-4): 223-234.

Lefèvre, G. and Fédoroff, M., 2006. Sorption of sulfate ions onto hematite studied by 
attenuated total reflection-infrared spectroscopy: Kinetics and competition with other 
ions. Physics and Chemistry of the Earth, Parts A/B/C, 31(10-14): 499-504.

Leppinen, J.O., 1990. FTIR and flotation investigation of the adsorption of ethyl xanthate on 
activated and non-activated sulfide minerals. International Journal of Mineral 
Processing, 30(3-4): 245-263.

Leppinen, J.O., Basilio, C.I. and Yoon, R.H., 1989. In-situ FTIR study of ethyl xanthate 
adsorption on sulfide minerals under conditions of controlled potential. International 
Journal of Mineral Processing, 26(3-4): 259-274.

Liu, Q., Laskowski, J.S., Li, Y. and Wang, D., 1994. Synergistic effect of mineral surface 
constituents in dextrin adsorption. International Journal of Mineral Processing, 42(3-
4): 251-266.

Liu, Q. and Zhang, Y., 2000. Effect of calcium ions and citric acid on the flotation separation 
of chalcopyrite from galena using dextrin. Minerals Engineering, 13(13): 1405-1416.



16

López, V A., Celedón,, C T., Song, S., Robledo C. A. and Laskowski, J.S., 2004. Dextrin as a 
non-toxic depressant for pyrite in flotation with xanthates as collector. Minerals 
Engineering, 17(9-10): 1001-1006.

Martin, C.J., McIvor, R.E., Finch, J.A. and Rao, S.R., 1991. Review of the effect of grinding 
media on flotation of sulphide minerals. Minerals Engineering, 4(2): 121-132.

Mielczarski, J.A., Cases, J.M., Alnot, M. and Ehrhardt, J.J., 1996a. XPS Characterization of 
Chalcopyrite, Tetrahedrite, and Tennantite Surface Products after Different 
Conditioning. 1. Aqueous Solution at pH 10. Langmuir, 12(10): 2519-2530.

Mielczarski, J.A., Cases, J.M., Alnot, M. and Ehrhardt, J.J., 1996b. XPS Characterization of 
Chalcopyrite, Tetrahedrite, and Tennantite Surface Products after Different 
Conditioning. 2. Amyl Xanthate Solution at pH 10. Langmuir, 12(10): 2531-2543.

Mielczarski, J.A., Mielczarski, E. and Cases, J.M., 1998. Influence of chain length on 
adsorption of xanthates on chalcopyrite. International Journal of Mineral Processing, 
52(4): 215-231.

Ostergren, J.D., Brown, G.E., Parks, G.A. and Persson, P., 2000. Inorganic Ligand Effects on 
Pb(II) Sorption to Goethite ([alpha]-FeOOH): II. Sulfate. Journal of Colloid and 
Interface Science, 225(2): 483-493.

Peng, Y., Grano, S., 2010. Effect of iron contamination from grinding media on the flotation 
of sulphide minerals of different particle size. International Journal of Mineral 
Processing 97 (1-4), 1-6.

Peng, Y., Grano, S., Fornasiero, D. and Ralston, J., 2003a. Control of grinding conditions in 
the flotation of chalcopyrite and its separation from pyrite. International Journal of 
Mineral Processing, 69(1-4): 87-100.

Peng, Y., Grano, S., Fornasiero, D. and Ralston, J., 2003b. Control of grinding conditions in 
the flotation of galena and its separation from pyrite. International Journal of Mineral 
Processing, 70(1-4): 67-82.

Persson, I., 1994. Review adsorption of ions and molecules to solid surfaces in connection 
with flotation of sulphide minerals. Journal of Coordination Chemistry, 32: 261-342.

Pillai, K.C., Young, V.Y. and Bockris, J.O.M., 1983. XPS studies of xanthate adsorption on 
galena surfaces. Applications of Surface Science, 16(3-4): 322-344.

Sandström, A., Shchukarev, A. and Paul, J., 2005. XPS characterisation of chalcopyrite 
chemically and bio-leached at high and low redox potential. Minerals Engineering, 
18(5): 505-515.

Shen, W.Z., Fornasiero, D. and Ralston, J., 2001. Flotation of sphalerite and pyrite in the 
presence of sodium sulfite. International Journal of Mineral Processing, 63(1): 17-28.

Smith, B., 1999. Infrared special interpretation-A systematic Approach. CRC Press, New 
York, 67-163 pp.

Socrates, G., 2001. Infrared and Raman Characteristic Group Frequencies-Table and Charts. 
John Wiley & sons, Ltd, Chichester, 68-227 pp.

Subrahmanyam, T.V. and Forssberg, K.S.E., 1993. Mineral solution-interface chemistry in 
minerals engineering. Minerals Engineering, 6(5): 439-454.

Swedlund, P.J. and Webster, J.G., 2001. Cu and Zn ternary surface complex formation with 
SO4 on ferrihydrite and schwertmannite. Applied Geochemistry, 16(5): 503-511.

Wu, C.-H., Kuo, C.-Y., Lin, C.-F. and Lo, S.-L., 2002. Modeling competitive adsorption of 
molybdate, sulfate, selenate, and selenite using a Freundlich-type multi-component 
isotherm. Chemosphere, 47(3): 283-292.

Zhang, Q., Xu, Z., Bozkurt, V and Finch, J.A., 1997. Pyrite flotation in the presence of metal 
ions and sphalerite. International Journal of Mineral Processing, 52(2-3): 187-201.







Recycling of process water in sulphide flotation: Effect of calcium and sulphate
ions on flotation of galena

Fatai Ikumapayi a, Maria Makitalo b, Bjorn Johansson c, Kota Hanumantha Rao a,⇑
aMineral Processing Group, Division of Sustainable Process Engineering, Department of Civil, Environmental and Natural Resources Engineering,
Luleå University of Technology, SE-971 87 Luleå, Sweden
bDivision of Geosciences and Environmental Engineering, Department of Civil, Environmental and Natural Resources Engineering, Luleå University of Technology,
SE-971 87 Luleå, Sweden
cDepartment of Process Technology, Boliden Mineral AB, SE-936 81 Boliden, Sweden

a r t i c l e i n f o

Article history:
Received 5 December 2011
Accepted 29 July 2012

Keywords:
Galena
Flotation
Zeta-potential
FTIR
XPS

a b s t r a c t

The effects of major components of calcium and sulphate species present in recycled process water on
galena flotation has been investigated through Hallimond flotation, zeta-potential, diffuse reflectance
FTIR spectroscopy and XPS measurements using pure galena mineral. The significance of process water
species in flotation has been understood using deionised water, process water and simulated tap water
containing equivalent calcium and sulphate ions concentration as in process water.
Hallimond flotation indicated marginally lower recoveries of galena in the presence of calcium and sul-

phate ions using potassium amyl xanthate as collector. Zeta-potential shows the adsorption of calcium
ions whereby the potential are seen to increase while sulphate ions have no significant effect. FTIR and
XPS studies revealed surface calcium carbonate and/or calcium sulphate species in process water which
affected xanthate adsorption. Presence of surface oxidised species such as sulfoxy, hydroxyl species on
galena at pH 10.5 in deionised and process water was also revealed.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Prevailing campaign for a cleaner and safer environment with
clean surface water and ground water has lead to increased recy-
cling of process water within the production cycle of sulphide min-
eral flotation. Since the chemistry of process water is entirely
different from fresh water; there is a concern about the possible
effects of components contained in them on the efficiency of the
flotation process (Rao and Finch, 1989). The usual procedure in
the flotation stage of complex sulphide ore is floating Cu and Pb
minerals in the first stage while Zn mineral is floated in the second
stage (Liu and Zhang, 2000; Woodcock et al., 2007). Pb mineral flo-
tation is usually affected by a number of factors which includes
components and species present in the pulp (Chen et al., 2009;
Das et al., 1997; Grano et al., 1990; Göktepe and Williams, 1995;
Houot and Duhamet, 1992; Peng and Grano, in press; Rao and
Finch, 1989), grinding method (Eric Forssberg et al., 1993) electro-
chemical effects, and control of the grinding environment espe-
cially the metal oxidation species produced on galena and
oxidation–reduction state which in turn influence the potential
range of subsequent flotation (Chander, 2003; Forssberg et al.,
1988; Guy and Trahar, 1984; Martin et al., 1991; Peng et al.,

2003a,b; Ralston, 1991). Calcium and sulphate ions are two very
common components in the process water from flotation of sul-
phide minerals. The origins of calcium and sulphate species in pro-
cess water are the ore and flotation reagents such as lime for
maintaining pH and NaHSO3 for controlling the surface properties
(Broman, 1980). Previous studies dealt with the effect of calcium
and sulphate ions on environmentally important organic and inor-
ganic anions and metal cations on wide band-gap metal hydrox-
ides and the results were interpreted as either competitive
(Lefèvre and Fédoroff, 2006; Wu et al., 2002) promotive (Jia and
Demopoulos, 2005; Ostergren et al., 2000; Swedlund and Webster,
2001) or indifferent (Lefèvre and Fédoroff, 2006) adsorption
depending on the speciation of the adsorbed anion and the forma-
tion of calcium bearing surface co-precipitates. However little is
generally known about the effects of concentrated sulphate and
calcium solutions on adsorption-reaction of collectors on sulphides
in terms of formation of dixanthogen, flotation recovery and grade.

Previous work has shown that calcium ions promote flotation of
galena (Liu and Zhang, 2000) or depress galena flotation (Cullinan
et al., 1999; Vincent, 1999). In this study the influence of process
water components; Ca2+ and SO2�

4 ions independently and com-
bined were investigated on surface physico-chemical characteris-
tics of galena and its flotation in order to assess the practicability
of recycling process water in flotation practice.
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2. Experimental

2.1. Materials and reagents

The pure galena mineral used in this study was procured from
Gregory, Bottley & Lloyd Ltd., United Kingdom and it contains
73.69% Pb, 13.5% S, 1.38% Fe, 1.26% Zn, 0.2% Cu and some silica
(quartz) impurity. The XRD analysis of the sample (Fig. 1) shows
that the main mineral phase present is the galena. The high and
some low peaks correspond to galena as the dominant mineral
and some low peaks correspond to traces of quartz and sphalerite
minerals as impurity in the sample. The sample was crushed,
ground, classified into different size fractions and stored in sealed
polythene bags in order to minimise oxidation. A size fraction of
�150 + 38 lm was used in the Hallimond single mineral flotation
tests and �5 lm size fraction was used in zeta-potential measure-
ment, FTIR and XPS studies.

Potassium amyl xanthate (KAX) was used as collector, Dowfroth
250 (polypropylene oxide methanol) was used as frother. HCl and
NaOH solutions were used as pH regulators, K2SO4 and CaCl2 as
sources of SO2�

4 and Ca2+ ions respectively. Process water contain-
ing 186 mg/l Ca2+ and 153 mg/l SO2�

4 ions concentrations were col-
lected from Boliden company concentrator during Kristineberg
ores concentration by flotation; the water was the liquid separated
from zinc rougher flotation concentrate (the flotation was pre-
ceded by copper and lead rougher flotation). An analysis of Boliden
process water for chemical species showed that calcium, sulphate
and iron are the major species (Table 1). The concentration of iron,
zinc and aluminium could also be a concern which should be con-
sidered in future studies.

2.2. Hallimond flotation tests

The Hallimond flotation tests were conducted with 1 g of min-
eral sample conditioned in a 100 ml standard volumetric flask and
subsequently transferred into a 100 ml Hallimond tube flotation
cell. This was followed by flotation under magnetic stirring. The se-
quence of reagent additions was as follows: pH regulators, species
in water, collector, and frother. Conditioning time for species in
water, collector and frother were 10 min, 5 min and 1 min respec-
tively. Air was supplied at the rate of 200 cm3/min and the flotation
time was 1 min. A collector concentration of 20 mg/l and a frother
dosage of 50 lg/l were used. All tests were carried out at pH �10.5

in room temperature of approximately 22.5 �C unless otherwise
specified.

2.3. Zeta-potential measurements

Zeta potential measurements were carried out with the aid of
ZetaCompact instrument equipped with a charge-couple device
(CCD) video camera and Zeta4 software. The software allows the
direct reading of zeta-potential calculated from the electrophoretic
mobilites using Smoluchowski equation. The result is a particle dis-
tribution histogram, from which the mean mobility is recalculated
to zeta-potential value. In eachmeasurement; 10 mg of�5 lmfrac-
tion of the sample at a concentration of 10 mg/100 ml of solution
wasused. The ionic strengthwasmaintainedwithKNO3 at a concen-
tration of 0.01 M and the pH was adjusted with solutions of HNO3

and KOH accordingly. The required concentration of each solution
was usually prepared followed by addition of the mineral sample,
conditioning for 10 min and addition of other required reagent and
species and subsequent conditioning. The pHof the suspension after
all conditioning prior to zeta-potential measurement is always
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Fig. 1. XRD analysis of the galena sample (1), galena (2), and sphalerite (3) quartz.

Table 1
Chemical species and their concentration range in Boliden process water (source;
Boliden company internal report 2008).

Concentration range of chemical species in process water

Species Concentrations

From To Unit

Sulphate SO4 200 1500 mg/l
Calcium Ca 100 500 mg/l
Iron Fe 0.1 1300 mg/l
COD (Cr) <30 130 mg/l
Nitrogen N 0.1 10 mg/l
Phosphorus P <0.050 0.7 mg/l
Magnesium Mg 4.3 53 mg/l
Manganese Mn 4.4 8000 lg/l
Zinc Zn 12 3900 lg/l
Aluminium Al 59 59,000 lg/l
Cadmium Cd 0.12 5.2 lg/l
Cobolt Co 4 540 lg/l
Copper Cu 2.7 20,000 lg/l
Mercury Hg <0.1 <0.13 lg/l
Conductivity at 25 �C 96 160 ms/m
pH 11 11.5
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regarded as the pH of themeasurement. All themeasurementswere
carried out at the flotation pH 10.5 unless otherwise specified.

2.4. FTIR (DRIFT) spectroscopy measurements

The instrument used was Bruker FTIR spectrometer model IFS
66v/s. The samples were prepared similarly as in the zeta-potential
measurement and the pulp was subsequently filtered and left to
dry on the filter paper at room temperature. The pH of the suspen-
sion after all conditioning prior to filtration is always regarded as
the pH of the measurement. Diffuse reflectance infrared Fourier
transform (DRIFT) method was used in the measurement with
2.8 wt.% concentration of the sample in potassium bromide (KBr)
matrix. Each spectrum was recorded after 256 scans.

2.5. XPS measurements

The samples subjected to XPS measurement were prepared the
same way as the FTIR samples and were used as dry sample during
the analysis. The measurement was carried out with the aid of a
Kratos Axis Ultra electron spectrometer using mono Al Ka operated
at 150 W X-ray source and a low-energy electron flood gun for
charge compensation. The spectrometer is equipped with nitrogen
pre-cooling chamber to prevent evaporation of volatile compo-
nents in the sample such as water and elemental sulphur. The pro-
cedure involves the precooling the end of sample transfer rod at
�170 �C for 20 min and pumping of the introducing chamber to
5 � 10�5 Pa. The sample was subsequently transferred and kept
in the precooled manipulator until base vacuum of 6 � 10�7 Pa
was reached. The scale of the binding energy (BE) was referenced
to C1s line of aliphatic carbon contamination, set at 285.0 eV. Pro-
cessing of the spectra was done with Kratos software. The S2p
spectra were fitted with symmetric peaks using S2p3/2–S2p1/2 dou-
blets. The measurement procedure and data acquisition was as de-
scribed by Sandström et al. (2005).

3. Results and discussion

3.1. Hallimond flotation studies

The data presented are average of three results. The recovery of
galena decreases from pH 3 to pH 6 and above which it rises
(Fig. 2). Recovery minimum lies at pH 6 and between pH 7 and 9,
it is the same around 50%. The recovery of galena in process water

is generally lower than in deionised water. The bubble sizes looks
bigger by visual observation during flotation experiments with
process water compared to deionised water, however no attempt
was made to specifically measure the bubble sizes.

There is no significant effect of Ca2+ ions in deionised water;
however there is a slight increase in recovery in process water
on addition of 50 mg/l to 400 mg/l and decrease again at a high le-
vel of 500 mg/l (Fig. 3). Presence of SO2�

4 ions in deionised water
decrease the floatability of galena on the average. The mineral is
generally less floated in process water than in deionised water.

The lower recovery in process water could be due to the pres-
ence of a number of species including SO2�

4 , SO2�
3 in addition to

the depressive effect of combination of calcium and sulphite spe-
cies (Ca2+–SO2�

3 ) (Houot and Duhamet, 1992), dissolved iron (Kant
et al., 1994; Peng et al., 2003b) in the process water which could
form hydrophilic layers of iron oxy-hydroxide species on the sur-
face of the mineral, these species can play a major role in the
depression of galena flotation. It is also an indication that high con-
centration of SO2�

4 ions may have some depressing effect on galena
by competing with collector molecules adsorption on the mineral
surface (Lefèvre and Fédoroff, 2006; Wu et al., 2002), the strongly
bonded SO2�

4 ions on the mineral surfaces inhibits collector adsorp-
tion. The low surface area of the mineral particle may also give rise
to low surface coverage of hydrophobic species, thereby leading to
low floatability of the mineral.

3.2. Zeta-potential studies

Galena is negatively charged in the pH range studied both in
deionised water and process water and an extrapolation of these
curves indicates that the iso-electric point (iep) lies at about pH
2 (Fig. 4). This is in agreement with the reported iep values of ga-
lena ranging from pH 2 to 4 (Healy and Moignard, 1976), depend-
ing on its conditioning time in water and whether the surface is
clean or composed of oxidised sulfoxy anions. In general the mag-
nitude of negative zeta-potential is lesser in process water than in
deionised water. It reduces gradually (becomes highly negative) as
the pH increases in deionised water while the reduction is not very
obvious in process water until above pH 8. In addition the zeta-
potential becomes less negative at all pH values with increasing
calcium concentration in deionised water.

The zeta-potential increases (becomes less negative) with in-
crease in calcium ions concentration due to their adsorption (Moig-
nard et al., 1977) and the presence of sulphate ions is seen to
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decrease the effect of calcium ions (Fig. 5). Calcium ions forming
complex with sulphate ions either in bulk or on surface could be
the reason for the decreased effect. Since the sulphate ions adsorp-
tion should make the zeta-potential more negative, the increase
positivity in Fig. 6 is indicating that it is not significantly adsorbing
on the mineral. This increase could be due to the increase in ionic
strength. The dominance effect of calcium ions over sulphate ions
in solution can also be clearly seen as the presence of 300 mg/l cal-
cium ions makes the zeta-potential very less negative in the pres-
ence of 0 through 1600 mg/l sulphate ions.

High zeta-potential in the presence of calcium ions and in pro-
cess water as well as low zeta-potential in the presence of sulphate

ions are still clearly visible at different concentration of KAX
(Fig. 7). Generally all the zeta-potentials measured in the presence
of calcium ions seem to be identical, and are also identical to all
zeta-potentials measured in process water.

The increase in the zeta-potential in process water compared to
in deionised water is due to the adsorption of metal cations that
exist in process water. Calcium ions exist as Ca2+ ions up to pH
11 and their adsorption similarly decreases the magnitude of neg-
ative charge which is seen in the results of Figs. 4 and 5. It could be
thought that this is an indication of enhanced adsorption of nega-
tively charged collector on galena particles (Fuerstenau and Pradip,
2005; Vergouw et al., 1998; Zhang et al., 1997), however this is
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-20

-10

0
0 2 4 6 8 10 12

ζ 
m

V

pH

-40

-30

Deionised water Process water 200ppm Ca 500ppm Ca 1000ppm Ca

Fig. 4. Zeta-potential response of galena at different pH in the presence of tap water, process water and tap water containing 200, 300 and 1000 ppm Ca.

80 F. Ikumapayi et al. /Minerals Engineering 39 (2012) 77–88



unlikely since xanthate does not seem to lower the zeta-potential
in the presence of calcium in Fig. 7. The usual pH of galena flotation
in practice is 10.5 and at this pH the hydrolysis of calcium ions also
forms calcium hydroxyl species (CaOH+) and these species are
established to be more susceptible to adsorption in oxide and

silicate minerals (Miller et al., 2007) which is thought to be possi-
ble also for sulphide minerals. Overall, the effect of calcium ions is
significantly higher than the sulphate ions. In order to deconvolute
the mechanism of calcium xanthate adsorption effects on galena
flotation more study is required that addresses grinding condition,
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hydrophobicity, fine particle flotation, particle coagulation, bubble
size, froth stability and adsorption.

3.3. Diffuse reflectance FTIR spectroscopy studies

Infrared spectra of galena conditioned at pH 3, 7 and 10.5 in
deionised and processed water show that the surface is partially
oxidised and the extent of surface oxidation is pH and process
water quality dependent (Fig. 8). The sulphate and carbonate
bands intensities are low at pH 3, increased at pH 7 and pH 10.5
in deionised water whereas in process water only at pH 10.5, high
intensity lead carbonate bands (680, 838, 1425 cm�1) and calcium
carbonate band (875 cm�1) are observed besides lead sulphate
bands (1050, 1159 cm�1) (Cases and De Donato, 1991; De Donato
et al., 1990; Leppinen, 1990).

The difference spectra (spectra after subtracting the mineral
treated at pH 10.5 spectrum from the xanthate treated spectra)
of galena after treatment in 5 � 10�4 M, 5 � 10�5 M xanthate con-
centration and in the presence of calcium and sulphate in deion-
ised and process water at pH 10.5 are shown in Fig. 9. The
xanthate spectra in deionised water showed three bands associ-
ated with adsorbed xanthate components at 1035, 1135 and
1193 cm�1.

The band at 1193 cm�1 is related to the C–O–C and S–C–S asym-
metric stretching vibration band, the 1035 cm�1 is associated with
the asymmetric stretching vibration of the S–C–S molecule groups
while 1135 cm�1 is related to stretching vibration of the C–O–C
groups. These bands are considered monocoordinated and multi-
layer forms of surface precipitated lead xanthate (stoichiometric
or not) (Cases and De Donato, 1991). The intensity of the bands
are lower in process water compared to deionised water, indicating
less xanthate on mineral samples in process water.

In the presence of calcium the intensity of surface lead sulphate,
hydroxide and carbonate bands are seen to decrease and the spec-
tra also displayed negative bands. Xanthate adsorption on galena is
also reduced in the presence of calcium as shown by the decreased
intensity of xanthate bands (1193, 1135, and 1035 cm�1). Similar
spectra but in process water show that the surface oxidised com-
pounds, in particular surface carbonate, is removed. In process
water and in the presence of 5 � 10�5 M xanthate, the spectrum
shows very intense carbonate bands at 1448 and 876 cm�1, which
not only disappeared but also show negative bands at the same re-
gion. The presence of sulphate ions shows that the surface sulphate
and carbonate is marginally removed from the surface in both
deionised and process water. Xanthate adsorption band is also seen
to reduce in the presence of sulphate in both waters.

Fig. 8. Spectra of galena conditioned at pH 3, 7 and 10.5 in deionised water (top) and process water (bottom).
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Sulphate and carbonate bands intensities in deionised water are
low at pH 3, increased at pH 7 and then marginally decreased at pH
10.5 (Fig. 8). The variation in surface lead sulphate and lead car-
bonate with a change in pH could explain the fluctuating negative
zeta-potential of galena with increasing pH (Fig. 4). The presence of
calcium ions and sulphate species in process water is seen to form

calcium carbonate and lead sulphate on galena surface more than
in deionised water which may inhibit xanthate collector adsorp-
tion leading to lower flotation rate of galena observed in Hallimond
tube flotation tests. The positive and negative lead sulphate and
lead carbonate bands (Fig. 9) illustrates different level of surface
oxidation compounds in the xanthate treated galena spectra
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compared to mineral spectrum that was subtracted. The successive
decrease in surface oxidised compounds bands in the presence of
calcium could be due to a result of surface sulfoxy and carbonates
species forming soluble complexes with the calcium and dissolved
into the bulk of the solution.

Xanthate adsorbs on galena to formmono-coordinate lead amy-
lxanthate (1135, 1035, and 1193 cm�1) both in deionised and pro-
cess waters, however process water suppressed xanthate
adsorption where xanthate species bands intensities were lower.
Upon xanthate adsorption, the intensity of sulfoxy species bands
decreased illustrating an ion-exchange adsorption mechanism
since there is no significant change in zeta-potential upon xanthate
adsorption (Fig. 7). Xanthate adsorption on galena is also reduced
in process water on addition of calcium and sulphate ions as shown
by the decreasing intensity of xanthate bands (1193 and
1035 cm�1), this is suggesting that calcium in process water may
reduce xanthate adsorption onto galena. The calcium carbonate
observation in XPS at 290 eV as well as reduced S 2p intensity
observation at 162 eV binding energies in Figs. 11 and 12 respec-
tively substantiates these results.

3.4. X-ray photoelectron spectroscopy (XPS) studies

Pure galena samples used in XPS measurement were from the
same samples used in FTIR measurements. Spectra of galena sur-
face components in this study were recorded at similar binding
energies found in literatures and databases (Chernyshova and And-
reev, 1997; Kartio et al., 1997; Laajalehto et al., 1993; Nowak and
Laajalehto, 2000; Nowak et al., 2000; Page and Hazell, 1989; Pillai
et al., 1983; Sui et al., 2000). The XPS detailed results are summa-
rised in Table 2 while the most important results are shown in Figs.
10–13.

In Fig. 10 the C 1s level of galena treated in deionised and pro-
cess water solution of xanthate shows peaks signifying four chem-
ically non-equivalent carbon atoms on the galena surface. The
peaks are observed at BEs 285, 286.4, 288.1 and 290 eV. The atoms
have been identified by different authors as originated from both
hydrocarbon contaminants on the galena surface and species from
the xanthate. The peaks at BEs 285 and 290 eV are broad
(FWHM = 1.3 and 1.45 eV) with low intensity in deionised water
while they are more symmetric (FWHM = 1.2 and 1.35 eV) with
high intensity in process water. The peak at 286.4 eV on the con-
trary is more symmetric with higher intensity in deionised water
than in process water (FWHM = 1.35 and 1.8 eV respectively) while
the one at 288.1 eV is also more narrow in deionised water than
process water (FWHM = 1.1 and 1.45 eV respectively) but with
higher intensity in process water. The most intense C 1s peak ob-
served on all samples is at 285 eV and it can be associated with
C–(C, H) species. The peak at 286.4 eV can be associated with C–
O, 288.1 eV with COOH species, while the peak at 290 eV is associ-
ated with carbonate species (CO2�

3 ) suggesting the presence of
PbCO3 on the sample treated in both waters (Nowak and Laajaleh-
to, 2000) and CaCO3 in process water. It has long been established
that the peaks 285, 286.4 and 288.1 eV are due to hydrocarbon
contamination and substantial adsorption of xanthate or a compo-
nent derived from xanthate in oxidative environment on galena
with the intensity of 286.4 eV peaks increasing while that of 285
and 288.1 eV decreases in the presence of xanthate (Pillai et al.,
1983). We therefore suggest that the observed low intensity of
285 and 288.1 eV peaks and high 286.4 eV peak in deionised water
and vice versa in process water was due to a better adsorption of
xanthate on samples treated in deionised water and lower adsorp-
tion of xanthate on samples treated in process water. The insignif-
icant difference in the 288.1 eV peak intensity is not yet clearly
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understood. In case of the peak at 290 eV, the increased intensity
on samples treated in process water could also be due to precipita-
tion of CaCO3 due to presence of calcium in the process water.

The S 2p peaks shows a doublet at 160.7 and 162 eV which can
be assigned to S 2p levels of the PbS substrate (Fig. 11). A low
intensity peak at 162 and 163 eV were suggested to be due to pres-
ence of xanthate while the peak at 168.2 eV indicates presence of
surface sulfoxy specie such as SO2�

4 due to oxidation of surface sul-
phur as well as presence of SO2�

4 in solution (Pillai et al., 1983).
Although the intensity of the xanthate associated peaks are low,
they are more intense on samples treated in deionised water than
in process water while the sulfoxy peak is more intense on samples
treated in deionised water than in process water although more
broad in process water. We therefore suggest that reduced level
of sulfoxy species on samples treated in process water may be
influential to flotation.

The O 1s peaks of galena samples treated in deionsed and pro-
cess water solution containing potassium amyl xanthate is shown
in Fig. 12. The most intense O 1s peak observed is around 531.8 eV
due to chemisorbed water such as (Pb(OH)2) and adsorbed xan-
thate. While the observed peaks around 530 and 533 eV BEs are
due to adsorbed oxygen species such as Pb–O, SiO2 and organics
contaminations on the galena surfaces (Nowak et al., 2000; Pillai
et al., 1983). The chemisorbed water peak has low intensity on
sample treated in deionised water and high intensity in process
water. The adsorbed oxygen peak on the higher energy position

have high intensity on sample treated in deionised water and
low intensity on the sample treated in process water while it is
indifferent on the low energy side in both waters.

The BE values 137.6 and 142.4 eV in the Pb 4f level (Fig. 13) are
associated with PbS, previous studies shows that PbO can also be
present since the 4f7/2 BE of PbO is very close to that of PbS. The
peaks at 138.7 and 143.5 eV are consistent with the presence of
oxidised species of lead such as PbSO4 on the surface (Nowak
et al., 2000; Pillai et al., 1983). The intensity of the peaks associated
with the oxidised species is seen to reduce significantly on the
samples treated in process water compared to deionised water.
This is also a beneficial indication in flotation response.

Generally the XPS results of galena treated in deionised water
show that the surface contains more of oxide species (CO2�

3 ; Pb–
O; Pb–OH) and lower Pb–S compared to the sample conditioned
in process water. In process water, the surface contains relatively
high Pb–OH, and CO2�

3 , and significantly lower Pb–O species. The
results also show the presence of calcium and carbonate species
in process water indicating possible calcium carbonate and/or cal-
cium sulphate precipitate layers on the surface.

In the presence of xanthate, there is a significant reduction of
Pb–O species with a corresponding adsorption of xanthate species
in deionised water while xanthate adsorption is less in process
water in addition to significant amount of calcium and CO2�

3 spe-
cies. Thus the surface calcium carbonate in process water is inhib-
iting the xanthate adsorption.
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Fig. 12. O 1s XPS spectra of galena treated in solution containing 5 � 10�5 M KAX in deionised water (top) and process water (bottom) at pH 10.5.
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Table 2
XPS binding energies and atomic concentrations on galena surfaces at different conditions (deionised water, DW; process water, PW).

Atomic concentration in% on PbS surfaces from XPS measurement
Line BE

(eV)
DW pH
10.5

PW
pH10.5

DW
300 ppm Ca

PW
300 ppm Ca

DW
5 � 10�5MKAX

PW
5 � 10�5MKAX

DW
300CaKAX

PW
300CaKAX

DW
1000SO4KAX

PW
1000SO4KAX

Species

C 1s 285.0 8.8 17.99 12.87 14.06 12.76 18.22 14.28 14.45 14.46 16.79 C–(C,H)
286.7 10.78 5.07 4.58 4.54 6.38 4.7 5.86 5.97 3.08 4.7
287.9 1.18 1.7 0.94 1.79 1.02 1.29 1.55 1.09 COOH
289.3 8.85 7.26 7.14 8.85 5.78 8.25 6.12 4.88 4.58 4.59 CO2�

3

O 1s 529.8 25.77 1.77 27.39 1.1 1.07 1.9 0.97 2.7 1.05 1.41 Pb–O?
531.7 17.17 28.88 15.87 41.7 28.09 36.97 31.12 30.22 32.78 30.09 Pb–OH, SO4,

etc.
533.0 1.7 12.31 3.17 15.38 4.02 9.37 9.76 9.92 7.9 Organic,

SiO2

Sb 3d 5/2 531.0 0.58 0.7 0.47 0.7 0.33 0.8 0.75 0.95 0.8 Sb2O5

K 2p 3/2 293.6 0.54 0.56 0.49 0.46 0.58 0.37 0.55 0.44 0.68 0.66

Pb 4f 7/2 137.8 2.27 5.84 6.47 4.67 6.78 5 8.19 7.9 7.43 7.13 PbS
138.3 2.45 9.26 11.37 5.51 10.02 4.77 8.47 8.92 10.04 10.54 Pb(II)
139.2 9.17
140.4 1.75
160.9

S 2p 3/2 162.1 2.22 5.44 5.95 4.18 6.32 4.5 6.89 7.08 6.98 7.33 PbS S2�

163.2 0.84 1.78 1.29 5.51 1.29 0.94 1.71 1.69 1.5 1.98 poly-S?

S2�2 ?
160.9 0.78 0.24 0.39 0.67 0.94 0.84 KAX? poly-

S?
1.26 1.38 S(0)?

168.3 0.95 2.38 1.86 1.62 2.25 1.38 1.98 2.64 2.91 2.76 SO2�
4

Ca 2p 3/2 348.5 �1 �1 �1 6.51 �1 6.29 1.21 �1 �1 �1
99.99 99.12 97.16 104.05 99.12 99.67 98.93 99.36 98.85 99.99
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In deionised and process waters, a significant reduction of car-
bonate species bands seen in FTIR (Fig. 9), is also observed in XPS
results with a decrease in carbonate species when galena is treated
with xanthate in the presence of calcium and sulphate
independently.

4. Conclusions

The negative zeta-potential of galena in the entire pH region,
where the magnitude of negative charge is significantly higher in
deionised water than in process water and water containing cal-
cium ions illustrates adsorption of calcium and other metal ions
that exist in process water. This is subsequently confirmed by
DRIFT spectrum and XPS of galena sample which showed that
the surface contains calcium and carbonate in process water. This
is in addition to partially oxidised surface depicting surface hydro-
xyl, sulfoxy and carbonate species, the composition of which is pH
dependent. It also indicates that xanthate adsorption on galena is
reduced in process water due to the presence of calcium. In the
presence of calcium ions, the decrease or disappearance of surface
oxidised compounds could be due to the formation of soluble com-
plexes of calcium with surface carbonate and sulfoxy species
respectively. The observations are partly responsible for calcium
ions reduction of galena floatability in Hallimond flotation in pro-
cess water and in the presence of sulphate in both deionised and
process water. The use of process water therefore indicates detri-
mental outcomes, however detailed systematic studies are re-
quired that addresses other physical and surface characteristics
and responses of the mineral under flotation conditions.
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Abstract
In order to predict and minimize detrimental production problems due to the recycling of process water in sulfide 
ore processing, the influence of major species, calcium and sulfate in process water on sphalerite flotation was 
investigated through Hallimond tube flotation, zeta potential, diffuse reflectance Fourier transform infrared spec-
troscopy (FTIR) and X-ray photoelectron spectroscopy (XPS) measurements using sphalerite mineral sample. 
Assessment of process water species in flotation was done using deionized water, process water and simulated 
water containing calcium and sulfate ions in experiments. Hallimond flotation shows increased sphalerite float-
ability in process water compared to deionized water, but no significant effect on the presence of calcium and 
sulfate ions in deionized water using isobutyl xanthate as a collector. The presence of calcium ions reduced the 
sphalerite’s negative zeta potential, while at higher concentrations, a charge reversal occurred, at about pH 11. 
FTIR and XPS studies revealed the presence of surface-oxidized sulfoxy and carbonate species on sphalerite at 
pH 11.5 in deionized water, process water and water containing calcium and sulfate ions. These surface species 
do not influence xanthate adsorption.
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2012. Discussion of this peer-reviewed and approved paper is invited and must be submitted to SME Publications Dept. 
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Experimental

Figure 1 — XRD analysis of the sphalerite sample: (1) 
sphalerite, (2) galena and (3) quartz.

Table 1 — Chemical species and their concentration range 

in Boliden process water (Boliden company internal 

report, 2008) [not in refs].

Species
Concentrations

From To Unit

Sulfate SO4 200 1,500 mg/L

Calcium Ca 100 500 mg/L

Iron Fe 0.1 1,300 mg/L

COD (Cr) <30 130 mg/L

Nitrogen N 0.1 10 mg/L

Phosphorus P <0.05 0.7 mg/L

Magnesium Mg 4.3 53 mg/L

Manganese Mn 4.4 8,000 μg/L

Zinc Zn 12 3,900 μg/L

Aluminium Al 59 59,000 μg/L

Cadmium Cd 0.12 5.2 μg/L

Cobalt Co 4 540 μg/L

Copper Cu 2.7 20,000 μg/L

Mercury Hg <0.1 <0.13 μg/L

Conductivity at 25° C 96 160 ms/m
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Figure 3 — Effect of added calcium ions on sphalerite flotation in both deionized 
and process water at pH 11.5.

Figure 2 — Recovery of sphalerite at different pH values in deionized and 
process water.

Figure 4 — Effect of added sulfate ions on sphalerite flotation in both deionized 
and process water at pH 11.5.

Results and discussion
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Figure 6 — Zeta potential of sphalerite at different added calcium ion concentrations and with a fixed 
700 mg/L concentration of sulfate ions at pH 11.5.

Figure 5 — Zeta potential response of sphalerite at different pH values 
in the presence of deionized water, process water and deionized water 
containing 200, 500 and 1,000 ppm Ca.
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Figure 7 — Zeta potential of sphalerite at different added sulfate ions concentration and with a fixed 300 mg/L 
concentration of calcium ions at pH 11.5.

Figure 8 — Zeta potential of sphalerite at different added NaHSO3 concentrations in 
deionized and process waters and with a fixed 9 x 10-5 M IBX concentration at pH 11.5.
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Figure 10 — Spectra of sphalerite conditioned at pH 3, 7 and 11.5 in deionized water (left) and process 
water (right) .

Figure 9 — Zeta potential of sphalerite at different concentrations of added IBX in both deionized 
and process waters and in the presence of calcium and sulfate ions at pH 11.5.
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Table 2 — XPS binding energies and atomic concentrations on sphalerite surfaces at different conditions (DW and PW - deionized 

and process water).

Atomic concentration in % on ZnS surfaces from XPS measurement

Line BE, eV

DW 

pH 10.5

PW

pH 10.5

DW 300 

ppm Ca

PW 300 

ppm Ca

DW 5.10-5 

M KAX

PW 5.10-5 

M KAX

DW 300 

Ca KAX

PW 300 

Ca KAX

DW 1,000 

SO4 KAX

PW 1,000 

SO4 KAX

Species

C 1s 285.0 8.81 12.18 10.61 6.59 15.15 13.18 11.47 16.27 15.11 14.14 C-(C,H)

286.7 3.75 4.3 4.06 2.1 5.41 2.73 4.98 4.53 3.07 3.4 C-O

288.7 1.65 1.43 1.96 1.25 2.45 1.57 2.27 1.93 2.48 1.93 COOH

290.0 1.14 2.59 1.33 8.62 1.2 6.99 1.8 1.88 0.89 1.39 carbonate

O 1s 530.3 6.23 4.87 4.42 2.97 3.99 3.84 4.29 3.62 4.72 3.96 Zn-O ?

531.5 11.51 7.22 8.56 5.53 9.2 8.45 5.48 8.56 10.85 9.47

Zn-OH, 

carbonate 

SO4, etc

532.6 36.36 39.7 38.78 41.04 35.01 39.56 40.02 35.97 34.23 37.28
Organic, 

SiO2

Si 2p 103.3 8.55

K 2p 3/2 293.8 0.88 0.66 0.71 0.39 0.7 0.57 0.72 0.65 0.84 0.89

Zn 2p 3/2 1,022 13.65 11.19 12.34 7.11 10.91 7.59 11.67 9.99 11.63 10.86

S 2p 3/2 161.8 14.81 13 13.91 7.57 13.9 8.71 14.63 13.19 13.25 13.31 ZnS

163.1 0.92 1.4 0.54 0.81 1.01 1.09 1.19 1.52
S22-?  

poly-S ?

168.6 0.94 0.85 0.8 0.67 0.55 0.96 0.66 1.02 0.98 1.08 KAX ?

SO4
2-

Ca 2p 3/2 348.1 1.1 1.11 7.06 0.72 5.38 1.01 1.3 0.76 0.77

99.73 100.01 99.99 99.99 100 99.53 100.01 100 100 100

Figure 11 — Different DRIFT spectra of sphalerite treated 
with 5 x 10-4 M, 5 x 10-5 M xanthate and calcium and sulfate 
ions in the presence of 5 x 10-5 M xanthate, after subtracting 
the mineral spectrum treated in deionized water (left) and 
similar spectrum in process water (right) at pH 11.5.
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ABSTRACT

Recycling of flotation effluents through the ore processing plant is one of the ways of 
reducing both plant-operating costs and industrial impact onto the local ecosystem. In this 
work, the influence of process water components on pyrite depression has been investigated 
through Hallimond flotation, zeta-potential and diffuse reflectance FTIR and XPS
spectroscopy measurements using pure pyrite sample. The significance of process water 
species in flotation has been studied using deionised water, process water and simulated water 
containing calcium and sulphate ions in experiments. Hallimond tube flotation shows no 
significant effect of calcium and sulphate ions on pyrite floatability in deionised water using
potassium amyl xanthate as collector. But a little increase in pyrite recovery in process water
was observed. Calcium ions have significant influence on zeta-potential characteristics of 
pyrite and xanthate adsorption behaviour compared to sulphate ions. FTIR and XPS studies 
shows the presence of hydrated surface oxidised species on pyrite and also surface iron and 
calcium carbonates at pH 10.5 in the presence of process water and water containing calcium 
ions. This surface species insignificantly increased xanthate adsorption.

Keywords: Recycling, process water, Pyrite, flotation, Sulphate, calcium

1 INTRODUCTION

Froth flotation method is used to concentrate billions of tons of global sulphide ores annually 
and the process requires billions of gallons of water, it is therefore pertinent to recycle process 
water used in sulphide mineral flotation (Fuerstenau et al., 2007). Meanwhile the current 
global campaign for environmental friendly production practises has lead to increased 
recycling of process water within the production cycle of sulphide mineral flotation. However
difference in the chemistry of recycled process water compared to fresh water raised a
concern about the possible effects of components contained in them on the efficiency of the 
flotation process (Rao and Finch, 1989). Calcium and sulphate ions are two very common 
components in the process water from flotation of sulphide minerals. The usual procedure in 
the flotation stage of complex sulphide ore processing is to float Cu and Pb minerals in the
first stage of flotation, Zn mineral is activated and floated in the second stage (Liu and Zhang, 
2000) while pyrite is usually selectively depressed at high pH in both stages (Boulton et al., 
2001). Pyrite is a very important gangue mineral in complex sulphide ores. Therefore
effective depression of pyrite is a very important goal during sulphide mineral flotation. Pyrite 
depression is usually affected by a number of factors which includes; the presence of oxidised 
and metal deficient surfaces (Chander, 1991) the use of appropriate modifier such as 
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polyacrylamide, dextrin, sulfoxy, cyanide and carefully controlled flotation conditions
(Boulton et al., 2001; Chandra and Gerson, 2009; López, et al., 2004; Matis et al., 1992), the 
presence of other sulphide minerals such as galena and chalcopyrite from which sulphur can 
be transferred to the pyrite surface (Trahar et al., 1994), extent of pyrite oxidation (Monte et 
al., 2002; Monte et al., 1997) electrochemical effects, components and species present in the 
pulp (Chander, 1991; Ekmekçi and Demirel, 1997; Janetski et al., 1977). Other important 
factors includes grinding method (Eric Forssberg et al., 1993; Peng and Grano, 2010) and 
control of the grinding environment especially the metal oxidation species produced on iron, 
chalcopyrite and galena (Cases et al., 1993; Peng et al., 2003a; Peng et al., 2003b) and
conditioning pH and gases (Shen et al., 1998). The origins of calcium and sulphate species in 
process water are the ore and flotation reagents (Broman, 1980). A number of studies carried 
out in the past dealt with the effect of calcium and sulphate ions (Jia Y, 2005; Lefèvre and 
Fédoroff, 2006; Ostergren et al., 2000; Swedlund and Webster, 2001; Wu et al., 2002).
However little is generally known about the effects of concentrated sulphate and calcium in 
solutions on recovery and grade of sulphide minerals in flotation. In particular previous work 
has shown that sulphite ions promotes depression of pyrite (Khmeleva et al., 2003) while the 
presence of calcium ions alone activates pyrite, however calcium in the presence of sphalerite 
depresses pyrite (Zhang et al., 1997). Zinc sulphate was confirmed as a depressant of pyrite at 
high Eh (275 mV SHE) value but has little or no effect at low Eh values (He et al., 2006). In 
this study the influence of major species of calcium and sulphate ions on pyrite physico-
chemical characteristics and its flotation response was investigated in order to assess 
possibility of recycling process water in sulphide minerals flotation practices.

2 EXPERIMENTAL

2.1 Materials and reagents

Pure pyrite mineral (containing 44.4 %Fe, 49.7 %S, and 0.02 %Cu) used in Hallimond 
flotation tests, zeta-potential, FTIR and XPS measurements was procured from Gregory, 
Bottley & Lloyd Ltd., United Kingdom. The mineral sample was crushed, ground, classified 
into different size fractions and stored in sealed polythene bags in order to minimise 

m was used in the Hallimond single mineral flotation 
-potential measurement, FTIR and XPS studies.

Potassium amyl xanthate (KAX) was used as collector, Dowfroth 250 (polypropylene oxide 
methanol) was used as frother. HCl and NaOH solutions were used as pH regulators, K2SO4
and CaCl2 as sources of SO4

2- and Ca2+ ions respectively. Process water containing 186 mg/l 
Ca2+ and 153 mg/l SO4

2- ions concentrations were collected from Boliden company 
concentrator during Kristineberg ores concentration by flotation; the water was the liquid 
separated from zinc rougher flotation concentrate (the flotation was preceded by copper and 
lead rougher flotation). An analysis of Boliden process water for chemical species showed 
that calcium, sulphate and iron are the major species (Table 1). The concentration of iron, zinc 
and aluminium could also be a concern which should be considered in future studies.

2.2 Hallimond flotation tests

The tests were conducted with 1 g of mineral sample conditioned in a 100 ml standard 
volumetric flask and subsequently transferred into a 100 ml Hallimond tube flotation cell. 
This was followed by flotation under magnetic stirring. The sequence of reagent additions 
was as follows: pH regulators, species in water, collector, and frother. Conditioning time for 
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species in water, collector and frother were 10 min, 5 min and 1 min respectively. Air was 
supplied at the rate of 200 cm3/min and the flotation time was 1 min. A collector 
concentration of 20 mg/l and a frother dosage of 50 μg/l were used. All tests were carried out 
at pH ~10.5 in room temperature of approximately 22.5oC unless otherwise specified.

Table 1: Chemical species and their concentration range in Boliden process water

Concentration range of chemical species in process water
Species Concentrations

From To Unit
Sulphate SO4 200 1500 mg/l
Calcium Ca 100 500 mg/l
Iron Fe 0.1 1300 mg/l
COD (Cr) <30 130 mg/l
Nitrogen N 0.1 10 mg/l
Phosphorus P <0.050 0.7 mg/l
Magnesium Mg 4.3 53 mg/l
Manganese Mn 4.4 8000 μg/l
Zinc Zn 12 3900 μg/l
Aluminium Al 59 59000 μg/l
Cadmium Cd 0.12 5.2 μg/l
Cobolt Co 4 540 μg/l
Copper Cu 2.7 20000 μg/l
Mercury Hg <0.1 <0.13 μg/l
Conductivity at 25oC 96 160 ms/m

2.3 Zeta-potential measurements

The measurement was carried out on the mineral sample at different conditions based on the 
present study flotation requirements. Zeta potential measurements were carried out with the 
aid of ZetaCompact instrument equipped with a charge-couple device (CCD) video camera
and Zeta4 software. The software allows the direct reading of zeta-potential calculated from 
the electrophoretic mobilities using Smoluchowski equation. The result is a particle
distribution histogram, from which the mean mobility are recalculated to zeta-potential 
values. In each measurement; mineral at a concentration of 10 
mg/100 ml of solution was used. The ionic strength was maintained with KNO3 at 0.01M
concentration and the pH was adjusted with solutions of HNO3 and KOH accordingly. The 
required concentration of each solution was usually prepared followed by addition of the 
mineral, conditioning for 10 minutes and addition of other required reagent and species. The 
pH of the suspension after all conditioning prior to zeta-potential measurement is always 
regarded as the pH of the measurement. All the zeta-potential measurements were performed 
at the flotation pH 10.5 unless otherwise specified.

2.4 Diffuse reflectance FTIR spectroscopy measurements

The instrument used was Bruker FTIR spectrometer model IFS 66v/s. The samples were 
prepared similarly as in zeta-potential and the pulp is subsequently filtered and the solids left 
to dry on the filter paper at room temperature. The pH of the suspension after all conditioning 
prior to filtration is always regarded as the pH of the measurement. Diffuse reflectance 
infrared Fourier transform (DRIFT) method was used in the measurement with 2.8 wt% 
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concentration in potassium bromide (KBr) matrix. Each spectrum was recorded after 256 
scans.

2.5 XPS measurements

The samples subjected to XPS measurement were prepared the same way as the FTIR 
samples and were used as dry sample during the analysis. The measurement was carried out 
with the aid of a Kratos Axis Ultra electron spectrometer using mono Al operated at 150W 
X-ray source and a low-energy electron flood gun for charge compensation. The spectrometer 
is equipped with nitrogen pre-cooling chamber to prevent evaporation of volatile components 
in the sample such as water and elemental sulphur. The procedure involves the precooling the 
end of sample transfer rod at -170oC for 20 minutes and pumping of the introducing chamber 
to 5x10-5 Pa. The sample was subsequently transferred and kept in the precooled manipulator 
until base vacuum of 6x10-7 Pa was reached. The scale of the binding energy (BE) was 
referenced to C1s line of aliphatic carbon contamination, set at 285.0 eV. Processing of the 
spectra was done with Kratos software. The S2p spectra were fitted with symmetric peaks 
using S2p3/2-S2p1/2 doublets. The measurement procedure and data acquisition was as 
described by Sandström et al., (2005).

3 RESULTS AND DISCUSSION

3.1 Hallimond flotation studies

All experiments are repeated three times and the mean of three data are recorded. The 
flotation of pyrite at different pH values ranging from 3 to 11.5 in both deionised and process 
water is shown in Fig. 1.

0

20

40

60

80

100

0 2 4 6 8 10 12

R
ec

ov
er

y 
  %

pH

Deionised water Process water

Fig. 1. Recovery of pyrite at different pH in deionised and process water
The little insignificant flotation response of pyrite in process water than deionised water could 
be due to the adsorption of Cu, Pb ions and the rest reagents that exist in process water which 
act as pyrite activators.

Pyrite floatability decreases generally from pH 3 to pH 9, rises slightly at pH 10.5 and 
decreases at pH 11.5, generally the recovery in process water is higher than in deionised water 
except at pH 11.5. The results show that pyrite flotation is depressed with increasing pH. The 
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high flotation response in the acidic pH range 2 to 5 is due to the formation and coverage of 
hydrophobic ferric amyl xanthate and dixanthogen about the same pH region (Eric Forssberg, 
1985; Kocabag and Guler, 2007). The decrease in recovery with increasing pH value is due 
oxidation of ferrous ions to ferric hydroxides or oxyhydroxides species which adsorb and 
cover the mineral surface (Ferstenau et al. 1971; Kocabag 1983) imparting hydrophilic 
character to the surface.

The effect of Ca2+ ions concentration on flotation of pure pyrite in both deionised and process 
water is shown in Fig. 2. Ca2+ ions in both deionised and process water slightly increases 
floatability at 50 mg/l concentration while it becomes unstable as the concentration increases 
until 400 mg/l where a marginal increase is seen in process water and a slight decrease is seen
in deionised water. Little disturbance in flotation recovery at increasing and decreasing Ca2+

ions could be due to the level of surface active CaOH+, FeOH+, PbOH+ and CuOH+ species 
concentration (Peng et al., 2003a; Peng et al., 2003b; Zhang et al., 1997). These species were 
reported to be effective activators of pyrite surface; in particular Cu2+, Fe2+ and Ca2+ ions
were confirmed to activate pyrite in the absence of sphalerite in the alkaline pH region (Zhang 
et al., 1997).
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Fig. 2. Effect of added calcium ions on pyrite depression in both deionised and process water
at pH 10.5

SO4
2- ions concentrations effects is shown in Fig. 3. The presence of SO4

2- ions in deionised 
water on the average indicates no depression of pyrite. The floatability of pyrite is generally 
decreased in process water from 100 to 1000 mg/l SO4

2- ions concentrations. However pyrite
depression is low from 1200 mg/l SO4

2- ions concentrations. The marginal increased 
floatability in deionised water is difficult to realised, however an effect similar to thiosulphate 
reduction of hydrophilic compounds on sulphides particles which leads to increased 
floatability (Kirjavainen et al., 2002a; Kirjavainen et al., 2002b) is suggested.

The mineral is generally more depressed as expected in process water with added sulphate 
ions than in deionised water. This is due to the presence of a number of species including 
SO4

2-, SO3
2- (Houot and Duhamet, 1992) and iron oxidation species (Peng et al., 2003b) in the 

process water. This species could form hydrophyllic layers or iron oxyhydroxide species on 
the surface of the minerals. These species can play major roles in the depression of pyrite
flotation. This is an indication that high concentration of SO4

2- ions have some depressing 
effect on pyrite similar to oxides minerals by competing with collector molecules adsorption 
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on the mineral surface (Lefèvre and Fédoroff, 2006; Wu et al., 2002). The strongly bonded 
SO4

2- ions on the mineral surfaces inhibit collector adsorption.
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Fig. 3. Effect of added sulphate ions on pyrite depression in both deionised and process water
at pH 10.5

3.2 Zeta-potential studies

The zeta-potential of pyrite measured at different pH in deionised water, process water, and 
deionised water containing different concentrations of Ca2+ is shown in Fig. 4. In the absence 
of calcium ions (in deionised water), the results show an iso-electric point of pyrite at about 
pH 7.0, which is higher than the values of pH 2.2 to 6.4 reported in the literature (Healy and 
Moignard, 1976; Mitchell et al., 2005). The extent of surface impurity and oxidation revealed 
under FTIR (Fig. 9) study can explain the wide variation in iep.
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Fig. 4. Zeta-potential response of pyrite at different pH in the presence of deionised water, 
process water and deionised water containing 200, 300 and 1000 ppm Ca.

In process water, pyrite is negatively charged in the entire acidic pH region up to pH 9.5 
above which pH a charge reversal to positive potentials is seen. The negative potentials in 
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acidic pH region indicate the adsorption of sulfoxy species and the positive potentials at very 
high basic pH show the adsorption of positive first hydroxyl species of Cu, Pb and Ca ions 
that exist in process water and Fe ions both from the mineral surface and from the process 
water. In Ca2+ ions solutions, the zeta-potentials are positive in the entire acidic to basic pH 
range. It is very clear that the positively charged calcium ions in deionised water adsorb on 
the surface of pyrite and activate in the basic flotation pH region. Indicating enhanced
adsorption of negatively charged collector on pyrite particles thereby improving pyrite 
floatability in process water as seen in Figs. 1 and 2 (Fuerstenau and Pradip, 2005; Zhang et 
al., 1997).

The zeta-potential response of pyrite at pH 10.5 in the presence of different concentration of 
calcium and with 700 mg/l concentration of sulphate is shown in Fig. 5. The zeta-potential 
increases with calcium ions concentration and at about 50 ppm calcium ions, a charge reversal 
occurs. The magnitude of positive charge is reduced on addition of 700 mg/l sulphate ions 
since the calcium ions could form soluble complexes with sulphate ions thereby minimising 
the effect of calcium ions on pyrite positive charge. Nonetheless the activation of pyrite by 
calcium ions even in the presence of sulphate ions is clearly observed.
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Fig. 5. Zeta-potential of pyrite at different calcium ions concentration and together with a 
fixed concentration of sulphate ions at pH 10.5

The dominance effect of calcium ions over sulphate ions in solution can also be clearly seen 
as 300 mg/l calcium ions sharply increases the zeta-potential (Fig. 6). However the increment 
was slightly reduced when the mineral was conditioned first with sulphate ions before 
addition of calcium ions, showing that sulphate ions had occupied most of the surface area of 
pyrite but calcium ions still dominates thereafter.

A similar trend of pyrite zeta-potential was seen in the presence of different concentration of 
xanthate in solution (Fig. 7). The zeta-potential trend was the same in the presence of the 
following sulphide mineral flotation reagents (Ikumapayi, 2010): ZnSO4 a depressant for zinc 
minerals (Cao and Liu, 2006), NaHSO3 a common depressant for pyrite (Grano et al., 1997; 
Khmeleva et al., 2003; Shen et al., 2001) and Dextrin (C6H10O6) a polysaccharide commonly 
used as a non-toxic depressant of pyrite (Bogusz et al., 1997; Bolin and Laskowski, 1991; 
Laskowski et al., 1991; Liu et al., 1994; López et al., 2004). Zeta-potentials measured in the 
presence of calcium ions are identical, and resembles those measured in process water. The 
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high zeta-potential in process water and in the presence of calcium ions than in deionised 
water is due to the presence of positively charged metal ions in process water which adsorb on 
the surfaces of the mineral particles. Negative surface charge arises due to the sulphide 
anions, copper and iron cations interacting with oxygen of hydroxyl species.
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Fig. 6. Zeta-potential of pyrite at different sulphate ions concentration and with a fixed 
concentration of calcium ions at pH 10.5

Fig. 7. Zeta-potential of pyrite at different concentration of KAX and in the presence of 
calcium and sulphate in both deionised and process water at pH 10.5

3.3 Diffuse reflectance FTIR studies

Since the sulphide minerals are prone to oxidation by molecular oxygen, the presence of 
sulfoxyanions on pyrite has been examined at the experimental conditions. It was also treated 
deliberately with H2O2 oxidant at different times so as to compare and judge the extent of 
surface oxidation of the samples. The FTIR spectra of pure pyrite and pyrite treated with 
H2O2 at different times are shown in Fig. 8.
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Fig. 8. Spectra of pure and H2O2 treated pyrite at natural pH.

The oxidized surface state of pyrite mainly consists of ferrous sulphate, ferric sulphate, and 
superficial carbonate. Fundamental pyrite vibrations band exists below 600 cm-1 (de Donato et 
al., 1999) therefore the absorbance bands seen in the pure pyrite spectrum in Fig. 8 are due to 
oxidised surface compounds. The band at 828 cm-1 can be assigned to S–O vibrations in 
ferrous sulphate and bands at 1017 cm-1 to 1154 cm-1 can be assigned to S-O vibrations in 
ferric sulphate, while the low intensity band at 1494 cm-1 can be assigned to C-O vibration in 
superficial carbonate (Borda et al., 2004; de Donato et al., 1999; de Donato et al., 1993; 
Godocíková et al., 2002). However with addition and increasing time of treatment in H2O2,
the sulphate bands intensities marginally decreases and the carbonate band disappeared
indicating that the surfaces were initially covered by hydrated sulphates which dissolved in 
solution under hydroxide oxidation (de Donato et al., 1999). While comparing pure pyrite
spectrum to the spectra oxidized by H2O2, it is clear that the pure pyrite sample used in the
experiments is partially oxidized and the surface is composed of not only hydrated sulphate
but also carbonate species.

Infrared spectra of pyrite conditioned at pHs 3, 7 and 10.5 shows that the extent of surface 
oxidation is pH dependent. In deionised water (Fig. 9, top), the ferric sulphate bands (1025
cm-1, 1187 cm-1) intensities are low at pH 3, significantly increased at pH 7 and then 
marginally increased at pH 10.5, while carbonate and ferrous sulphate bands (1494 cm-1, 828
cm-1) are not seen. The variation in surface ferric and ferrous sulphate and carbonate with a 
change in pH could explain the high positive zeta-potential of pyrite at lower pH and low 
zeta-potential at higher pH (Fig. 4). In Fig. 9 (bottom), process water at different pH has 
significant influence on the surface composition of pyrite, at lower pHs 3 and 7 the intensity 
of the ferric and ferrous sulphates were very low and devoid of carbonate band while at pH 
10.5 high intensity of ferric sulphate can be seen at 1122 cm-1 and 1151 cm-1 and low intensity 
carbonate band at 871 cm-1. The intensities of the bands are stronger in process water than in 
deionised water; this is due to the presence of calcium and sulphate species in process water 
which form calcium carbonate and ferrous and ferric oxyhydroxides on pyrite surface at high 
pH. This species inhibit xanthate collector adsorption (Guler et al, 2009) leading to depression 
of pyrite in flotation at high pH (Fig.1).
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Fig. 9. Spectra of pyrite conditioned at pH 3, 7 and 10.5 in deionised water (top) and process
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The difference spectra of pyrite after treatment in 5x10-5M xanthate concentration and in the 
presence of calcium and sulphate in deionised and process water at pH 10.5 are shown in Fig. 
10. The xanthate spectra in deionised water showed broad bands associated with adsorbed 
xanthate components around 1202 cm-1, 1157 cm-1, 1079 cm-1 and 1022 cm-1 the bands have 
higher intensity on pyrite sample treated in the presence of calcium ions. These bands are 
similar to dixanthogen bands at 1239 cm-1, 1167 cm-1, 1050 cm-1 and 1027 cm-1 observed by 
Leppinen et al. (1989) and at 1256 cm-1, 1142 cm-1, 1088 cm-1, and 1008 cm-1 reported by 
Zhang et al. (1997). It can be noticed that the wavenumber shifted, due to purity of the pyrite 
samples used. Similar bands can be seen on samples treated in process water at 1157 cm-1,
1086 cm-1 and 1009 cm-1. The dixanthogen bands have higher intensity on samples treated in 
process water compared to deionised water. Therby indicating that the metal ions in process 
water are activating pyrite and consequently enhancing xanthate adsorption on samples 
treated in process water. The marginal better Hallimond flotation of pyrite in process water 
may be as a result of this activation. Zhang et al. (1997) previously observed activation of 
pyrite by calcium, iron and copper ions. It was reported that in a mixture of pyrite and 
sphalerite at basic pH, the metal ions do not activate pyrite but sphalerite (Zhang, et al. 1997).
Since sphalerite is present in complex sulphide ore, it can be expected that effects of 
activation of pyrite by the metals ions will be low.
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3.4 X-ray photoelectron spectroscopy (XPS) studies

The pure pyrite samples used in XPS measurement were prepared similarly as the samples 
used in FTIR measurements. The binding energies at which the spectra of pyrite surface 
components were recorded in this study corroborate databases and previous works (Descostes 
et al., 2000; Frost et al., 1977; Laajalehto et al., 1999, Szargan and Karthe., 1992; Nesbitt et 
al, 1998). The XPS results are summarized in Table 2.

The XPS results (Table 2) of pyrite treated in deionised water at pH 10.5 show that the 
surface contains surface carbonate species and no calcium specie while in process water 
calcium specie is present without carbonate specie. This is indicating formation of calcium 
carbonate between the carbonate specie on the pyrite surface and a fraction of the calcium 
present in process water which subsequently dissolved in the solution. In the presence of 300 
ppm Ca2+ ions little adsorption of xanthate can be seen in deionised water while xanthate 
adsorption is completely absent in process water. This is difficult to realise since dixanthogen 
species were seen under FTIR studies (Fig. 10). Furthermore, the species spectra at 164.9 eV 
binding energy (Table 2 and Fig. 12) present conflicting evidence of disulphide and 
polysulphide species on the pyrite surface. It is thought that xanthate species could be present 
in this form. Little adsorption of xanthate species can be seen in deionised water and 
adsorption of xanthate in process water could also be seen in the form of disulphide or
polysulphide species. Further investigation is highly required in this regard to explain how 
xanthate species may appear in other form under XPS spectra.

The C 1s level of pyrite shows only three peaks on sample treated in deionised water at BEs 
around 285, 286.8, 289.2 eV and an additional peak at 288.4 eV on sample treated in process 
water (Fig. 11). The atoms have been identified by different authors as originated from both 
hydrocarbon contaminants on the minerals surfaces and species from the xanthate.



Ta
bl

e 
2.

 X
PS

 b
in

di
ng

 e
ne

rg
ie

s a
nd

 a
to

m
ic

 c
on

ce
nt

ra
tio

ns
 o

n 
py

rit
e 

su
rf

ac
es

 a
t d

iff
er

en
t c

on
di

tio
ns

 (D
W

 a
nd

 P
W

-d
ei

on
is

ed
 a

nd
 p

ro
ce

ss
 w

at
er

)

A
to

m
ic

 c
on

ce
nt

ra
tio

n 
in

 %
 o

n 
Fe

S 2
su

rf
ac

es
 fr

om
 X

PS
 m

ea
su

re
m

en
t

Li
ne

B
E,

 e
V

D
W

pH
 1

0.
5

PW
pH

10
.5

D
W

30
0p

pm
 C

a
PW

30
0p

pm
 C

a
D

W
5.

10
-5

M
K

A
X

PW
5.

10
-5

M
K

A
X

D
W

30
0C

aK
A

X
PW

30
0C

aK
A

X
D

W
10

00
SO

4K
A

X
PW

10
00

SO
4K

A
X

Sp
ec

ie
s

C
 1

s
28

5.
0

7.
05

7.
15

6.
94

8.
19

11
.5

7
8.

2
6.

69
7.

83
12

.6
8

6.
61

C
-(

C
,H

)
28

6.
4

2.
53

2.
07

1.
37

2.
33

3.
57

2.
77

2.
02

3.
3

4.
51

3.
5

C
-O

28
7.

6
0.

94
C

=O
28

8.
5

0.
62

1.
68

1.
02

1.
75

1.
55

1.
08

1.
8

1.
68

1.
95

1.
81

C
O

O
H

28
9.

5
0.

82
4.

69
2.

08
ca

rb
on

at
e

O
 1

s
53

0.
4

12
.0

9
12

.1
5

15
.0

6
12

.0
2

10
.9

3
12

.8
6

13
.9

7
15

.3
9

10
.3

9
10

.9
3

Fe
-O

 ?
53

2.
2

43
.6

9
40

.3
5

39
.2

5
40

.5
3

41
.6

2
40

.4
5

42
.6

8
37

.3
2

40
.9

7
42

.4
Fe

-O
H

, c
ar

bo
na

te
, S

O
4, 

et
c

53
3.

6
4.

31
5.

77
5.

98
3.

67
3.

23
2.

97
3.

11
3.

47
3.

22
3.

5
or

ga
ni

c,
 S

iO
2

Si
 2

p
15

9.
8

0.
86

K
 2

p 
3/

2
29

2.
6

0.
31

0.
42

0.
39

0.
31

0.
81

0.
8

0.
51

0.
62

0.
75

0.
87

Fe
 2

p 
3/

2
70

7.
7

0.
74

0.
6

0.
38

0.
3

0.
67

0.
79

0.
41

0.
59

0.
7

0.
63

Fe
S 2

71
1.

4
18

.1
4

18
.4

1
18

.0
8

15
.5

4
15

.6
5

17
.1

17
.9

1
19

.6
4

14
.2

3
17

.9
7

Fe
(I

II)

S 
2p

 3
/2

16
3.

1
2.

46
2.

74
1.

63
1.

35
2.

98
2.

74
1.

62
2.

7
3.

04
2.

77
16

4.
9

0.
43

0.
51

0.
33

0.
82

0.
5

0.
59

0.
81

2.
04

S 2
2-

?,
po

ly
su

lfi
de

?
16

5.
4

0.
48

K
A

X
 ?

16
9.

1
6.

61
6.

25
7.

37
3.

01
5.

74
5.

49
6.

63
4.

14
5.

83
5.

69
SO

42-
1

17
0.

1
1.

02
SO

42-
2

C
a 

2p
 3

/2
34

8.
5

1.
56

2.
15

5.
97

2.
19

2.
15

1.
72

1.
29

10
0.

02
99

.9
9

10
0.

01
99

.9
9

10
0

10
0.

02
99

.9
8

10
0.

01
10

0.
02

10
0.

01



The most intense C 1s peak observed on both samples is around 285 eV and it can be 
associated with C-(C,H) species. The peak around 286.4 eV can be associated with C-O, 
288.1 eV with COOH species, while the peak around 290 eV was associated with carbonate 
species (CO3

2-) suggesting the presence of CaCO3 and/or FeCO3 on pyrite samples treated in 
both waters (Nowak and Laajalehto, 2000). However the peak is more intense in process 
water compared to deionised water because of additional calcium concentration present in the 
process water. The peak at 285 eV associated with C-(C,H) species is more intense in 
deionised water.

Fig. 11. C 1s XPS spectra of pyrite treated in solution containing 5x10-5M KAX in deionised 
water (top) and process water (bottom) at pH 10.5.

The peaks around 285, 286.7 and 288.7 eV are due to hydrocarbon contamination and 
substantial adsorption of xanthate or a component derived from xanthate in oxidative 
environment on sulphide mineral with the intensity of 286.7 eV peaks increasing while that of 
285 and 288.7 eV decreases in the presence of xanthate (Pillai et al., 1983). Szargan and 
Karthe (1992) reported that the presence of xanthate on pyrite can also be indicated by the 
component around 286.4 eV BE, this peak can also be seen in Fig. 11 to have high intensity 
on pyrite sample treated in deionised water compared to process water however the spectra at 
288 eV is only observed on pyrite sample treated in process water indicating that xanthate 
adsorption on pyrite sample may be enhanced in process water since this spectra is appearing 
in process water in combination with the spectra at 286.4 eV.

The pyrite S 2p peaks at 163 eV and 164 eV can be assigned to S 2p levels of the FeS2
substrate (Fig. 12). The peak at 164 eV can also be assigned to disulphide or polysulphide 
contamination or contamination due to sulphur from xanthate. The peaks at 165 and 166 eV 
can be assigned to xanthate products on the pyrite sample while the peaks at 169.1 and 170.1 
eV can be assigned to sulfoxy species. It can also be seen in Fig. 13 that the xanthate species 
peaks especially at 165 and 166 eV are more intense on pyrite samples treated in deionised 
water than in process water however the sulfoxy bands at 169 and 170 eV are also higher in 
deionised water compared to process water, therefore indicating that xanthate adsorption may 
be inhibited in process water. The C1s spectra at 288 eV (Fig. 11) suggests more xanthate on 
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pyrite sample treated in process water while low depression of pyrite was observed in process 
water under Hallimond flotation studies. The low depresson could also be due to lower 
sulfoxy species on pyrite surface in process water leading to more hydrophobic surface that 
promotes adsorption of bubbles. Additional studies to investigate this observations are 
requires before concrete conclusions could be made.

Fig. 12. S 2p XPS spectra of pyrite treated in solution containing 5x10-5M KAX in deionised 
water (top) and process water (bottom) at pH 10.5

The observations with pyrite are consistent with documented previous studies. It was 
suggested that lower pyrite floatability with xanthate at neutral and mildly alkaline conditions 
was due to formation of hydroxyl xanthate compounds (Jiang et al, 1998). Xanthate can 
improve hydrophobicity on pyrite surface through coverage of the mineral surface by 
dixanthogen and thereby reducing the hydrophilic effect of surface oxidation products. 
However the stability effect of ferric species in alkaline environment can reduce the 
hydrophobicity (Kocabag and Guler 2007). Ferric oxyhydroxides are the main hydrophilic
species reported in the literature. These species adsorb and cover the mineral surface instead 
of the hydrophilic Fe-xanthate complexes (Ferstenau et al. 1971; Kocabag 1983). Furthermore 
studies have shown that contact angle of pyrite decreased at mildly alkaline condition due to 
dissolved ferrous ions from mineral surface or from the Fe ions added into solution (Guler et 
al, 2009).

Although Hallimond tube flotation shows marginal disturbance of Ca2+ ions, SO4
2- ions and 

process water components on the depression of pyrite mineral, zeta potential clearly shows 
the adsorption of all these species on the minerals surfaces. Ca2+ ions particularly affect 
xanthate collector adsorption. However pyrite does not activate or float greatly with other 
minerals under the flotation conditions. Therefore the use of process water is not detrimental 
to flotation of sulphide minerals within the scope of this study.
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4 CONCLUSIONS

Under Hallimond flotation, calcium ions have no significant effect on pyrite in deionised 
water. Poor depression of pyrite is observed in process water after 400 mg/l due to activating 
effect of calcium and other metal ions present in process water. Sulphate ions caused
significant depression of pyrite in process water at increased concentration while little 
depression of pyrite is seen in deionised water.

Pyrite is positively charged in the entire acidic pH region in deionised water with iep at pH 7
after which it is negatively charged. In process water it has negative potentials in acidic pH 
region due to adsorption of sulfoxy species. The positive potentials after pH 9.5 is due to 
adsorption of first hydroxyl species of Cu, Pb and Ca ions present in process water. The 
adsorption of calcium ions is evidenced from the zeta-potentials of pyrite where the 
magnitude of positive charge is successively increased with increasing calcium concentration.
Significant effect of calcium ions but not sulphate ions is observed on the zeta-potentials of 
pyrite.

DRIFT spectra of pyrite pure sample showed that the surface is partially oxidised, depicting 
surface sulfooxy and carbonate species bands. Similar observation is also noticed from XPS 
spectra. Process water, sulphate and calcium ions increase xanthate adsorption where xanthate 
species bands intensities were relatively high.

The findings so far indicate favourable effects on pyrite depression and no detrimental effect 
of process water reuse for sulphide flotation.
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ABSTRACT

The production of hydrogen peroxide during grinding of a complex sulphide ore was 
measured and its oxidizing effect on the ore solids surfaces was investigated using diffuse 
reflectance Fourier transform infrared spectroscopy (DRIFT-FTIR) measurement. In turn, an 
attempt was made to correlate, formation of hydrogen peroxide, surface oxidation and
chalcopyrite flotation. Additionally in order to predict and minimize detrimental production 
problems due to the recycle of process water in sulphide ore processing, effects of major 
components of calcium and sulphate species present in recycled process water and effect of 
temperature on chalcopyrite flotation was investigated through bench scale flotation tests 
using complex sulphide ores. The significance of process water species in flotation were 
studied using tap water, process water and simulated water containing calcium and sulphate 
ions in experiments. Hydrogen peroxide was detected during grinding of the complex 
sulphide ore and its formation was reduced by diethylenetriamine (DETA). DRIFT-FTIR 
spectroscopy of the pulp solid fraction shows varying degree of oxidised surface species 
which is related to concentration of H2O2 analysed in pulp liquid. Bench scale flotation using 
two different complex sulphide ores showed that chalcopyrite recovery is better in process 
water than tap water at room temperature. Flotation results also indicated decrease of 
chalcopyrite and iron grade and recovery by DETA and reduction of chalcopyrite floatability 
at temperatures lower than 22oC in either tap water or process water.

Keywords: Chalcopyrite; Flotation; hydrogen peroxide; oxidation; DETA FTIR.

1 INTRODUCTION

The first all-flotation plant on the North American continent was built in Canada in about 
1917 by the Canada Copper Corporation to treat copper ore. This plant treated 40 ton/day and 
recovered 90% of the copper in a concentrate assaying 25 %Cu (Woodcock et al., 2007).
Although the commercial application of froth flotation begins 12 years earlier (in 1905 at 
Broken Hill in Australia) and its use is still greatly expanding around the globe in the process 
of minerals, coal and other applications such as environmental control, bitumen extraction 
from tar sands, and recycling (Fuerstenau et al., 2007b). Sulphide ores are major source of 
base and precious metals such as copper and today billions of tons of sulphide ores are 
processed annually using froth flotation method (Fuerstenau et al., 2007a). This means that 
the flotation process consumes multiple billions of gallons of global water reserve and 
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contributes to great reduction in fresh water availability in the ecosystem.It is therefore highly 
essential to recycle process water in commercial froth flotation. Recycling of process water 
during production process of sulphide minerals by flotation is now becoming very mandatory
in minerals industries while concern of the process water chemistry on production efficiency
has also been recognized. An attempt to define the concerns was made by Ikumapayi et al. 
(2012). This was done through assessment of the effects of major components of calcium and 
sulphate species in process water on chalcopyrite surface and their floatability using 
Hallimond tube flotation.

The sulphide minerals surface oxidation has been known to play a major role during
collectorless flotation of copper minerals (Woodcock et al., 2007) and a very critical issue in 
activation of pyrite which is a very common gangue material in sulphide ore. It was revealed 
that ferric defects on ground pyrite surfaces can generate OH• radicals upon interaction with 
water and combination of two OH• radicals yields H2O2 (Borda et al., 2003; Cohn et al., 
2006). However, participation of these species, if any, in non-selective oxidation of the 
sulphide ore pulp components and hence in deteriorating the concentrate grade and recovery 
of metal-sulphides has not still been explored yet. In an attempt to fill the gap, we aim to 
estimate the concentration of H2O2 in pulp liquid during different times of ore grinding and 
compare them to oxidation of pulp solid as well as study possible ways of flexibly controlling 
H2O2 formation through known chemical means. One of such ways is addition of chloride 
ions, which are known to inhibit the deposition of elemental sulphur on the pyrite electrode 
surface by promoting the oxidation of an adsorbed intermediate, believed to be the 
thiosulphate ion, to soluble tetrathionate ions. In the absence of chloride ions, the thiosulphate 
intermediate undergoes acid decomposition on the pyrite surface to yield elemental sulfur 
(Dimitrijevic et al., 1999; Lehmann et al., 2000). Another way is addition of polyethylene 
polyamines such as DETA which are strong reducing agents and buffering agents due to their 
nucleophilic functional groups (Chen et al., 2006).

In this study the influence of process water components; Ca2+ and SO4
2- ions independently 

and combined were investigated on chalcopyrite flotation from complex sulphide ore. 
Flotation recovery of chalcopyrite at different temperature was also investigated. The 
oxidation properties of the ore in grinding mills at different periods of grinding were also 
investigated by measuring the formation of H2O2 and the effects of chloride ions and DETA 
on its formation. Additionally, an attempt was made to correlate formation of hydrogen 
peroxide to surface oxidation and flotation recovery and grade of chalcopyrite. The results are 
presented and discussed in this paper.

2 EXPERIMENTAL

2.1 Materials and reagents

Two complex sulphide ores from Boliden-Renström and Boliden-Kristineberg mines were
used in flotation to test the effect of process water components, simulated process water and 
temperature. The ores were crushed and wet ground in a stainless steel mill to obtain K80 65

m size particles, which is the same feed size in plant flotation operation. The complex 
sulphide ore obtained from Boliden-Renström mine was used to assess H2O2 generation in 
pulp liquid and in the presence of Cl- and diethylenetriamine (DETA).
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The chemical used are commercial grades and are flotation reagents being used at Boliden 
concentrator for treating complex sulphide ores. Potassium amyl xanthate (KAX) and 
Danafloat (dithiophosphate) were used in the experiment as collectors, Dowfroth 250 
(polypropylene oxide methanol) was used as frother, dextrin, sodium hydrogen sulphite
(NaHSO3), and zinc sulphate (ZnSO4) were used as depressant. Calcium oxide (CaO), HCl 
and NaOH solutions were used as pH regulators and K2SO4 and CaCl2 as sources of SO4

2- and 
Ca2+ ions respectively. The process water obtained during Renström and Kristineberg ores 
concentration by flotation respectively were collected from Boliden company the water was 
the liquid separated from zinc rougher flotation concentrate (the flotation was preceded by 
copper and lead rougher flotation) and an analysis of chemical species in the process water 
was reported earlier (Ikumapayi et al., 2012).

2.2 Assessment of H2O2 production in pulp liquid

In each test; 1 Kg ore samples is wet-ground with 3000 ml of water in a laboratory stainless 
steel rod mill. The slurry samples were collected at a pre-determined time intervals, filtered
and the liquid (filtrate) was immediately analyzed by spectrophotometric method using 
copper (II) ion and 2, 9-dimethyl-1, 10-phenanthroline (DMP) (Koji et al., 1998) for 
measuring H2O2 concentration in solution. Solid fractions of the grinding products were dried 
at room temperature, temporarily stored in sealed polyethylene bags and were subsequently 
subjected to DRIFT-FTIR analysis with 5.4 wt% concentration of sample in potassium 
bromide (KBr) mixture. Each spectrum was recorded after 256 scans.

2.3 Bench-scale flotation tests

The test was done with 1 Kg of ore, wet ground with 600 ml of tap water or process water in a
steel mill with 8 Kg grinding medium followed by flotation in a WEMCO cell of 2.5 litre 
capacity. The sequences of reagent additions were pH regulator, depressants, collectors, 
frother, and flotation. The dosages of depressants are; 1500 g/t ZnSO4, 300 g/t NaHSO3 and 
200 g/t of dextrin. Copper and lead minerals were floated simultaneously and were followed 
by zinc mineral floatation, but this manuscript will focus on the copper mineral components 
in the floatation products. Dosages of collectors in a three stage sequential copper mineral
flotation are 30+20+10 g/t Danafloat and 10+5+0 g/t KAX. The conditioning times for pH 
regulator, depressants, and collectors are 5 min, 1 min and 2+1+1 min respectively. The 
frother dosage was 20 g/t Dowfroth. The pH was regulated to ~10.5 with powdered calcium 
oxide. Experiments were performed at room temperature of approximately 22oC and at 11°C 
and 4°C. Total flotation time in successive three stages was 4.5 min (1+1.5+2). The three float 
products in each test are combined for the chemical analysis. A specially constructed hollow 
wall stainless flotation cell of 2.5 litre capacity was used during the temperature variation 
tests. Chilled glycol was pumped through the hollow wall of the cell to control the pulp 
temperature.
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3 RESULTS AND DISCUSSION

3.1 Formation of H2O2 in pulp liquid

The Boliden-Renström ore was used for these studies, the ore containing 1 %Pb, 9.9 %Fe, 6.4 
%Zn and 0.36 %Cu was used. The gangue materials in the ore are mostly pyrite and silicates. 
After grinding and solid liquid separation; the extent of H2O2 formation during grinding of the 
sulphide ore was initially investigated, in order to elucidate the catalytic activity of solid 
surfaces, in particular pyrite in the pulp, the filtrate was immediately analyzed for H2O2
generation using DMP method. The formation of H2O2 was detected in the filtrate for the first 
time in mineral processing applications (Fig. 1). Borda et al. (2003) suggested that the defect 
structure of the pyrite surface is capable of dissociating H2O to form OH• radicals. It was 
hypothesized that a reaction between adsorbed H2O and Fe(III), at a sulphur-deficient defect 
site, on the pyrite surface generates an adsorbed hydroxyl radical. In the reaction Fe(III) was 
converted to Fe(II) and H2O dissociated to form OH• and H+ on non-stoichiometric Fe(III) 
sites on pyrite (Eq. 1). The combination of two OH• radicals, then produces H2O2 (Borda et 
al., 2003). The finding in this study is in agreement with the work of Borda et al.

3+ + H2O (ads)
2+ + OH·

(ads) + H+ (1)
The concentration of H2O2 increased with increasing grinding time and pH due to increased 
surface area of exposed solids and its reactions with water as well as increased reduction of Fe 
(III). The rate of the reaction appears to be more at basic pH.
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Fig. 1. Concentration of H2O2 as a function of grinding time at increasing pH.

Since H2O2 can oxidise surfaces, the solid fraction was subjected to FTIR analysis to examine 
the surface species. The results show some correlation as can be seen in Fig. 2. It can be seen 
that the intensity of absorbance bands are different at varying pH of grind due to different 
level of surface oxidation. The bands at 666 cm-1, 1159 cm-1, 1454 cm-1 and 1459 cm-1 are S–
O vibrations in sulphate and the band at 988 cm-1 can be assigned to S=O stretching in 
sulphite and sulphate (Smith, 1999; Socrates, 2001). The band at 988 cm-1 in particular is 
higher at lower pH (5.6, 7.78 and neutral pH) while the intensity is lower and same at higher 
pH (8.3, 10.7 and 11.9). However the concentration of H2O2 corresponding to the pulp liquid 
increases with pH (Fig. 1). The reason for high intensity S=O bands could be due to 
predominant surface sulphur species at low pH while O–H vibrations dominates at higher pH 
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(Zhong-Xi, 1991). Similar intensity of S=O bands at high pH could be the result of H2O2
oxidation of solid surface and dissolution of surface oxidised species.
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Fig. 2. Spectra of corresponding ore solid residue separated from solution after grinding for 
60 minutes at different pH.

The mechanism could be similar to Fenton reaction in the solution. Ferrous Iron (II) is 
oxidized by hydrogen peroxide to ferric iron (III), a hydroxyl radical and a hydroxyl anion 
(Eq. 2). Iron (III) is then reduced back to iron (II), a peroxide radical and a proton by the same 
hydrogen peroxide (disproportionation) (Eq. 3) while the excess peroxide produced at high 
pH cleans the solid surface and remove oxidation products.

Fe2+ + H2O2
3+ + OH· + OH (2)

Fe3+ + H2O2
2+ + OOH· + H+ (3)

In an attempt to investigate possible chemical recourse on how to counteract H2O2 formation 
and minimize oxidation during ore grinding; the effect of Cl- ions and diethylene triamine
(DETA) (Fig. 3) was investigated. The grinding was carried out for 60 minutes at natural pH 
8.3 in both cases.
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Fig. 3. H2O2 concentration as a function of chloride ions (solid line) and DETA concentration 
(broken lines) at natural pH 8.3 and 60 minutes grinding.
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The Cl- ions seem to increase formation of H2O2 although the increase may also be caused by 
increased absorbance due to Cl- ions, because the reagents used in DMP method for the 
measurement of H2O2 can react with Cl- ions (when concentration of Cl- ions is more than 23 
μM) and the absorbance signals are produced in the absence of H2O2 (Koji et al., 1998). Since 
the method is based on the reduction of Cu2+ with H2O2, it is difficult to realize the increase in 
H2O2 in the presence of Cl- ions interacting with solids and water. The principle is reduction 
of copper (II) with H2O2 (Eq. 4). However hypochlorite ions (HOCl-) produced from reaction 
of Cl- and H2O2 (Eq. 5) may also reduce copper (II) forming the same Cu(DMP)2

+ complex 
(Eq. 6) which gives the absorbance in the absence of H2O2.

2Cu2+ + 4DMP + H2O2 2Cu(DMP)2
+ + O2 + 2H+ (4)

2Cl- + H2O2 2HOCl-             (5)
2Cu2+ + 4DMP + 2HOCl- 2Cu(DMP)2

+ + O2 + 2HCl                 (6)

The presence of DETA however decreases H2O2 formation. The solids under FTIR 
spectroscopy presents varying intensity of oxidised surface species with higher intensity in 
water and in the presence of Cl- ions, but less intensity in the presence of DETA as can be 
seen in Fig. 4. The low intensity of 988 cm-1 band in the presence of DETA indicates less 
oxidation activity on the surface of the ore compared to the surfaces in water and in the 
presence of Cl- ions. A fraction of generated OH• radicals was also hypothesized to react and 
oxidize sulphur on pyrite surface (Borda et al., 2003), DETA counteracting the formation of 
the radicals leads to less surface oxidation components.

Fig. 4. DRIFT spectra of corresponding ore solid residue separated from solution after 
grinding for 60 minutes in tap water, Cl and DETA solution at pH 8.3.

3.2 Flotation Tests

After assessment of H2O2 formation in the presence and absence of Cl- ions and DETA
solution their effect on flotation recovery and grade of copper and iron was investigated. NaCl
and DETA agents were added at the grinding stage. The flotation recovery and grade of 
copper and iron in the presence of the species are presented in Figs. 5-8. Fe concentration was 
used as a measure of the pyrite fraction in the product (although Fe is also contributed from 
chalcopyrite but the % contributed will be the same in all the products).
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Chlorine ions did not cause any significant changes in Fe content in flotation products 
although a little increase in Fe content in CuPb concentrate can be seen, while DETA caused 
significant increase of Fe content in the tailings (Fig. 5). This indicates better depression of 
pyrite in the presence of DETA in CuPb and Zn flotation stages. High concentration of DETA 
(3.2x10-2M) detrimentally reduces the copper recovery to CuPb concentrates and 
inadvertently increases its distribution to zinc concentrate, while low concentration of DETA 
(3.2x10-3M) only caused little decrease in copper to CuPb concentrate and minor increase to 
zinc concentrate. DETA caused no significant increase in copper distribution to tailings. The 
concentrations of Cl- ions used have no effect on copper distribution to the three products.     
(Fig. 6). 

0

20

40

60

80

100

0 1x10-3 CI 1x10-1 CI 3.2x10-3 DETA 3.2x10-2 DETA

Added species during grinding   M

Fe
 d

is
tri

bu
tio

n 
  %

CuPb Concs. Zn Concs. Tailings

Fig. 5. Distribution of Fe to CuPb, Zn concentrates and tailings products with and without 
addition of Cl and DETA at the grinding stage.
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Fig. 6. Cu recovery to CuPb, Zn concentrates and tailings products with and without addition 
of Cl and DETA at the grinding stage.

However Cl- ions reduces the grade of copper a little in CuPb concentrate while low 
concentration of DETA also cause little decrease of copper grade in CuPb concentrate and 
little increase in zinc concentrate. Similarly, high concentration of DETA caused significant 
reduction of copper grade in CuPb concentrate and very high increase in the zinc concentrate 
(Fig. 7). This is indicating that DETA is depressing chalcopyrite. In Fig. 8 Cl- ions have no 
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significant effect on the grade of Fe however high concentration of DETA reduces the grade 
of Fe in CuPb and Zn concentrates and consequently increases its grade in the tailings.
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Fig. 7. The grade of Cu in CuPb, Zn concentrates and tailings products with and without 
addition of Cl and DETA at the grinding stage.
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Fig. 8. Fe grade in CuPb, Zn concentrates and tailings products with and without addition of 
Cl and DETA at the grinding stage.

Formation of H2O2 takes place during wet grinding of complex sulphide ore. It is a strong 
oxidizing agent and can easily oxidize sulphide minerals. Prevention or reduction of H2O2
formation during grinding may result in improved flotation results. The peroxide production 
was only possible on pyrite and nickel disulphide surfaces (Borda et al., 2001); therefore 
since pyrite is a major gangue mineral in the complex sulphide ore used in this study, it is 
most likely that the peroxide production measured is from the pyrite content in the ore. H2O2
formation increases with increasing pH, surface area and it decreases with the addition of 
DETA which protect formation of hydrogen peroxide and act as pyrite depressant and 
inadvertent depressant of chalcopyrite. The mechanism of DETA reduction of peroxide could 
not be directly explained in this work, but we suggest a DETA depression mechanism of 
pyrite which is similar to DETA depression mechanism of pyrrhotite in which DETA can 
form soluble complex with Fe2+ ions on the surface of the pyrrhotite during oxidation and 
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since the Fe2+ ions may be a precursors for the formation of Fe3+ species, DETA may prevent
its formation (Yoon et al., 1995). Similarly we can suggest that DETA is forming a complex 
with Fe2+ ions and thereby preventing the formation of Fe3+ species and consequently 
preventing dissociation of H2O that could have form OH• and H+, on non-stoichiometric 
Fe(III) sites on pyrite (Eq. 1) thereby preventing formation of H2O2. Also mechanism of 
DETA depression of chalcopyrite could not be explained presently but we suggest similar 
mechanism to pyrite.

It was shown elsewhere that DETA improve recovery of zinc to zinc concentrate (Ikumapayi 
et al. 2012), therefore DETA can be a possible reagent to control formation of H2O2 and 
improve flotation since it increases iron concentration in the tailings which is an indication of 
better depression of pyrite in the CuPb and Zn flotation stages. However the reduction of 
copper recovery and grade by DETA is a serious concern. The effect of Cl- ions on H2O2
formation cannot be ascertained at this stage due to the limitation of the DMP analytical 
method used. The difference in the DRIFT spectra of the solids at different pH of grinding as 
well as in the presence of Cl- ions and DETA indicates a correlation between the peroxide 
formed in the solution and the oxidised species present on the mineral surface.

3.3 Bench-scale flotation studies: Effects of process water components and temperature on 
recovery and grade

The flotation was carried out using tap and process water at 22, 11 and 4oC temperatures to 
cover the seasonal temperature changes in process plant from winter to spring and summer 
through autumn in the north of Sweden.

Table 1. Recovery and grade of copper from bench scale flotation using tap water and process 
water at 22, 10 and 5oC temperatures.

Pulp liquid
(species added)

Renström ore Kristineberg ore
Recovery, % Grade, % Recovery, % Grade, %

22oC
Ca ions 89 1.4 91 3.7
Sulphate ions 88 1.5 91 3.9
Ca+Sulphate ions 88 1.4 90 5.2
Tap water 88 1.8 92 3.6
Process water 90 1.6 93 2.9

11oC
Tap water 84 1.6 90 4.1
Process water 85 1.3 89 5.9

4oC
Tap water 83 1.4 89 4.0
Process water 82 1.8 89 5.1

Flotation was also carried out using simulated water containing equivalent calcium and 
sulphate species as in process water at 22oC temperature. Renström ore grades 0.36 percent 
Cu, while Kristineberg ore grades 0.9 percent Cu. Each flotation test was carried out three 
times and the average recovery and grade from these three results are presented in Table 1. It 
can be observed that the recovery of copper from Renström and Kristineberg ores decreases 
with temperature. This is most likely due to reduced kinetics of mineral-collector interaction 
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as the temperature decreases. In addition, the grade and recovery of copper when process 
water is used are higher than the products when tap water is used on the average. The 
somewhat better results when the process water was used could be due to presence of high 
concentration of metal ions that acts as mineral particle surface activator and enhances 
collector adsorption as well as other rest reagents already present in the process water (Chen 
et al., 2009; Kirjavainen et al., 2002).

The difference in flotation response between process and tap water could also be caused by 
different grinding environments (Eric Forssberg et al., 1993; Grano, 2009; Göktepe and 
Williams, 1995; Martin et al., 1991; Peng et al., 2003a; Peng et al., 2003b), for example, the 
pH of process water is about 11 which is the grinding pH when using process water for 
flotation as against tap water in which grinding pH is about 8.

Balance of calcium and sulphate species in pulp solution

The sulphate and calcium species concentration balance in solution for tests on Renström ore 
using tap water and process water at 22 oC, 10 oC and 5 oC temperatures are presented in 
Table 2. The concentrations of Ca2+ and SO4

2- ions in the tap water are 22.5 and 7.4 mg/l 
respectively while in process water are 128 and 63 mg/l respectively. The lower concentration 
of calcium in the final flotation solution observed in Table 2 must have adsorbed on the 
mineral surfaces and/or precipitated as calcium carbonate as seen in zeta-potential, FTIR and 
XPS studies, and the excess of SO4

2- must have been contributed from the dissolved sulphur 
composition of the mineral. Similar but not exact balance was observed with Kristineberg ore.

Table 2. Calcium and sulphate species ions balance in solution from flotation of Renström ore 
at different temperature using both tap water and process water.

Pulp liquid Tap water Process water
22 oC

SO4
2- mg/l Ca2+ mg/l SO4

2- mg/l Ca2+ mg/l
Initial 373 472 455 456
Final 375 370 511 446
Difference 2 -102 56 -10

11oC
Initial 306 267 303 231
Final 281 155 364 200
Difference -25 -112 61 -31

4oC
Initial 249 220 344 239
Final 224 121 366 239
Difference -25 -99 21 0

4 CONCLUSIONS

The formation of H2O2 was revealed during wet grinding of complex sulphide ore and its 
concentration increases with increasing pH, surface area and decreases with the addition of 
DETA. Addition of DETA at grinding stage during flotation of complex sulphide ore increase 
recovery of Cu to Zn concentrate and Fe recovery to tailings.
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FTIR spectra shows varying intensity of oxidised surface species on the pulp solid which is 
somewhat related to concentration of H2O2 analysed in corresponding pulp liquid. Addition of 
DETA to sulphide ores could improve depression of pyrite and reduces peroxide oxidant 
production, minerals oxidation and pyrite oxidation both in the flotation stream as well as in 
the tailings pond thereby improving both production and reducing the effect of acid rock 
drainage in the tailings. However it is detrimental to copper mineral recovery and could not be 
used in flotation when copper mineral is an economic product.

Chalcopyrite recoveries decrease as flotation temperature decreases in bench-scale test of 
sulphide ore in tap water. Recoveries increased when process water was used in bench-scale 
flotation; hence no detrimental effect of process water reuse is indicated. An analysis of pulp 
liquid after flotation shows decreased calcium and increased sulphate ions indicating that
there is adsorption of calcium ions on the mineral and dissolution and release of sulphate ions 
in solution.
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ABSTRACT

The formation of hydrogen peroxide, a strong oxidizing agent, stronger than oxygen, was 
traced during grinding of a complex sulphide ore and its effect on solids surfaces was 
investigated using Fourier transform infrared spectroscopy (FTIR) with diffuse reflectance 
attachment measurement. In turn, an attempt was made to correlate, formation of hydrogen 
peroxide, surface oxidation and galena flotation. Additionally in order to predict and 
minimize production problems due to recycling of process water in sulphide minerals 
processing, the effects of major components of calcium and sulphate species present in 
recycled process water and effect of temperature on galena flotation was investigated on
complex sulphide ores using bench scale flotation equipment. The significance of process 
water species in flotation were studied using tap water, process water and simulated water 
containing calcium and sulphate ions in experiments. Formation of hydrogen peroxide was 
revealed during grinding of the complex sulphide ore and its formation was reduced by 
diethylenetriamine (DETA). FTIR spectroscopy of the pulp solid fraction shows varying 
degree of oxidised surface species which is related to concentration of H2O2 analysed in pulp 
liquid. Bench scale flotation using two different complex sulphide ores showed that galena 
recovery is better in process water than in tap water at room temperature. Flotation results 
also indicated decrease of galena floatability at temperatures lower than 22oC in either tap 
water or process water.

Keywords: Galena; Flotation; hydrogen peroxide; oxidation; FTIR.

1. INTRODUCTION

Froth flotation method is used to concentrate billions of tons of global sulphide ores annually
(Fuerstenau et al., 2007) and the process requires billions of gallons of water, it is therefore 
pertinent to recycle process water used in sulphide mineral flotation. Recycling process water 
is one of the ways to protect public health and safety as well as the environment. In minerals 
industries, recycling of process water during production process of sulphide minerals by 
flotation is now becoming very mandatory while concern of process water chemistry has also 
been recognized. An attempt to define the concerns was made by us (Ikumapayi et al., 2012)
through assessment of the effects of major components of calcium and sulphate species in 
process water on Hallimond tube flotation recovery of galena and their surface species.
Oxidation of sulphide minerals has been known to be a very critical issue in flotation while 
pyrite is a very common gangue material in sulphide ore. It was revealed that ferric defects on 
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ground pyrite surfaces can generate OH• radicals upon interaction with water and combination 
of two OH• radicals yields H2O2 (Borda et al., 2003; Cohn et al., 2006). Hydrogen peroxide is 
a strong oxidizing agent stronger than oxygen. However, participation of these species, if any, 
in non-selective oxidation of the sulphide ore pulp components and hence in deteriorating the 
concentrate grade and recovery of metal-sulphides has not still been explored yet. In an 
attempt to fill the gap, we aim to estimate the concentration of H2O2 in pulp liquid during 
different times of ore grinding and compare them to oxidation of pulp solid. Another aim was 
to study possible ways of flexibly controlling H2O2 formation through known chemical 
means. One of such ways is addition of chloride ions, which are known to inhibit the 
deposition of elemental sulphur on the pyrite electrode surface by promoting the oxidation of 
an adsorbed intermediate, believed to be the thiosulphate ion, to soluble tetrathionate ions. In 
the absence of chloride ions, the thiosulphate intermediate undergoes acid decomposition on 
the pyrite surface to yield elemental sulfur (Dimitrijevic et al., 1999; Lehmann et al., 2000).
Another way is addition of polyethylene polyamines such as DETA which are strong reducing 
agents and buffering agents due to their nucleophilic functional groups (Chen et al., 2006).

A number of previous works have shown that calcium ions either promote or depress flotation 
of galena (Cullinan et al., 1999; Liu and Zhang, 2000; Vincent, 1999). In this study the 
influence of process water components; Ca2+ and SO4

2- ions independently and combined 
were investigated on galena flotation from complex sulphide ore. The oxidation properties of 
the ore were investigated in grinding mills at different periods of grinding by tracing the 
formation of hydrogen peroxide. The effects of chloride ions and DETA on H2O2 formation
were also investigated. In turn, an attempt was made to correlate formation of hydrogen 
peroxide to surface oxidation and flotation recovery and grade of galena. The results are 
presented and discussed in this paper.

2. EXPERIMENTAL

2.1 Materials and reagents

Two complex sulphide ores from Boliden-Renström and Boliden-Kristineberg mines were
used in flotation to test the effect of process water components, simulated process water and
temperature. The ores were crushed and wet ground in a stainless steel mill to obtain K80 65

m size particles, which is the same feed size in plant flotation operation. The complex 
sulphide ore obtained from Boliden-Renström mine was used for H2O2 generation in pulp 
liquid and in the presence of Cl- ions and DETA.

All the chemicals used are technical grade. The flotation reagents being used at the Boliden 
Mineral concentrator for treating complex sulphide ores have been obtained. Potassium amyl 
xanthate (KAX) and Danafloat 871 (dialkyl dithiophosphate mercaptobenzothiazole) were 
used as collectors, Dowfroth 250 (polypropylene oxide methanol) was used as frother, dextrin
(Boulton et al., 2001; López et al., 2004), sodium hydrogen sulphite (NaHSO3) (Khmeleva et 
al., 2003; Shen et al., 2001), and zinc sulphate (ZnSO4) (Cao and Liu, 2006) were used as
depressants for pyrite and sphalerite present in the ore. Calcium oxide (CaO) and HCl 
solutions were used as pH regulators, K2SO4 and CaCl2 as sources of SO4

2- and Ca2+ ions
respectively. The process water obtained during Renström and Kristineberg ores
concentration by flotation respectively were collected from Boliden Mineral company and an
analysis of chemical species in the process water was reported earlier (Ikumapayi et al., 
2012).
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2.2 Assessment of H2O2 production in pulp liquid 

The grinding tests were carried out with 1 Kg ore samples from Renström mine. The ore was
wet-ground with 3000 ml of water in a laboratory stainless steel rod mill and slurry samples 
were collected at a pre-determined time intervals. The slurry samples were filtered and the 
liquid (filtrate) was immediately analyzed by spectrophotometric method using 2, 9-dimethyl-
1, 10-phenanthroline (DMP) and copper (II) ions (Koji et al., 1998) for measuring H2O2
concentration in solution: 1 ml each of the DMP, copper (II) sulphate (0.01M) and phosphate 
buffer (pH 7.0) solutions were mixed in a 10 ml standard volumetric flask, a measured 
volume of the filtrate was added to the flask and the flask was filled up with ultra-pure water. 
After mixing, the absorbance of the solution was measured at 454 nm using a DU Series 
UV/Vis Scanning Spectrophotometer (Koji et al., 1998). The blank solution was prepared in 
the same manner but without H2O2 or the filtrate. Solid fractions of the grinding products 
were dried open to air at room temperature, temporarily stored in sealed polyethylene bags 
and were subsequently subjected to FTIR-DRIFT analysis with 5.4 wt% concentration of 
sample in potassium bromide (KBr) matrix. Each spectrum was recorded after 256 scans.

2.3 Flotation tests

The flotation procedure is a standard optimised method at Boliden laboratory in the treatment 
of complex sulphide ores. In each test 1 Kg of ore is wet ground with 600 ml of tap water or 
process water in a steel mill with 8 Kg grinding medium followed by flotation in a WEMCO
cell of 2.5 litre capacity. The sequences of reagent additions were pH regulator, pyrite and 
sphalerite depressants, collectors, frother, and flotation. The dosages of depressants are; 1500 
g/t ZnSO4, 300 g/t NaHSO3 and 200 g/t of dextrin. Dosages of collectors in a three stage 
sequential copper-lead flotation are 30+20+10 g/t Danafloat and 10+5+0 g/t KAX. The 
conditioning times for pH regulator, depressants, and collectors are 5 min, 1 min and 2+1+1 
min respectively. The frother dosage was 20 g/t Dowfroth. The pH was regulated with 
powdered calcium oxide. Experiments were performed at room temperature of 22 oC and at
11 °C and 4 °C. The three float products in each test are combined for the chemical analysis. 
(The flotation was followed by zinc minerals flotation using 400 g/t CuSO4 as zinc minerals 
activator and 80 g/t IBX at pH 11.5- results relating to lead mineral is of interest in this 
paper). During the temperature variation tests, a specially constructed hollow wall stainless 
flotation cell of 2.5 litre capacity was used and the pulp temperature is controlled by pumping 
chilled glycol through the hollow wall of the cell.

3. RESULTS AND DISCUSSION

3.1 Formation of H2O2 in pulp liquid

The extent of H2O2 formation during grinding of sulphide ore is initially investigated, for 
these studies; the Renstroms ore containing 1 %Pb, 9.9 %Fe, 6.4 %Zn and 0.9 %Cu was used.
Major gangue minerals in this ore are pyrite and silicates minerals After grinding and solid 
liquid separation; in order to elucidate the catalytic activity of solid surfaces, in particular 
pyrite in the pulp, the filtrate was immediately analyzed for H2O2 generation using DMP 
method. The formation of H2O2 was detected in the filtrate for the first time in mineral 
processing applications (Fig. 1). Borda et al. (2003) suggested that the defect structure of the 
pyrite surface is capable of dissociating H2O to form OH• radicals. It was hypothesized that a 
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reaction between adsorbed H2O and Fe(III), at a sulfur-deficient defect site, on the pyrite 
surface generates an adsorbed hydroxyl radical. In the reaction Fe(III) was converted to Fe(II) 
and H2O dissociated to form OH• and H+ on non-stoichiometric Fe(III) sites on pyrite (Eq. 1). 
The combination of two OH• radicals, then produces H2O2 (Borda et al., 2003). The finding in 
this study is in agreement with the work of Borda et al.

Fe3+ + H2O (ads) Fe2+ + OH·
(ads) + H+ (1)

The concentration of H2O2 increased with increasing grinding time and pH due to increased 
surface area of exposed solids and its reactions with water. The rate of the reaction appears to 
be higher at basic pH.
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Fig. 1. Concentration of H2O2 as a function of grinding time at increasing pH.

Since H2O2 can oxidise surfaces, the solid fraction was subjected to FTIR analysis to examine 
the surface species. The results show some correlation as can be seen in Fig. 2. It can be seen 
that the intensity of absorbance bands are different at varying pH of grind due to different 
level of surface oxidation. The bands at 666 cm-1, 1159 cm-1, 1454 cm-1 and 1459 cm-1 are S–
O vibrations in sulphate and the band at 988 cm-1 can be assigned to S=O stretching in 
sulphite and sulphate (Smith, 1999; Socrates, 2001). The band at 988 cm-1 in particularly is 
higher at lower pH (5.6, 6 and neutral pH) while the intensity is lower at higher pH (8.3, 10.7 
and 11.9). However the concentration of H2O2 corresponding to the pulp liquid increases with 
pH (Fig. 1). The reason for high intensity S=O bands could be due to predominant surface 
oxidized sulphur species at low pH while O–H vibrations dominates at higher pH (Zhong-Xi,
1991). Equal intensity of S=O bands at high pH (8.3, 10.7 and 11.9) could be the result of 
H2O2 oxidation of solid surface and dissolution of surface oxidised species. The mechanism 
could be similar to Fenton reaction in the solution. Ferrous Iron (II) is oxidized by hydrogen 
peroxide to ferric iron (III), a hydroxyl radical and a hydroxyl anion (Eq. 2). Iron (III) is then 
reduced back to iron (II), a peroxide radical and a proton by the same hydrogen peroxide 
(disproportionation) (Eq. 3) while the excess peroxide produced at high pH cleans the solid 
surface and remove oxidation products.
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Fig. 2. Spectra of corresponding ore solid residue separated from solution after grinding for 
60 minutes at different pH.

Fe2+ + H2O2
3+ + OH· + OH (2)

Fe3+ + H2O2
2+ + OOH· + H+ (3)

In an attempt to investigate possible chemical recourse on how to counteract H2O2 formation 
and minimize oxidation during ore grinding; the effect of Cl ions and diethylene triamine
(DETA) (Fig. 3) was investigated. The grinding was carried out for 60 minutes at natural pH 
8.3 in both cases.
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Fig. 3. H2O2 concentration as a function of chloride ions (solid line) and DETA concentration 
(broken lines) at natural pH 8.3 and 60 minutes grinding.

The Cl ions seem to increase formation of H2O2 although the increase may also be caused by 
increased absorbance due to Cl ions, because the reagents used in DMP method for the 
measurement of H2O2 can react with Cl ions (when concentration of Cl ions is more than 23
μM) and the absorbance signals are produced in the absence of H2O2 (Koji et al., 1998). Since 
the method is based on the reduction of Cu2+ with H2O2, it is difficult to realize the increase in 
H2O2 in the presence of Cl- ions interacting with solids and water. The principle is reduction 
of copper (II) with H2O2 (Eq. 4). However hypochlorite ions (OCl-) produced from reaction of 
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Cl- and H2O2 (Eq. 5) may also reduce copper (II) forming the same Cu(DMP)2
+ complex (Eq. 

6) which gives the absorbance in the absence of H2O2.

2Cu2+ + 4DMP + H2O2 2Cu(DMP)2
+ + O2 + 2H+ (4)

2Cl- + H2O2 2HOCl-                                                                   (5)
2Cu2+ + 4DMP + 2HOCl- 2Cu(DMP)2

+ + O2 + 2HCl (6)

The presence of DETA however decreases H2O2 formation. DETA may prevent H2O2
formation by forming a complex with Fe2+ ions and thereby preventing the formation of Fe3+

species and consequently preventing dissociation of H2O that could have form OH• and H+,
on non-stoichiometric Fe3+ sites on pyrite (Eq. 1) thereby preventing formation of H2O2
(Yoon et al., 1995).
The solids under FTIR spectroscopy presents varying intensity of oxidised surface species 
with higher intensity in water and in the presence of Cl- ions, but less intensity in the presence 
of DETA as can be seen in Fig. 4. The low intensity of 988 cm-1 band in the presence of 
DETA indicates less oxidation activity on the surface of the ore compared to the surfaces in 
water and in the presence of Cl- ions. A fraction of generated OH• radicals was also 
hypothesized to react and oxidize sulphur on pyrite surface (Borda et al., 2003), DETA 
counteracting the formation of the radicals leads to less surface oxidation components.

Fig. 4. DRIFT spectra of corresponding ore solid residue separated from solution after 
grinding for 60 minutes in tap water, Cl- ions and DETA solution at pH 8.3.

3.2 Flotation Tests

After assessment of H2O2 formation in the presence and absence of Cl- ions and DETA
solution their effect on flotation recovery and grade of lead and iron minerals was 
investigated. NaCI and DETA agents were added at the grinding stage. The flotation recovery 
and grade of lead and iron minerals in the presence of the species are presented in Figs. 5-8.
We used the Fe concentration as a measure of the pyrite fraction in the product (although Fe 
is also contributed from chalcopyrite but the % contributed will be the same in all the 
products).

Cl- ions did not cause any significant changes in Fe content in flotation products although a 
little increase in Fe content in CuPb concentrate can be seen, while DETA caused significant 
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increase of Fe content in the tailings. This is indicating better depression of pyrite by DETA 
in CuPb and Zn flotation stages. There is no significant effect of Cl- ions on the recovery of 
Pb to the three products, while a decrease in recovery to CuPb concentrate and little increase 
in recovery to Zn concentrate and tailings were observed in the presence of DETA (Fig. 6).
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Fig. 5. Recovery of Fe to CuPb, Zn concentrates and tailings products with and without 
addition of Cl- ions and DETA at the grinding stage.
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Fig. 6. Pb recovery to CuPb, Zn concentrates and tailings products with and without addition 
of Cl- ions and DETA at the grinding stage.

Cl- ions and DETA reduce the grade of Pb in CuPb concentrate while DETA increases the 
grade of Pb in Zn concentrate (Fig. 7). In Fig. 8 Cl- ions have no significant effect on the 
grade of Fe however high concentration of DETA reduces the grade of Fe in CuPb and Zn 
concentrates and consequently increases its grade in the tailings.

Formation of H2O2 takes place during wet grinding of complex sulphide ore. It is a strong 
oxidizing agent and can easily oxidize sulphide minerals. Prevention or reduction of H2O2
formation during grinding may result in improved flotation results. The peroxide production 
was only possible on pyrite and nickel disulphide surfaces (Borda et al., 2001); therefore we 
can suggest that the peroxide production measured in this study is from the pyrite content in 
the ore. H2O2 formation increases with increasing pH, surface area and it decreases with the 
addition of DETA which protect formation of hydrogen peroxide by coating pyrite surfaces 
and act as pyrite depressant. The mechanism of DETA reduction of peroxide could not be 
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directly explained in this work, but we suggest a DETA depression mechanism of pyrite 
which is similar to DETA depression mechanism of pyrrhotite in which DETA can form 
soluble complex with Fe2+ ions on the surface of the pyrrhotite during oxidation and since the 
Fe2+ ions may be a precursors for the formation of Fe3+ species, DETA may prevent its 
formation (Yoon et al., 1995). Similarly it can be suggested that DETA is forming a complex 
with Fe2+ ions and thereby preventing the formation of Fe3+ species and consequently 
preventing dissociation of H2O that could have form OH• and H+, on non-stoichiometric Fe3+

sites on pyrite (Eq. 1) thereby preventing formation of H2O2.
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Fig. 7. The grade of Pb in CuPb, Zn concentrates and tailings products with and without 
addition of Cl- ions and DETA at the grinding stage.
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Fig. 8. Fe grade in CuPb, Zn concentrates and tailings products with and without addition of 
Cl- ions and DETA at the grinding stage.

DETA can be a possible reagent to control formation of H2O2 and improve flotation since it 
increases iron concentration in the tailings which is an indication of better depression of pyrite 
in the Cu, Pb and Zn flotation stages. However the effect of DETA on both the flotation 
recovery and grade of Cu and Zn must also be investigated before a global conclusion can be 
made. The effect of Cl- ions on H2O2 formation cannot be ascertained at this stage due to the 
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limitation of the DMP analytical method used. The difference in the DRIFT spectra of the 
solids at different pH of grinding as well as in the presence of Cl- ions and DETA indicates a 
correlation between the peroxide formed in the solution and the oxidised species present on 
the mineral surface. This study is an attempt to address formation and role of hydrogen 
peroxide in inadvertent oxidation of sulphide minerals and its effect on pyrite flotation, 
observations in this work forms the basis for an inexhaustible studies, well defined mineral 
systems of galena can ensure a right mechanism of the observations made so far, while 
additional studies are needed to elucidate effects of other factors such as temperature, 
grinding environment/method, components and species present in the flotation water on the 
formation of hydrogen peroxide.

3.3 Bench-scale flotation studies: Effect of process water components and temperature 
effects on flotation recovery and grade

Each flotation test was carried out thrice and the data presented in Table 1 is the average 
result of the three flotation tests. The two ores used were from Renström and Kritineberg 
mines; Renström ore grades 1% Pb, while Kristineberg ore grades 0.1% Pb. Flotation was 
carried out using tap and process waters at 22, 11 and 4oC temperatures to cover the seasonal 
temperature changes in process plant from winter to spring and summer through autumn in
northern Sweden and simulated water (with added 128 mg/l Ca2+ and 63 mg/l SO4

2- ions
concentration for Renström ores and 186 mg/l Ca2+ and 153 mg/l SO4

2- ions concentration for 
Kristineberg ores) at 22oC temperature. In Renström ore the recovery is more in process water 
than tap water and it decreases as temperature decreased, while there is no significant change 
in the grade.

Table 1. Recovery and grade of lead in copper lead concentrate from bench scale flotation 
using tap water, simulated tap water and process water at 22, 11 and 5oC temperatures.

Pulp liquid
(species added)

Renström ore Kristineberg ore
Recovery, % Grade, % Recovery, % Grade, %

Simulated water 22oC
Ca ions 88 4.9 82 0.5
Sulphate ions 89 5.2 85 0.6
Ca+Sulphate ions 87 4.6 83 0.8

22oC
Tap water 83 5.6 81 0.5
Process water 89 5.0 86 0.5

11oC
Tap water 75 4.5 83 0.6
Process water 75 4.1 77 0.8

4oC
Tap water 76 3.7 82 0.6
Process water 74 5.5 85 0.9

As can be seen in simulated water column of Table 1 addition of Ca2+ and SO4
2- ions (128 and 

63 ppm respectively) singly and combined in the water has little influence on both the 
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recovery and grade of lead. There is no clear difference in the results of Kristineberg ore 
besides at 22oC where the recovery is more in process water.

The reduction in recovery as temperature decreases cannot be specifically understood, 
however they are most likely due to reduced kinetics of mineral-collector interaction as the 
temperature decreases. An earlier study reported on the effect of temperature on pyrite 
flotation indicates that the rate of flotation is only affected at temperature less than 10oC. This 
was due to slow movement of bubbles and high viscosity at the low temperature. The flotation 
rate of pyrite decreases with temperature due to reduction in the rate transfer of pyrite from 
the pulp to the froth. This is partly because the bubbles rise more slowly at lower 
temperatures, and hence higher viscosities. An increase in aeration rate was suggested to
improve the flotation rate and infinite-time recovery of pyrite. The use of higher impeller 
speeds was reported to have improved flotation rates and recoveries of pyrite without 
reduction in grade, and this may overcome the effects of decreased temperatures. Heating of 
the pulp may also increase the recoveries, but the economics must be carefully evaluated for 
each flotation plant (O'Connor et al., 1984). Fundamental studies on the effect of temperature 
on xanthate adsorption on sulphide minerals will shed more light on the observations from 
this study. One possible reason for better grades in process water is the presence of rest 
reagents and high concentration of Ca2+ and other metal ions that enhances collector 
adsorption to KAX (an anionic collector) as seen in zeta-potential studies (Chen et al., 2009; 
Finkelstein, 1997; Ikumapayi et al., 2012). Another reason could be the reduced oxidised 
surfaces revealed under DRIFT-FTIR and XPS studies which could lead to better efficiency 
of the little adsorbed xanthate in flotation. The difference in flotation response between 
process and tap water could also be caused by different grinding environments (Eric 
Forssberg et al., 1993; Grano, 2009; Göktepe and Williams, 1995; Martin et al., 1991; Peng et 
al., 2003a; Peng et al., 2003b), for example, the pH of process water is about 11 which is the 
grinding pH when using process water for flotation as against tap water in which grinding was 
done at natural pH about 8.

Balance of calcium and sulphate species in pulp solution

The sulphate and calcium species concentration balance in solution for tests on Renström ore 
using tap water and process water at 22 oC, 11 oC and 4 oC temperatures are presented in 
Table 2.

The concentrations of Ca2+ and SO4
2- ions in the tap water are 22.5 and 7.4 mg/l respectively

while in process water are 128 and 63 mg/l respectively. The lower concentration of calcium 
in solution after flotation indicate their adsorption on the mineral surfaces and/or precipitated 
as calcium carbonate/sulphate as seen in our earlier zeta-potential, FTIR and XPS studies 
(Moignard et al., 1977; Ikumapayi et al., 2012), and the excess of SO4

2- must have been 
contributed from the dissolved sulphur composition of the mineral. Similar but not exact 
balance was observed with Kristineberg ore.

Depleted calcium ions and excess sulphate ions in the pulp liquid after flotation closely 
corroborate adsorption of calcium on minerals (Moignard et al., 1977). The dissolved 
oxidised surface sulfoxy species and also the release of sulphate species upon xanthate 
adsorption contributed to the excess sulphate concentration in the flotation pulp liquid. The 
disparity between the flotation responses in the presence of process water and its components 
in deionised water observed in Hallimond tube flotation (Ikumapayi et al., 2012) and the 
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bench scale flotation in this study can also be explained by the differences in the particle size 
of the minerals used in Hallimond flotation (-150+38 μm) and bench scale flotation (K80 65

m). The depressing effects of calcium and sulphate ions were reported to be significant on 
finer particle sizes (Cullinan et al., 1999; Vincent, 1999). The particle size for the bench scale 
flotation in this study is the one used in practice.

Table 2. Calcium and sulphate species ions balance in solution from flotation of Renström ore 
at different temperature using both tap water and process water.

Pulp liquid Tap water Process water
22 oC

SO4
2- mg/l Ca2+ mg/l SO4

2- mg/l Ca2+ mg/l
Initial 373 472 455 456
Final 375 370 511 446
Difference 2 -102 56 -10

11oC
Initial 306 267 303 231
Final 281 155 364 200
Difference -25 -112 61 -31

4oC
Initial 249 220 344 239
Final 224 121 366 239
Difference -25 -99 21 0

4. CONCLUSIONS

H2O2 formation takes place during wet grinding of complex sulphide ore. H2O2 increases with 
increasing pH, surface area and decreases with the addition of DETA. Fe recovery is 
increased significantly to tailings by DETA.

FTIR spectra shows varying intensity of oxidised surface species on the pulp solid which is 
somewhat related to concentration of H2O2 analysed in corresponding pulp liquid. Addition of 
DETA to sulphide ores could improve depression of pyrite and reduces peroxide oxidant 
production. DETA can also minimize minerals oxidation and pyrite oxidation both in the 
flotation stream as well as in the tailings pond thereby improving both plant production and 
reducing the effect of acid rock drainage in the tailings.

Galena recoveries decrease as flotation temperature decreases in bench-scale tests in tap
water. Recoveries increase when process water was used in bench-scale flotation. There is 
adsorption of calcium ions on the mineral and dissolution and release of sulphate ions in
solution.

Based on the findings so far the process water has no detrimental effect on galena flotation, 
hence can be reused in the flotation of galena. However verification in a pilot plant scale tests
is required before full scale practice in the plant.
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Abstract
Hydrogen peroxide production was measured during the grinding of a complex sulfide ore, and its oxidizing effect 
on solid surfaces was investigated using Fourier transform infrared spectroscopy (FTIR) with diffuse reflectance 
attachment measurement. In turn, an attempt was made to correlate the formation of hydrogen peroxide, surface 
oxidation and sphalerite flotation. Additionally, in order to predict and minimize detrimental production problems 
due to the recycling of process water in sulfide ore processing, the effects of major components of calcium and 
sulfate species present in recycled process water and the effect of temperature on sphalerite flotation were inves-
tigated through bench-scale flotation tests using complex sulfide ores. The significance of process water species 
in flotation was studied using tap water, process water and simulated water containing calcium and sulfate ions. 
Formation of hydrogen peroxide was revealed during the grinding of the complex sulfide ore, and its formation 
was counteracted by diethylenetriamine (DETA). The FTIR spectrum of the pulp solid fraction showed vary-
ing degrees of oxidized surface species, which are related to the concentration of H2O2 analyzed in pulp liquid. 
Bench-scale flotation using two different complex sulfide ores showed that sphalerite recovery is better in process 
water than in tap water. Flotation results also indicated a varied recovery of sphalerite at different temperatures 
in either tap water or process water.

Paper number MMP-12-031. Original manuscript submitted June 2012. Revised manuscript accepted for publication July 
2012. Discussion of this peer-reviewed and approved paper is invited and must be submitted to SME Publications Dept. 
prior to May 31, 2013. Copyright 2012, Society for Mining, Metallurgy, and Exploration, Inc.

Introduction

Key words: Flotation, Adsorption, Sulfide minerals, Sphalerite, Hydrogen peroxide, Oxidation, DETA, FTIR

Minerals & Metallurgical Processing, 2012, Vol. 29, No. 4, pp. 192-198.        
An official publication of the Society for Mining, Metallurgy, and Exploration, Inc.



MINERALS & METALLURGICAL PROCESSING  Vol. 29  No. 4  •  November 2012193

Experimental

Results and discussion



November 2012  •  Vol. 29   No. 4 MINERALS & METALLURGICAL PROCESSING194

Figure 1 — Concentration of H2O2 as a function of grinding time at increasing pH.

Figure 2 — Spectra of corresponding ore solid residue 
separated from solution after grinding for 60 minutes at 
different pH values.
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Figure 5 — Distribution of Fe to CuPb, Zn concentrates and 
tailings products with and without addition of Cl- ions and 
DETA at the grinding stage.

Figure 3 — H2O2 concentration as a function of chloride ions (solid line) and DETA concentration (broken 
line) at a natural pH 8.3 and 60 minutes’ grinding.

Figure 4 — DRIFT spectra of corresponding ore solid residue 
separated from solution after grinding for 60 minutes in 
tap water, Cl- ions and DETA solution at pH 8.3.
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Figure 6 — Zn recovery to CuPb, Zn concentrates and tail-
ings products with and without addition of Cl- ions and 
DETA at the grinding stage.

Figure 7 — The grade of Zn in CuPb, Zn concentrates and 
tailings products with and without addition of Cl- ions and 
DETA at the grinding stage.

Figure 8 — Fe grade in CuPb, Zn concentrates and tailings 
products with and without addition of Cl- ions and DETA 
at the grinding stage.
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Table 1 — The zinc recovery and grade to zinc concentrate from bench-scale 

flotation using tap water and process water at 22°, 10° and 5° C.

Pulp liquid

(species added)

Renström ore Kristineberg ore

Recovery, % Grade, % Recovery, % Grade, %

Simulated water 22° C

Ca ions 68 16.0 24 7.4

Sulfate ions 69 17.1 28 7.4

Ca+ sulfate ions 70 17.6 26 3.9

 22° C

Tap water 67 20.5 23 2.6

Process water 73 21.5 42 6.3

11° C

Tap water 68 19.1 38 3.9

Process water 70 18.1 47 9.1

4° C

Tap water 68 17.2 36 4.0

Process water 70 21.2 51 9.5

Table 2 — Calcium and sulfate species ion balance in solution during 

flotation of Renström ore at different temperatures using both tap water 

and process water.

Pulp liquid Tap water Process water

22° C

SO4
2- mg/L Ca2+ mg/L SO4

2- mg/L Ca2+ mg/L

Initial 373 472 455 456

Final 375 370 511 446

Difference 2 -102 56 -10

11° C

Initial 306 267 303 231

Final 281 155 364 200

Difference -25 -112 61 -31

4° C

Initial 249 220 344 239

Final 224 121 366 239

Difference -25 -99 21 0
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