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ABSTRACT 
The effects of major components of calcium and sulphate ions in process water on 
sulphide mineral flotation has been investigated through Hallimond flotation of pure 
sulphide minerals using tapwater and water containing sulphate and calcium ions as 
well as through bench scale flotation of complex sulphide ores using tapwater and 
process water and with tapwater in the presence of calcium and sulphate ions. 
Hallimond flotation indicated activation of pyrite and slight depression of galena and 
chalcopyrite in the presence of high concentration of major species of calcium and 
sulphate ions using potassium amyl xanthate as collector. Bench scale flotation 
indicated activation of zinc when processwater was used and flotation in tapwater 
containing calcium and sulphate ions presented similar but not identical results. 

 Keywords: Complex sulphide ore, Hallimond flotation, depression, activation, process 
water, tapwater, sulphate ions (SO4

2- ions), calcium ions (Ca2+ions), bench scale.  

 
Introduction 
The residual components of flotation reagents in process water have been implicated to 
degrade flotation process but no comprehensive experimental evidence has been shown 
to support this assertion so far. Most previous studies dealt with the effect of sulphate 
and calcium ions on adsorption of environmentally important organic and inorganic 
anions and metal cations on wide band-gap metal hydroxides(Stumm, 1987). The results 
have been interpreted in terms of competitive (Lefèvre and Fédoroff, 2006; Wu et al., 
2002), promotive (Jia Y, 2005; Ostergren et al., 2000; Swedlund and Webster, 2001); or 
indifferent (Lefèvre and Fédoroff, 2006) adsorption, depending on speciation of the 
adsorbed anion and the formation of calcium-bearing surface co-precipitates. However 
little is generally known about effects of concentrated sulphate and calcium solutions on 
adsorption-reaction of collectors on semiconducting sulphides in terms of kinetics of the 
reagent adsorption, adsorption isotherms, kinetic of the formation of 
dithiophosphatogen and dixanthogen (the species required for flotation), flotation 
kinetics and grade, as well as about the salinity and redox control of flocculation in such 
systems. Another prominent obstacle to utilizing process and tailing waters is the 
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presence of the reduced sulphur compounds (RSC) contaminations (such as SO3
2-, 

S2O3
2-, and S4O6

2-), which arise due to the use of NaHSO3 as a flotation depressant (Eric 
Forssberg et al., 1993); and abiotic and biotic (Johnson, 2001) oxidation of pyrite. 

The depressing effect of sulphite generally increases from copper sulphides to galena, 
pyrite and sphalerite (Peres, 1981). However, there is no general agreement about the 
mechanisms of the depression. In particular i) stripping /decomposition of xanthate 
(Yamamoto, 1980), ii) reaction with the pyrite surface to form hydrophilic iron oxides 
(Khmeleva et al., 2003) and iii) a decrease of redox potential of the pulp below a level 
at which binding/oxidation of a collector (electron donor) becomes energetically 
unfavourable (Forsberg, 1991) effects were  proposed for depression of pyrite flotation 
by SO3

2- species. 

In the presence of copper, sulphite was also shown (Shen et al., 2001) to promote the 
oxidation of copper on the pyrite surface, preventing the adsorption of xanthate and thus 
leading to the mineral depression, but has no effect on the sphalerite. In addition it was 
postulated in the case of chalcopyrite (Grano et al., 1997a; Grano et al., 1997b) that 
sulphide removes both the sulphur-rich phase and iron oxides from the surface, leaving 
a sulphur-rich sulphide layer, which in turn promotes collector adsorption. The 
depressing effect of sulphide on chalcopyrite flotation (Houot and Duhamet, 1993) was 
also found to depend on the presence of Fe2+ ions released from grinding media. Apart 
from the decomposition of xanthate/dixanthogen and the decrease in xanthate 
adsorption following a decrease of the redox potential of the pulp, several additional 
mechanisms have been proposed to explain the depression of the flotation of sphalerite 
(Misra et al., 1985): These includes the formation of a zinc sulphite hydrophilic layer at 
the mineral surface; the reduction of copper activation as a result of consumption of 
copper in solution as copper sulphite; and the consumption of dissolved oxygen. 
Sulphite ions are also known to react with polysulphide or elemental sulphur and form 
thiosulphate ions (Li et al., 1995) and therefore a decrease in surface hydrophobicity is 
expected from this reaction. Finally, compared to sulphate, these reduced sulfoxyanions 
have upon catalytic oxidation of sulphite species will much more strongly be bound to 
the sulphide surface compared with the sulphate anions that are directly adsorbed 
through ion exchange/outer-sphere complexation, thus competing more efficiently with 
collectors for the adsorption sites on sulphides, which may strengthen the depressing 
effect of sulphite. This effect, if properly understood, can open a new cost-effective 
approach to selectively regulate surface properties of sulphides. 

Previous attempts on reuse of process water were reported in a number of sulphide ore 
concentrators located in Sweden. Water reuse in grinding and flotation circuits at 
Kristineberg and Stekenjokk concentrators indicated no disturbance in grinding and 
pyrite flotation but selectivity against zinc is adversely affected in flotation of copper 
and zinc when sulphate ions concentrations in the water is more than 100 mg/l. In 
Laisvall concentrator deterioration of lead flotation and over frothing was experienced 
due to precipitation of calcium carbonate from the mine water in pipes and spray 
nozzles. Reuse of water in Zinkgruvan concentrator was stopped due to reduction in 
lead recovery and increase of zinc concentration in lead concentrate, the sulphate ions 
concentration in the recycled process water was between 180 and 330 mg/l. Reuse in 
Falun concentrator was limited to 25% due to blockage of pipes by gypsum precipitate 
which results from saturation of calcium sulphate solution in the tailings pond water, the 
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sulphate ions concentration in the tailings pond water was 1580 mg/l(Broman, 1980) . A 
recent work also indicated that rest collector in process water from lead flotation circuit 
concentrate is beneficial to lead flotation (Chen et al., 2009). 

Recycling of flotation effluents through the ore processing plant is one of the ways 
through which both plant-operating costs and industrial impact onto the local ecosystem 
can be reduced. Such water originating from sulphide flotation are saturated with 
calcium and sulphate ions, and also contain several reduced sulphur compounds, cations 
of ferrous and non-ferrous metals, frothing molecules, residual chemical reagents and 
products of their degradation. The key step towards developing scientific approaches of 
recycling of the tailing waters is elucidation of how, in what extent, and why the 
chemical components, taken singly or collectively influence flotation of sulphides. 

The influence of major species of calcium and sulphate ions on single sulphide minerals 
and bench scale flotation of complex sulphide ores has been investigated and the results 
have been discussed in this paper. 

 
Experimental 

Materials 
Pure chalcopyrite, galena, sphalerite and pyrite minerals used in Hallimond flotation 
tests were procured from Gregory, Bottley & Lloyd Ltd. United Kingdom. The minerals 
were crushed, ground and classified into different size fractions. A size fraction of -
150+38µ was used in the Hallimond single mineral flotation tests. 

Two complex sulphide ores from Boliden-Renström and Boliden-Kristineberg 
concentrators were used in the Bench-scale flotation tests. The ores were crushed and 
wet ground in a steel mill to obtain K80 ≈ 65 µm, the same flotation feed size in the 
process plant. The following flotation reagents were collected from Boliden (the same 
used in its flotation process): potassium amyl xanthate (KAX), isobutyl xanthate (IBX), 
Dowfroth (another collector), Danafloat (frother), dextrin, sodium hydrogen sulphite 
(NaHSO3), zinc sulphate (ZnSO4), copper sulphate (CuSO4) and calcium oxide (CaO). 
HCl and NaOH solutions were used as pH regulators and Na2SO4 and CaCl2 as sources 
of SO4

2- and Ca2+ ions respectively. Process water containing 128 mg/l Ca2+ and 63 
mg/l SO4

2- ions concentrations was obtained from Renström ore concentrator and 186 
mg/l Ca2+ and 153 mg/l SO4

2- ions concentrations from Kristineberg ore concentrator. A 
2.5 litre capacity WEMCO flotation cell was used for the bench scale tests. 

 

Hallimond Flotation Tests 
1g of mineral is conditioned in a 100 ml standard volumetric flask and then transferred 
into a Hallimond tube. The sequence of reagent additions was 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 
cm /min and the flotation time was 1 min. 20 mg/l of KAX and 50 µg/l frother was 
used. All tests were carried out at pH ~10.5 under room temperature of approximately 
22.5 C

3

o . 
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Bench-Scale Flotation Tests 
In each test about 1kg of ore is wet ground with about 600 ml of tapwater or process 
water in the steel mill followed by flotation in the WEMCO cell. 

The sequences of reagent additions in Cu-Pb flotation were pH regulator, zinc and 
pyrite depressants, copper-lead collectors, frother, and followed by copper-lead 
flotation. The dosages of zinc and pyrite depressants are; 1500 g/t ZnSO4, 300 g/t 
NaHSO3 and 200 g/t of dextrin. Dosages of copper-lead collectors in a three stage 
sequential flotation are 30+20+10 g/t Danafloat and 10+5+0 g/t KAX. The conditioning 
times for pH regulator, zinc and pyrite depressants, and copper-lead collectors are 5 
min, 1 min and 2+1+1 min respectively. 

The sequences of reagent additions in Zn-flotation were pH regulator, zinc activator, 
zinc collector, frother and zinc flotation. Dosages of zinc activator and collector in a 
three stage flotation were 400 g/t CuSO4 and 40+20+20 g/t IBX. The conditioning times 
for zinc activator and collector are 2 min and 1+1+1 min respectively. 

The frother dosage was 20 g/t Dowfroth in all cases. The pH was regulated to ~10.5 and 
~11.5 for Cu-Pb and Zn-flotation respectively with powdered calcium oxide. 
Experiments were performed at room temperature of approximately 22.5oC. Total 
flotation time in each stage is 4.5 min. 

 

Results and Discussion 

Influence of Ca2+ and SO4
2- ions in Hallimond flotation studies 

The effect of Ca2+ ions at different concentration on recovery of pure sulphide minerals 
is shown in Fig.1. It can be seen that galena was slightly depressed at low concentration 
of calcium ions although slight activation can be seen at 50 mg/l but on the average the 
depression is stable through low to high concentration of Ca2+ ions in solution. This is 
similar to Laisvall concentrator experience (Broman, 1980). Pyrite recovery is averagely 
stable at lower concentrations of Ca2+ ions although a slight depression can also be seen 
at 50 mg/l, its activation is however well pronounced at high Ca2+ concentration. This 
could be due to the activation effect of Ca2+ ions (Zhang et al., 1997). This is also 
similar to the metal ion activation of oxide minerals by adsorption of CaOH+ species 
(Fuerstenau, 1976). Chalcopyrite recovery is also enhanced at high Ca2+ ions 
concentration while sphalerite is averagely stable. The activation is due to Ca2+ ions 
formation of CaOH+ species at high pH; these species adsorption enhances collector 
adsorption and hence improves the recovery. 
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Fig.1. Effect of Ca2+ concentration on sulphide mineral flotation 
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Fig. 2. Effect of SO4

2- ions on sulphide mineral flotation. 
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Fig. 3. Combined effect of Ca2+ and SO4

2- ions on sulphide mineral flotation 
 
The effects of SO4

2- ions concentrations on pure sulphide minerals recovery is shown in 
Fig.2. It can be seen that pyrite is generally activated in the presence of low and high 
concentrations of SO4

2- ions while galena is gradually depressed from above 100 mg/l 
SO4

2- ions concentration. Chalcopyrite is also slightly activated at low concentration 
and stables through the higher concentrations. Sphalerite also appears stable but with 
minor variation at low and high SO4

2- ions concentrations. This is an indication that 
high concentration of SO4

2- ions may have some depressing effect on galena and 
chalcopyrite by competing with collector molecules adsorption as stated earlier, the 
strongly bonded SO4

2- ions on the mineral surfaces inhibits collector adsorption. 

The effects of both Ca2+ and SO4
2-ions concentrations on the recovery of pure sulphide 

minerals are presented in Fig.3. It should be noted that molar concentrations of Ca2+ 
equivalent to the SO4

2-values shown in Fig.3 are also present in solution but are not 
shown in the figure i.e. 84, 250 and 668 mg/l Ca2+ ions are simultaneously present in the 
solution with 200, 600 and 1600 mg/l SO4

2- respectively. Comparing figures 2 and 3; 
two distinct recovery patterns could be identified in galena and chalcopyrite, first at low 
concentrations between 0 and 200 mg/l SO4

2- and second; at higher concentrations 
between 200 and 1600 mg/l SO4

2-. The two minerals were relatively depressed in the 
first zone and activated in the second zone. Depression is due to SO4

2- adsorption on the 
mineral surfaces and hence collector could not be adsorbed (because the collector is 
anionic) only loosely bound SO4

2- ions will be replaced by chemisorbing collector 
molecules.   

Bench scale flotation studies 

Renström Ore 
The ore grades 0.36% Cu, 6% Zn, and 1% Pb. The sulphate and calcium species 
concentration balance in solution for tests on Renström ore using tapwater and process 
water are presented in Table 1 while the flotation results of Renström ore using tapwater 
and process water are presented in Table 2.  
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Table 1 Calcium and sulphate species ions concentration balance in solution 

Renström ore 
Tapwater Processwater 
 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 
 
The concentrations of Ca2+ and SO4

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

2- ions in the final solution after the 
flotation using tapwater are 370 and 375 mg/l respectively. The concentration of Ca2+ 
and SO4

2- contributed by the reagents are 449 mg/l and 365 mg/l respectively. The 
shortage of 102 mg/l Ca2+ must have adsorbed on the mineral surfaces and the excess of 
2 mg/l SO4

2- must have been contributed from the dissolved sulphur composition of the 
mineral. 

The concentrations of Ca2+ and SO4
2- ions in the process water are 128 and 63 mg/l 

respectively. The concentrations of Ca2+ and SO4
2- ions in the final solution after the 

flotation using process water are 446 and 511 mg/l respectively. The concentration of 
Ca2+ and SO4

2- contributed by the reagents are 328 and 392 mg/l respectively. The 
shortage of 10 mg/l Ca2+ must have been adsorbed on the mineral surfaces and the 
excess of 56 mg/l SO4

2- must have been contributed from the sulphur composition of the 
mineral. 

Table 2 Recovery and Grade from flotation of Renström ore using both tapwater 
and process water 

Renström ore 
Tapwater Processwater 
 Recovery % Grade %  Recovery % Grade % 
Cu-Pb conc.Cu 88.30 2.08  89.69 1.74 
Cu-Pb conc.Pb 82.37 6.30  87.49 5.48 
Zn conc.      Zn 73.68 22.50  68.01 25.85 
 
The left column of Table 2 shows the recovery and grade from flotation of Renström 
ore using tapwater while the right column shows the recovery and grade from flotation 
of Renström ore using processwater. 

 

It can be seen that recoveries to copper and lead concentrates are higher under process 
water while the grades are lower. The higher recoveries are most probably due to 
activity of species present in the process water for example rest reagents (Chen et al., 
2009) while the low grades are due to insufficient depression of zinc minerals during 
copper and lead flotation. However the recovery to zinc concentrate is lower under 
process water while the grade is higher. The low recovery is due to distribution of zinc 
to copper and lead concentrate, about 32% of zinc was distributed to copper and lead 
concentrate under process water while only 26% was distributed under tapwater. This is 
an indication that sphalerite is been activated under process water due to activity of 
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other species such as ferrous ions, lead ions, cupric ions and rest reagents present in 
process water.  

Table 2 shows a comparison between flotation results using tapwater, processwater and 
tapwater containing processwater equivalent concentration of added Ca2+ and SO4

2- ions 
singly and combined. 

Table 3 Comparison of recoveries and grades when Ca2+ and SO4
2- ions are added 

to tapwater, to tapwater and process water 
Added species in tapwater 

Tapwater  Recovery % Grade % 
  Recovery % Grade %  128 mg/l Ca2+

Cu-Pb conc. Cu 88.30 2.08 Cu-Pb conc. Cu 89.31 1.44 
Cu-Pb conc. Pb  82.37 6.30 Cu-Pb conc. Pb  87.60 4.91 
Zn-conc.       Zn 73.68 22.50 Zn-conc.       Zn 68.38 16.00 

63 mg/l SO4
2-

Cu-Pb conc. Cu 87.60 1.50 
Cu-Pb conc. Pb  89.44 5.20 

 

Zn-conc.       Zn 68.78 17.10 
Processwater 128 mg/l Ca2+ and 63 mg/l SO4

2-

Cu-Pb conc. Cu 89.69 1.74 Cu-Pb conc. Cu 88.30 1.41 
Cu-Pb conc. Pb  87.49 5.48 Cu-Pb conc. Pb  87.04 4.57 
Zn-conc.       Zn 68.01 25.85 Zn-conc.       Zn 70.19 17.60 
 
It can be observed that the products of recoveries and grades of the sulphide metals are 
reduced in the presence of Ca2+ and SO4

2- ions singly or combined in tapwater while 
process water shows better result for zinc. This is confirming that other species and rest 
reagents present in process water gives better selectivity to zinc(Chen et al., 2009; 
Finkelstein, 1997). In addition galena recovery improves on addition of Ca2+ and SO4

2- 
ions. The decrease in zinc concentrates grades when species are added to tapwater 
compared to ordinary tapwater could also be due to the activation of pyrite observed 
under Hallimond flotation.  
 
 

Kristineberg Ore 
The ore grades 0.9% Cu, 2.4% Zn, and 0.15% Pb. The sulphate and calcium species 
concentration balance in solution for tests on Kristineberg ore using tapwater and 
process water are presented in Table 4 while the flotation results of Kristineberg ore 
using tapwater and process water are presented in Table 5. 

Table 4 Calcium and sulphate species ions balance in solution 
Kristineberg ore 

Tapwater Processwater 
 SO4

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

Initial 416 515 672 948 
Final 918 556 1090 782 
Difference 502 41  418 -166 
 

58



 
 

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

respectively. The concentrations of Ca2+ and SO4
2- ions in the final solution after the 

flotation using tapwater are 556 and 918 mg/l respectively. The concentration of Ca2+ 
and SO4

2- contributed by the reagents are 493 mg/l and 409 mg/l respectively. The 
excess of 41 mg/l Ca2+ must have came from the ore and excess of 502 mg/l SO4

2- must 
have been contributed from the sulphur composition of the mineral. 

The concentrations of Ca2+ and SO4
2- ions in the process water are 186 and 153 mg/l 

respectively. The concentrations of Ca2+ and SO4
2- ions in the final solution after the 

flotation using process water are 782 and 1090 mg/l respectively. The concentration of 
Ca2+ and SO4

2- contributed by the reagents are 762 and 519 mg/l respectively. The 
shortage of 166 mg/l Ca2+ must have been adsorbed on the mineral surfaces and the 
excess of 418 mg/l SO4

2- must have been contributed from the sulphur composition of 
the mineral. 

Table 5 Recovery and Grade from flotation of Kristineberg ore at different 
temperature using both tapwater and process water 

Kristineberg ore 
Tapwater Processwater 
 Recovery % Grade %  Recovery % Grade % 
Cu-Pb conc. Cu 92.18 3.77  92.03 3.03 
Cu-Pb conc.   Pb 81.73 0.54  82.58 0.46 
Zn conc.        Zn 20.87 1.92  61.94 8.79 
 
The left column of Table 5 shows the recovery and grade from flotation of Kristineberg 
ore using tapwater while the right column shows the recovery and grade from flotation 
of Kristineberg ore using processwater. 

It can be observed that there is no significant difference between the recoveries and 
grades of value minerals in copper and lead concentrates with the two waters. The very 
low grade and recovery in zinc concentrate under tapwater is due to high distribution of 
zinc to copper lead concentrate; about 60% zinc was found in copper and lead 
concentrate, this is probably due to activation of sphalerite in copper and lead flotation. 

The somewhat better result of zinc concentrate with process water is probably due to 
better depression of zinc minerals in copper lead flotation which gave rise to abundance 
zinc minerals during zinc 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 pH is about 8. This 
only occurs in bench scale flotation tests and not the Hallimond flotation tests. 
 

The precise mechanism is difficult to explain presently due to the complexity of 
chemical, physicochemical and physical phenomenas involved in flotation system 
(Bulatovic, 2007) however, the collector-mineral interaction in the presence of flotation 
effluent components by adsorption, zeta potential and spectroscopic studies and the 
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interaction/adsorption of HSO3
- on ZnS, CuFeS2 and PbS in the absence and presence of 

Ca2+ and SO4
2- ions singly and combined at different concentration are under study to 

elucidate scientifically the mechanism through which the species affects the flotation of 
sulphide minerals. 

 
Conclusions 
Activation of pyrite and slight depression of chalcopyrite and galena are seen in 
Hallimond flotation at low to high concentration of calcium and sulphate ions in 
solution. The presence of calcium and sulphate species singly or combined in flotation 
solution activates galena and probably pyrite but pyrite activation is not seen in process 
water. However other transition metal species in combination with calcium and sulphate 
species also found in process water interacts in a complex way and ultimately activates 
sphalerite but still depresses chalcopyrite and galena. 
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