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The Effect of Tetrathionate Ions on the Surface Chemistry and Flotation Response of 
Selected sulphide Minerals
Ngoni Mhondea, Leena-Sisko Johanssona, Kirsten Corin b, and Nora Schreithofera

aDepartment of Bioproducts and Biosystems, School of Chemical Engineering, Aalto University, Espoo, Finland; bCentre for Minerals Research, 
Chemical Engineering Department, University of Cape Town, Rondebosch, South Africa

ABSTRACT
This study investigated the impact of tetrathionate ions on selected sulfide mineral surfaces and their 
flotation response to tetrathionates using X-ray photoelectron spectroscopy (XPS), zeta potential and 
batch flotation studies and linking the results to previously reported electrochemistry, FTIR and micro-
flotation studies. XPS revealed that tetrathionates have the propensity to oxidize minerals, changing the 
chemical composition of the mineral surface. This surface alteration renders the sulfide minerals hydro-
philic through sulphoxy and hydroxy entities reducing collector adsorption as noted in FTIR and mixed 
potential studies. Zeta potentials showed little specific adsorption of tetrathionates on the sulfides except 
at moderately high concentrations, i.e., 1000 mg/L. Batch flotation showed that tetrathionates in solution 
depressed sulfide minerals, particularly galena, reducing its recovery to the concentrates in support of 
earlier microflotation results.

KEYWORDS 
Mineral oxidation; zeta 
potential; recovery; 
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1. Introduction

The use of recycled process water and highly saline water 
(seawater and bore water) at mineral beneficiation operations 
is increasingly being practiced across the world. This practice 
aims at minimizing the use of fresh water, which could other-
wise be used in other critical human activities. Where process 
water recycling is employed, the process mill effluent water is 
either short-circuited, immediately retaining water from dewa-
tering units into the process or the water is directed to the 
tailings ponds where it settles before reintroduction into the 
flotation circuit (Rao and Finch 1989). Water from sources 
with high salinity has been successfully employed in mining 
operations in arid regions such as the Atacama Desert, Chile 
and Australia (Bournival, Zhang and Ata 2021; Jeldres, Forbes 
and Cisternas 2016; Rao, Lázaro and Ibarra 2017). The water is 
typically hard and rich in Ca2+ (calcium), Mg2+ (magnesium) 
and secondary ions such as CO3

2- (carbonates) which present 
a buffering effect in the flotation systems (Bournival, Zhang 
and Ata 2021).

The electrolytes in recycled process waters and highly 
saline water have a significant effect on the flotation sys-
tem. Divalent cations such as calcium and magnesium ions 
have the propensity to hydrolyze at high pH levels, i.e., 
>pH 10 forming precipitates that passivate mineral sur-
faces (Cruz et al. 2021; Jeldres, Forbes and Cisternas 
2016). By attaching onto mineral surfaces, electrolytes 
and their precipitates are potential determining, altering 
the surface charge of mineral particles and affecting par-
ticle–particle interactions. During coal flotation, increased 
ionic strengths in process water tend to enhance the inter-
action of particles in the slurry, inherently increasing pulp 

and froth viscosity (Farrokhpay and Zannin 2011). In the 
pulp, inorganic electrolytes can behave as frothers, by 
reducing bubble coalescence and increasing gas hold up 
in the flotation system while producing finer bubbles. 
Finer bubbles increase the chances of particle–bubble col-
lisions and overall mineral recovery (Jeldres, Forbes and 
Cisternas 2016).

The effect of water quality on the flotation performance of 
various minerals has been widely investigated (Bournival, 
Zhang and Ata 2021; Cruz et al. 2021; Dos Santos et al. 2012, 
2010; Farrokhpay and Zannin 2011; Grano, Prestidge and 
Ralston 2002; Ikumapayi and Rao 2015; Jeldres, Forbes and 
Cisternas 2016). In the literature, there is no consensus on the 
effect of water quality on the flotation performance of these 
minerals, however some key observations are summarized 
here. Recovery and selectivity ratios in the separation of apatite 
from silicate and iron gangue are drastically decreased in the 
presence of magnesium ions. This was explained in terms of 
collector consumption by magnesium ions and formation of 
complexes between magnesium and SiO2 (Dos Santos et al. 
2012, 2010). Coal flotation using water with high electrolyte 
concentrations was widely investigated in Australia. In some 
instances, coal flotation recovery increases with an elevation in 
electrolyte concentration. This is attributed to electrolytes 
influencing interfacial phenomena such as the compression of 
the particles’ electrical double layer (EDL). EDL compression 
reduces the repulsive electrostatic forces between particles and 
promotes particle–particle interactions. On the contrary elec-
trolytes have also been noted to disrupt some functional groups 
on the coal surface, affecting flotation efficiency (Bournival, 
Zhang and Ata 2021; Farrokhpay and Zannin 2011).
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In plant operations, chalcopyrite is marginally affected by 
ions in recycled process water and saline water (Jeldres, Forbes 
and Cisternas 2016; Pattison 1981). However, the recovery of 
other copper-bearing minerals such as chalcocite and bornite is 
adversely affected by seawater (Jeldres, Forbes and Cisternas 
2016). No explanation is provided for the differences in flota-
tion response. Pyrite is also marginally affected by electrolytes 
in process water; however in cases where highly saline water is 
employed, the buffering effect owing to the HCO3

−/CO3
2- 

couple presents operating challenges. Raising the pH to the 
desired level for pyrite depression is difficult resulting in over-
dosing with lime (Cruz et al. 2021). Excess lime addition 
equally presents challenges where the solubility limit of sulfate 
is exceeded in the presence of calcium ions as calcium sulfate 
precipitation occurs. Ikumapayi and Rao (2015) extensively 
studied the effect of sulfate− and calcium ions present in 
recycled process water on the flotation of sulfide minerals. 
The work showed that calcium sulfate and carbonate products 
adversely impacted xanthate adsorption on chalcopyrite and 
galena through mineral passivation and competitive adsorp-
tion with xanthates on the mineral surfaces, thus, limiting the 
efficacy of xanthates as collectors.

Sphalerite flotation behavior shows little response to the 
presence of SxOy

2- (sulphoxy) species in process water. 
However, the depressive effect of sulphoxy species becomes 
relevant when zinc sulfide is also present as a depressant 
reagent within the flotation system (Yamamoto 1981).

Short-circuit recycled water contains a high concentration 
of sulphoxy intermediate compounds and sulfate ions, pro-
ducts of the oxidative dissolution of pyrite (Rao and Finch 
1989). Depending on the pH, the most prevalent sulphoxy 
intermediate compounds are the tetrathionates (S4O6

2-) and 
thiosulfate ions (collectively referred to as thiosalts) (Miranda- 
Trevino et al. 2013). Thiosulfate ions are prevalent at pH values 
above pH 8 while tetrathionate ions are predominantly found 
in water with a pH between pH 6 and pH 8 (Goldhaber 1983; 
Xu 1997). Past studies have also reported on the significance of 
thiosulfate ions on sulfide ore flotation. Thiosulfate ions have 
the propensity to interact with metal ions forming complexes 
and passivating the surface of the mineral (Eliseev and 
Kirbitova 1984; Kirjavainen, Schreithofer and Heiskanen 
2002; Öztürk et al. 2018; Petrus et al. 2012). Owing to the 
importance of electrochemistry and pulp potential in explain-
ing the adsorption mechanism of thiol collectors on sulfide 
minerals, the electrochemical interaction of pentlandite and 
pyrrhotite mineral systems with xanthate in the presence of 
thiosulfate ions was investigated by Hodgson and Agar (1989). 
Cyclic voltammetry studies revealed that the presence of lime 
and thiosulfate ions led to increased pentlandite oxidation. 
Thiosulfate ions readily react with the nickel sites, thereby 
interfering with the electrochemical mechanism responsible 
for xanthate adsorption on pentlandite.

Less is discussed regarding the behavior of tetrathionates 
and other polythionates (SnO6

2-, where n = 3,4,5) in flotation 
systems. These sulphoxy compounds are important as they 
continuously builds up in short-circuited recycled water. It is 
therefore the premise of this paper to elucidate the surface 
interaction of tetrathionates with sulfide minerals. Earlier 
water survey studies established that tetrathionate 

concentrations at a massive sulfide flotation operation were 
threefold that of thiosulfate ions as well as being the second 
most abundant sulphoxy species after sulfates (Mhonde et al. 
2021).

Mhonde et al. (2021) focused on the fundamentals of elec-
trochemistry, xanthate degradation and Fourier transform 
infra-red (FTIR) spectroscopic studies to explain the flotation 
response of pure minerals in the presence of tetrathionate ions. 
The salient findings from the study are hereby summarized to 
lay context for the remainder of this article, which builds on to 
this work. A rest (mixed) potential decrease after thiol collector 
addition to an electrochemical cell using a mineral electrode 
indicates the degree of interaction between the thiol collector 
and the sulfide mineral (Tadie et al. 2017). The greater the 
decrease in potential, the greater the degree of interaction and 
vice versa. Through rest potential studies, Mhonde et al. (2021) 
reported a significant decrease in collector-mineral interac-
tions in the presence of tetrathionate ions. This was evidenced 
by smaller rest potential decreases after xanthate addition to an 
electrochemical cell where tetrathionate ions were present as 
seen in Table 1.

FTIR studies showed that the metal xanthate and dixantho-
gen FTIR peaks obtained after conditioning sulfide minerals in 
xanthate/deionized water and xanthate/tetrathionate solutions, 
respectively, dramatically decreased in intensity when condi-
tioning was conducted in tetrathionate solutions. The results 
corroborated electrochemistry results, which showed poor col-
lector – mineral interactions. Moreover, the single mineral 
microflotation work revealed that conditioning pure sulfide 
minerals and xanthate in tetrathionate solutions of varying 
concentrations, i.e., 500 mg/L (low concentration) and 
2000 mg/L (high concentration), reduced the flotation recovery 
of galena and pyrite while chalcopyrite recovery only slightly 
declined.

Xanthate degradation in flotation solutions was suggested as 
a potential mechanism for decreased collector adsorption and 
subsequent poor flotation recovery of sulfide minerals. 
Tetrathionates react with xanthate in solution producing thio-
sulfate ions in a first-order reaction with respect to xanthate 

Table 1. Electrochemical rest potential values of sulfide minerals in the presence 
and absence of tetrathionate ions (Mhonde et al. 2021).

Tetrathionate 
Concentration Solution Conditions Minerals Rest Potentials (mV)

Galena Chalcopyrite Pyritea

0 mg/L Buffer solution at pH 9 126 220 270
Buffer + 2.4 × 10−4 

M Xanthate at pH 9
55 142 182

Potential Drop 71 78 88
500 mg/L Buffer solution + S4O6

2- ions 
at pH 9

218 190 270

Buffer + S4O6
2- ions + 

2.4 × 10−4 M Xanthate 
ions at pH 9

146 141 215

Potential Drop 72 49 55
2000 mg/L Buffer solution + S4O6

2- ions 
at pH 9

200 178 344

Buffer + S4O6
2- ions + 

2.4 × 10−4 M Xanthate 
ions at pH 9

172 180 308

Potential Drop 28 - 36
aResults were not presented in Mhonde et al. (2021), but they are worth 

mentioning.
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(Jones and Woodcock 1981; Mhonde et al. 2021). However, an 
alternative explanation argues for surface oxidation as 
a steering mechanism to poor flotation owing to the oxidizing 
nature of tetrathionates. Alterations in solution chemical envir-
onments, e.g., by adjusting pH and solution redox potentials 
can have significant effects on the chemical state of a mineral 
surface by changing the abundance and nature of chemical 
species present at the mineral surface. This paper, therefore, 
intends to add more insight into the possible causes of poor 
flotation performance by highlighting that surface oxidation 
can be linked to the previously established rest potential stu-
dies, FTIR studies and single mineral microflotation studies. 
Surface charge alterations by assessing zeta potentials are also 
investigated. Moreover, the paper aims to shed light on the 
flotation of a real ore with synthetically generated plant water 
spiked with tetrathionates to assess how real ore flotation 
performance compares to the microflotation results obtained 
in the earlier publication.

In plant practice, the flotation of a copper–lead–zinc ore is 
carried out in two stages. The first stage entails the bulk flota-
tion of chalcopyrite and galena minerals from pyrite and spha-
lerite at pH 6.5–7.5, a pH favorable for the existence of 
tetrathionates (Bulatovic 2007). The second stage entails the 
separation of sphalerite from pyrite, residual galena and chal-
copyrite at pH 9–10. The current study investigated the flota-
tion performance of a massive copper–lead–zinc sulfide ore 
from a Portuguese mine site. For proprietary reasons, the name 
of the site will not be mentioned. The flotation of the ore in 
both stages was investigated after spiking synthetic plant water 
with tetrathionate ions. The results from this work will help 
expand the discussion about the effect of water quality on 
flotation performance, providing a complete picture and 
expanding the findings from earlier studies.

2. Experimental

2.1. Materials

2.1.1. Mineral sample preparation
The pure minerals galena, chalcopyrite and pyrite used in XPS 
and zeta potential studies were sourced from Ward’s Science 
(Rochester, NY, USA). To attain fine-sized particles suitable for 
XPS analysis, the chunks were hammered down followed by 
pulverization in a laboratory disk mill (Siebtechnik) for 20 sec-
onds. The pulverized powder was dry sieved to obtain three 
size fractions i.e., –25 μm, +25–38 μm, and +38–108 μm. The – 
25 μm size fraction was employed in XPS studies. XRD analysis 
on the pure mineral showed that they were of high grade as 
seen in Table 2:

The Portuguese massive sulfide ore was initially crushed 
with a jaw crusher (TM Engineering, Burnaby, Canada), fol-
lowed by crushing using a cone crusher (Osborn MMD, 
Elandsfontein, South Africa) and screening to separate fine 
material from very coarse material. The screened material 
was blended and split into 1 kg portions to acquire representa-
tive ore samples for flotation tests. The splitting procedure was 
achieved using a rotary sample splitter manufactured by Dickie 
and Stockler. Elemental characterization of the flotation feed 
ores was completed using Inductively Coupled Plasma Optical 

Emission Spectroscopy (ICP-OES) (SPECTRO Analytical 
Instruments GmbH, Kleve, Deutschland). The Portuguese 
massive sulfide feed ore consisted of 0.4% copper, 2% lead, 
8% zinc and 42% iron.

2.1.2. Reagents
Synthetic plant water was prepared by modifying deionized 
water using salts of electrolytes present in the plant water 
from the Portuguese mining site. Care was taken to use the 
monovalent counter ions i.e. Na+ and Cl−, as they been 
reported to have less influence on flotation performance from 
a surface activation and froth stabilization viewpoint 
(Farrokhpay and Zannin 2011). Table 3 shows the concentra-
tions of ions used to prepare the synthetic plant water. Sodium 
thiosulfate pentahydrate (Na2S2O3.5H2O, 100 w/w % purity) 
from VWR International; calcium chloride (CaCl2, 99.9 w/w% 
Purity) and sodium sulfate (Na2SO4, 99 w/w% Purity) obtained 
from Merck, Darmstadt, Germany, were used to prepare syn-
thetic plant water. The plant water was also spiked with analy-
tical grade sodium tetrathionate (Na2S4O6.2H2O, >98 w/w% 
Purity) from Sigma Aldrich, to meet the chosen tetrathionate 
concentration, i.e., 500 and 2000 mg/L. These tetrathionate 
solutions were chosen based on previous survey results from 
the Portuguese mine site. Sulphoxy ion analysis of the plant 
water showed that ion concentration ranges in the process 
water were as follows: SO4

2- (300–4000 mg/L), S4O6
2- (300– 

2500 mg/L), S2O3
2- (10–900 mg/L).

Aerophine 3841 (Cytec, USA) and Sodium Isobutyl 
Xanthate (SIBX) (Senmin, Sasolburg, South Africa) and were 
used as collectors in the copper–lead circuit and the zinc 
circuit, respectively. A fresh 1% w/v SIBX stock solution was 
made up before experiments were carried out. Methyl isobutyl 
carbinol (MIBC) (98% purity) from Sigma Aldrich was 
employed as a frother. Copper sulfate (CuSO4.5H2O, 99 w/w 
% purity) from Sigma Aldrich was used as a sphalerite activator 
in the zinc circuit. Sodium metabisulphite (Na2S2O5, >99 w/w 
% Purity) supplied by Sigma Aldrich was utilized as a pyrite 
depressant. NaOH from Merck (Darmstadt, Germany) and 
HCl (37%) obtained from VWR Chemicals (Darmstadt, 
Germany) were prepared as required and used as pH modifiers 
in all the tests.

Table 2. XRD of pure mineral samples used in XPS and zeta potential studies.

Minerals Mineral Phases Purity %

Chalcopyrite Chalcopyrite 94.3
Chlorite 2.2
Magnetite 3.0

Galena Galena 98.2
Quartz 0.9
Cerussite 0.7
Hydrocerussite 0.2

Pyrite Pyrite 97.1
Muscovite 1.6
Gypsum 0.6

Table 3. The main inorganic water constituents in the synthetic plant water 
mimicking recycled process water from a Portuguese mineral processing plant.

Ion Ca2+ Na+ SO4
2- S2O3

2-

Ion concentration (mg/L) 200 1400 3000 300

MINERAL PROCESSING AND EXTRACTIVE METALLURGY REVIEW 3



2.2. XPS measurements

Before XPS analysis, 1 g of a mineral sample was conditioned in 
a solution of deionized water or a 1000 mg/L tetrathionate 
solution at the desired pH. After 30 minutes of conditioning, 
the slurry was filtered with an MN615 grade cellulose filter 
paper (Macherey-Nagel Duren, Germany) of 0.16 mm thick-
ness and pore size of 4–12 µm. The filtrate was rinsed with 
deoxygenated deionized water and acetone to remove any 
residual solution. XPS analyses were carried out with an 
AXIS Ultra photoelectron spectrometer (Kratos Analytical, 
Manchester, United Kingdom) applying monochromatic Al 
Kα irradiation at 100 W. Wide energy range survey spectra 
were collected using 80 and 1 eV step, and the high-resolution 
elemental regions were measured using a 20 eV pass energy 
and 0.1 eV steps. Each sample was measured from 2 to 4 
different locations. Atomic concentrations were measured 
from the relative peak areas of the spectra and recorded as 
percentages of all the scanned elements. Data from the in-situ 
Aalto reference sample of 100% ash-free cellulose was collated 
with every sample batch, to evaluate vacuum conditions. The 
CasaXPS software v 2.0 was employed in the analyses, and all 
the spectra were charge corrected using the high-resolution 
C 1s main component (carbon without oxygen neighbors) at 
285 eV as the reference.

2.3. Zeta potential measurements

A Malvern Zeta Sizer (Malvern, United Kingdom) was used for 
zeta potential measurements. Measurements were conducted 
using a dip cell and the equipment was controlled using the 
built-in Malvern Software v.7.11. The electrophoretic mobility 
of charged particles was tracked and converted to zeta poten-
tials using the Smoluchowski equation (Fuerstenau and Pradip 
2005). Before analysis, 80 mg of a − 5 μm fraction of mineral 

particles was added to each container with deionized water and 
tetrathionate solution, respectively. Zeta potential values were 
recorded in the presence of tetrathionate ions and the absence 
of tetrathionate ions. The minerals were conditioned in the 
solutions for 20 minutes. 0.001 M KNO3 was applied as the 
indifferent electrolyte in all measurements. After conditioning, 
the mixtures settled for 5 mins before aliquots of the super-
natant were drawn using a syringe and transferred to a Malvern 
dip cell for analysis. The zeta potentials were evaluated at pH 
values between pH 3 and pH 11. pH was regulated using NaOH 
and HCl.

2.4. Batch flotation procedure

Milling of the ore was conducted using an in-house stainless- 
steel rod mill developed at the University of Cape Town. The 
mill was charged with six 285 mm × 16 mm rods, eight 285 mm 
× 20 mm rods and six 285 mm × 25 mm rods. Milling at a pulp 
density of 67% was carried out for 9 minutes to obtain a grind 
size of 80% passing 45 μm. Sodium metabisulphite (depressant) 
was added directly to the mill. Figure 1 shows the particle size 
distribution of the mill product after milling.

The mill product was transferred from the mill to the 
University of Cape Town modified Leeds 3 L flotation cell. 
Make-up synthetic plant water was added to the flotation cell to 
ensure a 50% pulp density in the slurry mixture during con-
ditioning. The impeller speed was adjusted to 1300 rpm and 
aeration at 7 L/min was conducted for 5 minutes to increase the 
pulp potential. After aeration, the slurry was conditioned with 
15 g/t Aerophine 3841 for 2 minutes, followed by conditioning 
with 10 g/t MIBC for 1 minute. Flotation of the first copper– 
lead bulk concentrate was conducted for 3 minutes with scrap-
ping every 15 seconds. The slurry was reconditioned with the 
same frother and collector for the same period and flotation of 

Figure 1. Particle size distribution of the University of Cape Town rod mill product.
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the second copper–lead bulk concentrate was conducted for 
2 minutes. All conditioning with reagents took place at the 
above-mentioned solids concentration and pH 6.5–7. Flotation 
was conducted at 25% pulp density.

After copper–lead flotation, the pH was increased to pH 9– 
10 using lime and conditioning with 500 g/t of copper sulfate 
was carried out for 10 minutes. The slurry was then condi-
tioned in 10 g/t of MIBC for 2 minutes and 60 g/t of SIBX for 
1 minute. Air was then introduced and flotation of sphalerite to 
obtain the first zinc concentrate was conducted for 5 minutes. 
Thereafter the flotation of zinc concentrate 2 – zinc concen-
trate 4 was carried out with stage-wise conditioning after each 
concentrate was collected. The procedure is summarized in 
Figure 2. In tests conducted at a pulp temperature of 60°C, 
the pulp was heated using a thermostatic heater, maintaining 
the temperature at 60°C throughout the experiment.

After every flotation run, the concentrates and the tails were 
vacuum filtered and dried at 80°C. The mass balance was 
carried out and elemental concentrations were analyzed offsite 
using ICP-OES. Experimental reproducibility was taken into 
account by conducting duplicate experiments and calculating 
the standard error at a 95% confidence level.

3. Results and discussion

3.1. XPS measurements of sulfide minerals at ambient 
conditions

To assess the surface chemical alteration of sulfides in the 
presence of tetrathionate ions, XPS studies were conducted. 
The XPS studies were employed on pure minerals. Three 
minerals were investigated, i.e., galena owing to its evident 
sensitivity to the presence of tetrathionates and chalcopyrite 
as inconsistencies in the literature exist as to whether it is at all 
affected by thiosalts and pyrite as the gangue.

3.1.1. XPS measurements on galena
The XPS spectra chemical state of galena after treatment in 
a tetrathionate solution are presented in Figure 3 and Table 4. 
Spectra data were collated and compared against previous 

spectra of the same mineral presented in the literature 
(Fornasiero et al. 1994; Ghahremaninezhad, Dixon and 
Asselin 2013; Moulder et al. 1992; Nowak and Laajalehto 
2000; Pillai, Young and Bockris 1983).

The survey spectra in Figure 3(a), show Pb, O, S and C as 
the main elements at the galena surface. The high-resolution 
Pb 4 f spectra of lead in Figure 3(b) illustrate peaks at 137.5 
and 142.5 eV. The peaks are associated with lead in PbS. Pb 
peaks are also present at 139.0and 143.5 eV, and they are 
ascribed to oxidized entities of galena. The suggested oxi-
dized entities are PbO, Pb(OH)2, PbSO3 and PbS2O3 
(Buckley and Woods 1984; Fornasiero et al. 1994; Nowak 
and Laajalehto 2000). After treating galena in a tetrathionate 
solution, the relative intensity of the oxidized lead peaks 
increases. This is indicative of increased galena oxidation 
by tetrathionate ions. The generation of oxidized entities 
on the galena surface can lead to mineral passivation, 
which explains the poor flotation due to ineffective adsorp-
tion of thiol collectors on the mineral surface. This assertion 
is supported by results presented in an earlier study where 
FTIR and electrochemical rest potential measurements on 
sulfides exposed to tetrathionate ions and xanthate showed 
less collector adsorbed on the galena surface in the presence 
of tetrathionates (Mhonde et al. 2021).

Sulfur spectra for sulfur in galena are presented in 
Figure 3(b). The interpretation of the S 2p spectra is affected 
by the broad Pb 4 f energy loss spectrum at 163 and 167 eV 
(Buckley and Woods 1984). The sulfur spectra consist of 
S 2p peaks at 160 and 161.7 eV ascribed to the sulfide 
(S2-) in galena. Conditioning galena in a tetrathionate solu-
tion results in a wide peak appearing at higher binding 
energy, 166–168 eV. This peak is associated with a sulphoxy 
intermediate species, and it is attributed to thiosulfate ions 
(Grano, Prestidge and Ralston 1997b; Petrus et al. 2012). 
Thiosalt chemistry from past studies shows that tetrathio-
nates decompose at pH 8.5 with thiosulfates as the decom-
position products (Varga and Horváth 2007). It is, therefore, 
possible that during conditioning, the coexistence of tetra-
thionates and thiosulfate resulted in the broad peak in the 

Figure 2. Key experimental stages in the batch flotation of a complex copper–lead–zinc ore.
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sulfur spectrum. As seen in Table 4, S concentration declines 
after conditioning in the tetrathionate solution. It alludes to 
sulfide and elemental sulfur removal as the galena oxidizes.

The oxygen spectra before and after treating galena in the 
tetrathionate solutions are the same. Albeit the similar oxygen 
spectra, the atomic concentration of oxygen increased from 
30.5% to 34%. This increase indicates that galena oxidation 
increases in the presence of tetrathionates. Oxidized galena enti-
ties hosting oxygen contribute to the increased oxygen concen-
tration. Carbon peaks appearing on galena surface C 1s spectra 
are associated with adventitious carbon, a result of exposure to air 
(Grano, Prestidge and Ralston 1997b; Li et al. 2019). C 1s peaks 
are present at 285 , 286.4, 288.1 and 290 eV, and they are ascribed 
to C–C, C–O, O–C–O and O–C = O as PbCO3 species on the 
galena surface (Ikumapayi et al. 2012; Moulder et al. 1992).

3.1.2. XPS measurements on chalcopyrite
The XPS spectra of chalcopyrite are presented in Figure 4. The 
survey spectra in Figure 4(a) show that the main elements of 
interest are Cu, S, Fe, O and C. The accompanying high- 
resolution spectra are shown in Figure 4(b).

The C 1s peaks present before and after treating chalcopyr-
ite in tetrathionate solutions chalcopyrite indicate the presence 
of adventitious carbon species. The peaks appear at binding 
energies 285, 286.4, 288.1 and 290 eV.

The Cu 2p spectra illustrated in Figure 4(b) highlights that 
the chalcopyrite surface is not significantly affected by the 
tetrathionates in the solution. In both spectra, peaks associated 
with copper appeared at 932 and 952.5 eV (Nakai et al. 1978). 
These peaks are ascribed to Cu 2p3/2 and Cu 2p1/2, respectively. 
No evidence of CuOH or CuO peaks exists owing to the lack of 
extra peaks to the already existing Cu 2p and Cu Auger spectral 
peaks (568 eV) linked to chalcopyrite. Previous studies suggest 
that a lack of satellite peaks at 943 eV alludes to only mono-
valent Cu(I) in chalcopyrite (Ghahremaninezhad, Dixon and 
Asselin 2013; Grano et al. 1997c; Li et al. 2019; Nakai et al. 
1978). The current study corroborates these past observations 
as no peak at 943 eV is present in the Cu spectra.

The S 2p spectra of treated and untreated chalcopyrite are 
presented in Figure 4(b). Wide peaks are observed at 160.5 and 
163 eV (Grano et al. 1997c; Mielczarski et al. 1996). The peaks are 
attributed to the iron bonded sulfur and the metal deficient sulfur 
entities in chalcopyrite. Multiple spectra fittings of the S spectra 
are possible owing to the gradual shift in the chemical environ-
ment of sulfur (Mielczarski et al. 1996), hence advanced decon-
volution of the spectra was not carried out. The decline in peak 
intensity at 160.5 eV alludes to the removal of iron bonded sulfur 
possibly due to oxidation by the tetrathionate ions. At high- 
binding energies, there is no evidence of accumulated oxidized 
species such as thiosulfate, sulfite and sulfate. It is, therefore, 
suggested that the increase in atomic oxygen shown in Table 5, 
is due to other oxygen-bearing entities on the chalcopyrite surface.

The O1s spectra of chalcopyrite show two peaks appearing 
on chalcopyrite conditioned in deionized water. The peak at 
530 eV is ascribed to oxide and the peak at 531–532 eV is 
linked to hydroxides and chemisorbed oxygen entities (Acres, 
Harmer and Beattie 2010; Li et al. 2019). In the absence of CuO 

Table 4. XPS binding energies and atomic concentrations on galena in the 
absence and presence of tetrathionates.

Species Binding Energy (eV)

Atomic 
Concentration (%)

DIW
S4O6

2- 

Solution

Lead 
(Pb4f)

Pb & oxidized Pb 137.5; 142.5 & 
139.0;143.5

15.7 19.0

Sulfur 
(S2p)

S2- & S2O3
2-/ SO3

2- 160, 161.7 & 166–168 27.2 22.9

Oxygen 
(O1s)

PbO/ PbOH/ S2O3
2- 531.2 30.5 34.0

Carbon 
(C1s)

C–C; C–O; O–C-O; O– 
C = O

285; 286.4; 288.1; 290 25.4 24.1

Figure 3. (a) Survey spectra of galena treated in deionized water (DIW) and 500 mg/L tetrathionate solution, pH 8–9. (b) High-resolution spectra of species on the galena 
surface in deionized water and 500 mg/L tetrathionate solution, pH 8–9.
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and CuOH as discussed earlier, iron oxides and hydroxides 
(FeO and FeOOH) contribute to oxygen on the mineral sur-
face. A decline in sulfur atomic concentration indicative of 
higher degrees of mineral oxidation in the tetrathionate solu-
tion is also observed.

3.1.3. XPS measurements on pyrite
Figure 5 illustrates the XPS results of pyrite conditioned in 
deionized water and in a tetrathionate solution. In Figure 5(a), 
the full survey spectra illustrate that the surface of the mineral 
mainly consists of Fe, O, C and S as elements. Figure 5(b) 
shows the high-resolution spectra of pyrite.

The Fe 2p spectra consist of three peaks at 707.5, 710–713 
and 720 eV. The peak at 707.5 eV is characteristic of Fe2+ sites 
on the bulk pyrite surface. The peaks appearing above 710 eV 
are both attributed to the Fe3+ oxy or hydroxy compounds 
(FeOOH) present on oxidized pyrite (Niu et al. 2019; Pillai, 
Young and Bockris 1985). After conditioning in the 

tetrathionate solution, the intensity of the peak assigned to 
Fe3+ oxy and hydroxy compounds (710 eV) increased, alluding 
to appreciable pyrite oxidation in the solution.

The sulfur S 2p spectra show two major peaks at 162.5 and 
164 eV. These peaks are ascribed to the disulfide (S2

2-) and 
polysulfide/elemental sulfur (Sn

2-/S0) impurities on the pyrite 
surface (Ikumapayi 2013; Niu et al. 2019). No evidence of 
thiosulfates or sulfates on the mineral surface before and after 
treatment exists as there are no peaks at high-binding energies. 
As presented in Table 6, S and Fe atomic concentrations 
decline while the O atomic concentration increases signaling 
elevated pyrite oxidation in the presence of tetrathionate ions. 
As discussed for galena and chalcopyrite, the C 1s peaks are 
attributed to adventitious carbon present on the mineral 
surface.

3.2. Zeta potential measurements on selected sulfide 
mineral surfaces

To investigate the surface potential alterations and surface 
charge alterations due to thiosalts on the sulfide minerals, 
zeta potential tests were conducted on the same minerals 
used in XPS studies. The measurements were conducted in 
the pH range of pH 3–11. The results in Figure 6 show the 
zeta potentials collated when chalcopyrite, galena and pyrite 
were exposed to different conditioning solutions.

The zeta potential data collated show that galena is nega-
tively charged throughout the test conditions. Chalcopyrite 
exhibits an isoelectronic point between pH 5 and 6 in agree-
ment with observations by Mitchell, Nguyen and Evans (2005), 
while the isoelectronic point of pyrite in this study is located at 
pH 7.1. Earlier invetigations on the zeta potentials of pyrite 

Figure 4. (a) Survey spectra of chalcopyrite treated in deionized water (DIW) and 500 mg/L tetrathionate solution, pH 8–9. (b) High-resolution spectra of species on the 
chalcopyrite surface in deionized water and 500 mg/L tetrathionate solution, pH 8–9.

Table 5. XPS binding energies and atomic concentrations on chalcopyrite in the 
absence and presence of tetrathionates.

Species
Binding Energy 

(eV)

Atomic 
Concentration (%)

DIW
S4O6

2- 

Solution

Copper 
(Cu2p)

Cu(I) 932 & 952.5 10.3 7.8

Sulfur (S2p) S2- 160.5 & 163 34.4 27.1
Oxygen 

(O1s)
O2- /OH− 530 & 531–532 21.2 23.6

Carbon 
(C1s)

C–C; C–O; O–C–O; 
O-C=O

285; 286.4; 288.1; 
290

27.9 27.2
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noted isoelectronic points at pH 2–2.5 (Mitchell, Nguyen and 
Evans 2005; Patra and Natarajan 2006) while other authors 
recorded isoelectronic values of pyrite at pH 7.1 (Miller 1970) 
and 8.1 (Reyes-Bozo et al. 2015). The differences in isoelec-
tronic values of the same mineral are attributed to variations in 
mineral sample preparation, mineral oxidation during pre-
paration and the crystalline makeup of the minerals among 
other factors.

The addition of tetrathionates marginally affects the galena 
zeta potentials except at high concentrations (1000 mg/L) and 
in the alkaline pH range. This result suggests that there is 
minimal specific adsorption of tetrathionates at the mineral 

Figure 5. (a) Survey spectra of pyrite treated in deionized water (DIW) and 500 mg/L tetrathionate solution, pH 8–9. (b) High-resolution spectra of species on the pyrite 
surface in deionized water and 500 mg/L tetrathionate solution, pH 8–9.

Table 6. XPS binding energies and atomic concentrations on pyrite in the absence 
and presence of tetrathionates.

Species
Binding Energy 

(eV)

Atomic 
Concentration (%)

DIW
S4O6

2- 

Solution

Iron (Fe2p) Fe2+; Fe(III)–O–OH 707.5; 710–713 & 
720

9.5 6.4

Sulfur (S2p) S2
2- 162.5 & 164 46.3 32.7

Oxygen 
(O1s)

O2-/OH− 530 & 531–532 19.3 22.3

Carbon 
(C1s)

C–C; C–O; O–C–O; O– 
C=O

285; 286.4; 288.1; 
290

23.8 38.2

Figure 6. Zeta potential of chalcopyrite, pyrite and galena after conditioning in deionized water (DIW), a 500 mg/L tetrathionate solution and a 1000 mg/L tetrathionate 
solution.
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surface as the change in charge is minimal. The zeta potential 
of chalcopyrites is only affected by tetrathionates in the acidic 
pH range; however, in the neutral to alkaline range, there is no 
clear trend of how the tetrathionates influence the chalcopyrite 
surface charge. Figure 6 shows that the pyrite surface charge is 
also not significantly affected by the tetrathionate ions at 
500 mg/L, which may explain the lack of significant change 
in the sulfur spectra in XPS studies. However, at higher con-
centrations, the pyrite surface became more negatively 
charged.

3.3. Effects of polythionates on flotation performance in 
the copper–lead circuit

Before discussing batch flotation results, it is important to 
highlight that the batch flotation results attempt to provide 
a more informed picture of mixed mineral systems, which 
were otherwise not presented by the single mineral microflota-
tion tests conducted by Mhonde et al. (2021). These earlier 
studies proved that chalcopyrite recoveries observed in deio-
nized water marginally decreased when chalcopyrite flotation 
was carried out in the presence of low concentration tetrathio-
nate solutions. Notable chalcopyrite depression was observed 
at high tetrathionate concentrations. Recoveries reported were 
in the order of 80%, 77% and 65% for deionized water, a -
500 mg/L tetrathionate solution and a 2000 mg/L tetrathionate 
solution, respectively. Galena recovery was more affected by 
the presence of tetrathionates in the order of 57%, 7%, 6% for 
deionized water, a 500 mg/L tetrathionate solution and a -
2000 mg/L solution, respectively.

In batch flotation tests conducted while maintaining the 
same froth height in the flotation cell, the increased water 
recovery can be used as a proxy for froth stability (Bradshaw, 
Oostendorp and Harris 2005; Wiese, Harris and Bradshaw 

2005). As seen in Figure 7, the water recovery significantly 
increases with an increase in thiosalt concentration at ambient 
conditions. The increase in water recovery shows that at high 
salt concentrations, there was enhanced frothing explaining the 
higher recoveries of solids at 500 mg/L tetrathionates although 
this changes at high tetrathionate concentrations where the 
depressive effect may be stronger. Process water with high 
salt concentrations tends to enhance the frothing action of 
flotation systems (Farrokhpay and Zannin 2011; Manono, 
Corin and Wiese 2018). Farrokhpay and Zannin (2011) also 
showed that divalent ions and trivalent ions in flotation waters 
result in highly stable froths owing to the bridging mechanism 
of multivalent electrolytes between mineral particles in the 
froth. In some operations employing water with high electro-
lyte concentrations, the use of frother is reduced as electrolytes 
contribute to the frothing action in the flotation cells (Jeldres, 
Forbes and Cisternas 2016). In Figure 7, mass pulls and water 
recoveries decrease at high temperatures. The decrease in mass 
pull could indicate depression of sulfide minerals which are 
rendered hydrophilic at high temperatures. Moderately hydro-
phobic material has been reported to improve froth stability 
(Bradshaw, Oostendorp and Harris 2005). Therefore, at higher 
temperatures, where the sulfide mineral particles are depressed 
the absence of froth stabilizing hydrophobic matter in the froth 
lowers the froth stability, resulting in low water recoveries.

Batch flotation tests were carried out at 25°C and 60°C. The 
choice of temperature was set to account for high temperatures 
that can arise in the mill and for flotation operations in hot 
regions where the pulp temperature can reach 50°C (Grano, 
Johnson and Ralston 1997a). Figure 8 illustrates the recoveries 
and grades of copper and lead after bulk flotation in the 
copper–lead circuit. As seen in Figure 8(a), chalcopyrite recov-
ery is barely affected by tetrathionates in solution at low tetra-
thionate concentrations, i.e., 500 mg/L. However, at 

Figure 7. Solids and water recovery to the froth after flotation in the absence and presence of tetrathionate spiking in the copper–lead circuit. The operating pH was set 
between pH 6.5 and 7.5.
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a tetrathionate concentration of 2000 mg/L, there is a notable 
decrease in Cu recovery. In agreement with microflotation 
results and plant tests, chalcopyrite recovery is marginally 
affected by low sulphoxy compounds concentration of sul-
phoxy, although this can change as the concentration of sul-
phoxy compounds increases (Mhonde et al. 2021; Pattison 
1981). Copper grades increase as the tetrathionate concentra-
tion increases indicating a depression of other sulfide minerals 
or gangue in the process. This is more evident at 60°C. 
Moreover, no dramatic effect of temperature on the copper 
recovery was noted, suggesting that temperature was not key to 
influencing the recovery of copper in the copper lead circuit.

Figure 8(b) shows the lead recovery and grades. The lead 
recovery shows that galena is adversely affected by the presence 
of tetrathionates particularly at high tetrathionate concentra-
tions and elevated temperature. A possible explanation for the 
poor recovery of galena is that galena has the propensity to 
oxidize at high temperatures (Grano, Johnson and Ralston 
1997a). This oxidation may result in the formation of hydro-
xides, which passivate the mineral surface preventing thiol 
collector interaction with the mineral.

The recovery of sphalerite and pyrite are presented in 
Figure 9. As seen in Figure 9(a), the recovery of these sulfide 
minerals is low. Sphalerite exhibits poor interaction mechan-
isms with thiol collectors leading to poor flotation recovery of 
sphalerite (Finkelstein and Allison 1976). However, with 

activation by metal cations, e.g., copper (II) (Cu2+) and lead 
(II) (Pb2+), sphalerite flotation improves. Cu2+ ions present in 
solution due to the dissolution of copper-bearing ores or Cu2+ 

from copper sulfate as an activation reagent, primarily activate 
sphalerite (Finkelstein and Allison 1976; Houot and Raveneau 
1992).

Figure 9(b) illustrates that pyrite flotation recovery is mini-
mal in the copper–lead circuit. The application of sodium 
metabisulphite as a pyrite depressant ensures that pyrite is 
well depressed. As noted for chalcopyrite and galena, the eleva-
tion of pulp temperature results in poor sphalerite recovery 
and further depression of an already poorly floating pyrite, 
especially in the presence of tetrathionate ions, possibly due 
to mineral oxidation.

3.4. Effects of polythionates on flotation performance in 
the zinc circuit

The final water and solids recovered are presented in Figure 10. 
An increase in the concentration of tetrathionate ions results in 
increased water recovery. As previously mentioned, the high 
water recoveries are a result of high salt concentrations in the 
solution.

The flotation recoveries of sulfide minerals in the zinc 
circuit are presented in Figure 11. Due to copper activation, 
the recovery of sphalerite and pyrite (gangue) in the zinc circuit 

Figure 8. Recovery and grades of (a) chalcopyrite and (b) galena in the copper–lead circuit after batch flotation at 25°C and 60°C in the presence and absence of 
tetrathionate spiking. The operating pH was set between pH 6.5 and 7.5.

Figure 9. (a) Sphalerite and (b) pyrite recoveries in the copper–lead circuit after batch flotation at 25°C and 60°C in the presence and absence of tetrathionate spiking. 
The operating pH was set between pH 6.5 and 7.5.
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is high in comparison to the copper–lead circuit. Sphalerite is 
marginally affected by the different tetrathionate concentra-
tions, although high pulp temperatures result in lower sphaler-
ite recovery. Previous work showed that sphalerite is only 
significantly depressed by sulphoxy compounds in the presence 
of ZnSO4 or ZnSO3 (Miller 1970; Yamamoto 1981). The recov-
ery of residual sulfide minerals in the zinc circuit, i.e., residual 
chalcopyrite and galena albeit a concentration of 2000 mg/L of 
tetrathionates is attributed to the high mass pulls associated 
with high water recoveries.

Maintaining a constant pulp temperature, the presence of 
tetrathionates in the zinc circuit only adversely affect galena 
and pyrite recovery when the pulp temperature is 60°C. Of 
note, the recovery of copper in the presence of tetrathionates 
also decreased at elevated pulp temperatures, contrary to what 
was observed during copper–lead flotation. The addition of 
CaO and CuSO4 as pH a modifier and a sphalerite activator, 
respectively, may explain these observations. The higher tem-
perature may have had a pronounced effect on the speciation of 
calcium hydroxide and calcium sulphoxy compounds 

Figure 10. Cumulative solids and cumulative water recovery in the zinc circuit in the absence and presence of tetrathionate spiking at 25°C and 60°C. The operating pH 
was set between pH 9 and 10.

Figure 11. Overall recoveries of (a) galena, (b) sphalerite, (c) pyrite and (d) copper in the zinc circuit after batch flotation at 25°C and 60°C in the presence and absence of 
tetrathionate spiking.
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following the addition of calcium ions in the solution since the 
solubility of lime in water decreases with increasing tempera-
ture (Miller and Witt 1929). The products from the reaction of 
calcium with thiosulfate/sulfate may depress the residual cop-
per, which is already in low abundance in comparison to the 
copper–lead circuit. An alternative explanation is that the pre-
sence of copper activated pyrite and sphalerite may limit the 
recovery of copper as the xanthate competitively adsorb on all 
minerals that are readily floatable in comparison to the cop-
per–lead circuit where only galena and chalcopyrite were 
responding to thiol collectors.

Figure 12 shows zinc grade-recovery curves and zinc 
selectivity curves at different operating conditions. As seen 
in Figure 12(a), the zinc grades are lower at ambient con-
ditions in the presence of tetrathionate concentrations in 
comparison to high-temperature conditions. The zinc 
grades are enhanced at high temperatures where the overall 
sulfide mineral recoveries are low as illustrated in 
Figure 11. The selective depression of sulfides in the pre-
sence of thiosalts can be beneficial to flotation performance. 
As previously noted, the minerals are affected by the same 
thiosalts to varying degrees. Figure 12(b) shows that selec-
tivity improved at high tetrathionate concentrations, parti-
cularly at elevated temperatures.

The results presented in this study thus far highlight the 
adverse effect of tetrathionates on galena and pyrite recoveries 
in comparison to copper and sphalerite. The complexity of 
a batch flotation environment is borne in mind as multiple 
sulfur chemical reactions are ongoing. The true effect of sul-
phoxy compounds is not possible to isolate as the tetrathio-
nates, metabisulphites (depressant) and their derivatives react 
among themselves and with the reagents. The presence of 
copper ions from reagents and ore dissolution is critical as 
copper ions act as catalysts for the degradation and rearrange-
ment of tetrathionates into thiosulfate and other polythionates 
or vice versa (Varga and Horváth 2007; Xu 1997).

Batch flotation results showed that galena flotation recovery 
was more affected by the presence of tetrathionates in compar-
ison to chalcopyrite. This result agrees with previous tests 
conducted in a microflotation environment of single minerals. 
In batch flotation, tetrathionate ions also affected the pulp 

phase, which was evident in the visually observed finer froth 
bubbles and higher water and mass pulls as salt concentration 
increased.

4. Conclusions

The current study sought to link surface oxidation through 
XPS studies to previously observed electrochemical rest 
potential studies, FTIR studies and microflotation response 
of sulfide minerals to the presence and absence of tetra-
thionate ions. XPS studies conducted on pure minerals 
showed that tetrathionates in solution oxidized the mineral 
surfaces as evidenced by the increased presence of thiosul-
fate species, iron hydroxyoxide and oxide species on the 
sulfide minerals. A concomitant decrease in sulfur on the 
mineral surface associated with surface oxidation was also 
discussed. Oxidation leads to mineral surface passivation 
thus reducing collector-mineral adsorption interactions as 
observed in FTIR and electrochemistry tests reported by 
Mhonde et al. (2021). Batch flotation tests of a copper– 
lead–zinc ore showed that galena is the most sensitive 
mineral to the presence of tetrathionates in process water 
as it was depressed to a greater degree in the copper–lead 
circuit. At the same temperature, changes in the polythio-
nate concentration marginally affected sphalerite and chal-
copyrite. These results agreed with microflotation tests of 
galena and chalcopyrite. Tetrathionate ions also increased 
the frothing capacity in the flotation system as evidenced by 
high water recoveries as the electrolyte concentration 
increased. Based on these research findings, it is essential 
for the influence of ore dissolution and the buildup of 
sulphoxy compounds in process water to be incorporated 
into the process design. The sensitivity of the flotation 
system to accumulated electrolytes must be accounted for 
to proactively control the flotation process when poor water 
quality presents operational challenges.
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