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Abstract: Charge screening and adsorption capacity of monovalent ions onto pyrite (Py) in aqueous
suspensions and the effect of potassium amyl xanthate (PAX) has been studied by measuring the
changes in zeta potential (zp) versus pH with streaming potential. PAX addition in the absence of
salts leads to an increase in |zp| suggesting dissolution of the surface ferric hydroxides and recovery
of bare Py, corroborating existing theories. In the presence of salt, addition of PAX at pH > 6,
for which hydroxides interference in not expected, has little effect over the zp, except when Li is
present. The water network around the polar head of PAX is expected to be similar to that of hydrated
Li* facilitating the linkage between them and, thus, the formation of Li-mediated Py-PAX bridges.
We speculate that these bridges lead to a xanthate shield around anionic sites on Py, decreasing |zp|.
An increased PAX dose amplifies the effect of Li as a Py activator but only at low salt. At high salt
concentrations, >0.01 M, PAX molecules do not find room to percolate to the surface of Py. Results for
monovalent cations should improve our understanding of copper flotation processes in the presence
of Py in saltwater.
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1. Introduction

The use of seawater in mining processes is becoming mandatory in regions where freshwater is
scarce. The need for water is so great that the use of seawater is decided long before having a fair
comprehension of the effects of the various electrolytes and the buffer condition of seawater in the
processes involved, particularly in pyrite flotation [1]. Pyrite oxidation and collector adsorption have
long been studied and the literature is full of important contributions [2-15]. Pyrite under argon
atmosphere, which according to Fornasiero et al. [7] is the closest to a native state, has a negative
surface potential over a wide range of pH, with an isoelectric point at ca. pH 1.2 + 0.4, a value slightly
lower than the value measured by Healy et al. [3], ca. pH 2. This negative potential is thought to be a
consequence of a sulfur-rich surface with an iron-deficient sulfide lattice. Pyrite exposed to deuterated
water (D,0) alone shows no evidence of oxidation products on its surface, however in air or aqueous
solution, pyrite becomes rapidly oxidized forming hydrophilic oxide/hydroxides and hydrophobic
iron-deficient sulfide surfaces [16-19]. The hydrophilic species prevent significant flotation without
the addition of collector, which is verified by the easy flotation that is obtained when complexing
surface iron with EDTA in solution [10,19]. In a mildly acidic solution, a soluble iron product is
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formed, leaving a surface sulfur species, very likely elemental sulfur [4,8]. In alkaline solution, ferric
hydroxide, sulfate species, and iron-deficient sulfide are formed. Undoubtedly, the most used collector
for the flotation of sulfide minerals belongs to the series of xanthates. The earliest theories of xanthate
adsorption on pyrite surfaces involved the formation of any of the following four species: Adsorbed
xanthate, metal xanthate, elemental sulfur and/or polysulfide, and dixanthogen, each contributing to
the hydrophobicity of the surface (for reviews, see Smart et al. [10,19]). A refined and more recent
theory by Lopez Valdivieso et al. [12] involved adsorption of xanthate at specific non-oxidized surface
sites of pyrite, anodic oxidation of xanthate adsorbed ions to dixanthogen, and a cathodic reaction at
oxidized surface sites where ferric hydroxide is reduced to Fe?* ions. According to the same authors,
the resulting Fe?* ions can be hydrolyzed and/or oxidized to Fe3* species depending on conditions.
In parallel, Mermillod-Blondin et al. [11] presented an alternative theory in which xanthate is adsorbed
as a mixture of iron-xanthate complex and dixanthogen at pillar structures of oxidized species, such as
iron hydroxides and iron oxyhydroxides, on the pyrite surface. In highly oxidized pyrite, it is likely that
both theories apply. The effect of ions such as Cu?*, Fe>*, and Ca* on the floatability of pyrite has been
studied extensively [20-23]; in particular, the activation that these ions impart in pyrite increases the
adsorption of xanthate and ultimately the recovery of pyrite within the pH range 6-10. The effect of the
number of seawater ions, however, presents a new scenario that probably requires reviewing existing
theories about the mechanisms of pyrite oxidation, collector adsorption, and reaction mechanisms.
As a first step, we study the effect of electrolytes from the monovalent series Li, Na, K, and Cs on the
zeta potential of pyrite and the effect of electrolyte concentration. We also study the effect on the zeta
potential of pyrite conditioned in saltwater when xanthate (potassium amyl xanthate) is added.

2. Materials and Methods

High-grade pyrite (Ward'’s Science) from a Peruvian mine was used. X-ray diffraction analysis
showed that pyrite was the only mineralogical phase present in the sample. Fluorescence spectroscopy
analysis indicated a 54.2% S and 44.3% Fe (wt.%) with 1.5% impurities (0.06% Mg, 0.24% Al,O3, 0.24%
SiOy, 0.07% P, 0.4% Ca, 0.21% Cu, 0.08% Zn, 0.15% As). Pyrite samples were prepared under mild
oxidation conditions and preserved in nitrogen at low temperature for further use. Pyrite was ground
under a nitrogen atmosphere in a planetary mill with tungsten carbide balls to prevent the typical
oxidation that occurs in the grinding process due to the use of steel balls; the powder obtained was then
sieved to a size of <44 um (mesh 325) and ran through a magnetic separation. Solution preparation
and zeta potential measurements were all performed in a nitrogen glove box. Water was deoxygenated
by cycles of boiling at atmospheric pressure. Pyrite suspensions were prepared at 1% solids (wt.%)
in ultra-pure deoxygenated water Milli-Q (18.2 MQcm) for zeta potential measurements. Analytical
grade LiCl, NaCl, KCl, and CsCl (Merck) was added to the pyrite suspensions at concentrations of
0.01, 0.05, and 0.1 M. Potassium amyl xanthate or PAX (ORICA) was used in concentration of 10~% and
1073 M. PAX was further purified by dissolution in acetone and precipitation by ether. Conditioning of
the pyrite sample involves 5 min with the electrolytes at the pH of the experiment, and additional
10 min with PAX at the same pH. Zeta potential of pyrite was evaluated by streaming potential method
(Stabino, Microtrac) in titration mode, adjusting the pH along the measurements. The key part of the
Stabino is a cylindrical PTFE chamber with an oscillating piston, both carrying only very little anionic
charge at the surface. A fraction of the particles in the cell was immobilized at the surface of the wall.
Therefore, with the piston movement, the mobile cloud of the double layer of the immobilized particles
was pushed up and down. That oscillating ion cloud produced an alternating voltage at the two
electrodes, the streaming potential, which is proportional to the zeta potential of the particles. This zeta
potential technique implemented in the Stabino has been used recently and successfully in various
applications of interest in mineral processing [24-27]. The solution pH was adjusted with analytical
grade KOH, NaOH, LiOH, and CsOH, at a concentration of 0.5 M (Merck) and HCl 0.020 M (Merck),
the latter in order to not introduce a base other than CI~; this disparity in concentration is to achieve
an alkaline pH without using too much base and to have a slow and controlled evolution of the zeta
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potential to the acid pH. The zeta potential versus pH curves presented in this work correspond to an
average of at least three to five curves; error bars corresponding to deviations from the average value
were also calculated and reported.

3. Results and Discussion

3.1. Pyrite Surface Condition

Figure 1 compares the changes in the zeta potential versus pH curve of pyrite (98.54% FeS;)
measured in this study in ultra-pure deoxygenated water with the changes obtained in selected classical
works that we briefly describe. The zeta potential versus pH curve of pyrite (95% FeS;) conditioned
with argon measured by Fornasiero et al. [7] is the most negative of all the curves measured thus far
according to our best knowledge. According to these authors, purging an aqueous solution with argon
reduces the amount of dissolved oxygen to extremely low levels, which does not occur when purging
with nitrogen, often used to limit oxidation. The surface of pyrite under an argon atmosphere has
been suggested by Fornasiero and collaborators to be close to a virgin state. Little or no change in the
zeta potential curve occurs at conditioning pH > 7, even if oxygen is present. Figure 1 also shows a
zeta potential versus pH curve of pyrite (99.3% FeS,) obtained by Lépez Valdivieso et al. [12] with the
mineral conditioned open to the atmosphere. This curve replicated almost exactly the curve measured
several years earlier by Fuerstenau et al. [28] who also conditioned the mineral and measured in
atmospheric air. The curves by Fuerstenau et al. and Lopez Valdivieso et al. show new additional
isoelectric points, one at ca. pH 4.5 and the other at ca. pH 6.4, which result from the oxidation
of pyrite in this pH range. In the final stage of the oxidation of pyrite, there is agreement that the
surface products generated correspond to ferric oxyhydroxides Fe(O)OH of which goethite is one of
the thermodynamically more stable forms and, thus, the surface of pyrite for pH between 4.5 and 6.4 is
partially lined with ferric oxyhydroxide species. Simple iron hydroxides are intermediate oxidation
products with a negative zeta potential over the entire pH range, Figure 1 shows, for example, the zeta
potential changes versus pH curves for colloidal Fe(OH); [29], which presents an isoelectric point at
pH 6 although the potential never becomes as positive as the curves of Fuerstenau et al. and Lopez
Valdivieso et al. The zeta potential of Fe (OH); (not shown in Figure 1) also does not explain the
positive zeta potential of oxidized pyrite because its value is always negative and very stable. However,
the zeta potentials of colloidal precipitate of ferric oxyhydroxides [30] and of crystalline goethite [31]
are positive and therefore can explain the positive zeta potential of oxidized pyrite; the zeta potential
versus pH curves show an isoelectric point at pH 9.5 and high positive values of zeta potential at
pH <95.
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Figure 1. Zeta potential of pyrite as a function of pH, from different authors, under different oxidation
degrees, and its comparison with different ferric species and states.
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The presence of ferric oxyhydroxide species in isolated domains or patches on the otherwise
virgin pyrite surfaces should be apparent when observing that its zeta potential versus pH curve is
intermediate between the zeta potential curves of unoxidized pyrite and ferric oxyhydroxide species
(see Figure 1), in the cases of Fuerstenau et al. [28] and Lépez Valdivieso et al. [12]. In this work, a great
effort was made so that the mineral had minimal exposure to air and that when it was unavoidable,
it was for a minimal time. Our results in Figure 1 are interesting because they show that it was possible
to limit the oxidation of the pyrite ore to a minimum at extreme values of pH. At intermediate pH,
between 4 and 6, it is evident that the oxidation was somewhat higher, however the value of the zeta
potential, in this case, remains high and negative, a clear indication that sites of unaltered pyrite control
the zeta potential, a major difference with Fuerstenau et al. [28] and Lépez Valdivieso et al. [12] in
which cases the zeta potential was controlled by the oxidized sites.

3.2. Zeta Potentials and Adsorption Sequences

Figure 2 shows that ions of positive charge as those in the series Cs*, K*, Na*, and Li* act as
counter ions on the negatively charged pyrite surface used here, adsorbing on the surface-dominating
negative sites and, thus, decreasing the absolute value of the negative zeta potential. The figure also
shows that the higher the cation concentration, the lower the absolute value of the zeta potential.
Figure 3 shows that the magnitude of the negative zeta potential as a function of pH increases as the
Hofmeister series [32], that is, Cs* > K* > Na* > Li*. At first, it is perplexing that Li*, with the highest
charge density of all monovalent cations considered, is not the cation compressing the electrical double
layer of pyrite most effectively; instead, we have Cs* showing the highest effect. Li*, the smallest
ion in the series of monovalent cations located at one end of the Hofmeister series, renews the water
molecules in its primary hydration shell relatively slower than the other cations of the monovalent
series, which reduces its surface charge density and thus its screening power; the result is a low
adsorption of Li*, which occurs far from the surface. Results in Figures 2 and 3 can be explained by
the “like absorbs like” concept borrowed from oxides [32,33]; that is, low isoelectric point surfaces
preferentially adsorb poorly hydrated ions and high isoelectric point surfaces preferentially adsorb
well-hydrated ions. Pyrite, aside from having a very low isoelectric point, is naturally hydrophobic
with hydrophilic spots due to oxidation, and thus, hydration water is possible only in the spots and
not in the rest of the surface. Thus, the thick hydration layer of Li* “is not like” the hydration layer on
the pyrite and, thus, Li ions remain relatively far from the pyrite surfaces. On the contrary, Cs* ions,
as pyrite, have very thin layers of hydration that are renewed very often, and thus adsorb closer to
the mineral surface likely in bare state. Adsorption increases as the series Cs* > K* > Na*™ > Li*.
In the presence of monovalent alkali metal ions, the absolute value of the negative zeta potential of the
pyrite follows the order pyrite > Li* > Na* > K* > Cs*, which is even more pronounced as the ion
concentration increases. The results with LiCl 0.01 M (Figure 2) seem to defy the previous observation,
especially at pH < 6, since the magnitude of the negative zeta potential of pyrite without electrolyte is
clearly smaller than that of pyrite in aqueous solution of Li. A closer look at the results reveals that
in the first case, there is an electrolyte present; this is Na from the pH regulator (NaOH), which is
better adsorbed than Li (from the LiCl 0.01 M solution and the LiOH pH regulator). In this way, in the
presence of salts, the scenario for the performance of a traditional collector as PAX radically changes.
Despite all the efforts to avoid the oxidation of pyrite, working in atmospheres of permanently renewed
nitrogen, Figure 2 shows that at pH 6 the generation of oxides in some small but sufficient extent
is inevitable so that the pyrite adsorbs more cations and thereby reduces the absolute value of zeta
potential more significantly.
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Figure 2. Zeta potential of pyrite as function of pH for different chloride salts of the monovalent
alkaline metal series at increasing concentrations. (a) LiCl, (b) NaCl, (c) KCl, and (d) CsCl. Label Pyrite
is omitted in curves for salts.
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Figure 3. Zeta potential of pyrite as function of pH for different chloride salts of the monovalent
alkaline metal series, comparison at concentrations (a) 0.01 M, (b) 0.05 M, (c) 0.1 M. Frame (d) is an
enlarged view of Frame (c) to better distinguish the curves at the higher pH. Error bars are omitted for
clarity but are available in Figure 1. Label Pyrite is omitted in curves for salts.

3.3. Zeta Potentials and the Effect of PAX

Figure 4 presents the change due to PAX in the zeta potential versus pH curve of pyrite previously
equilibrated with monovalent metal cations in solution. Before entering the analysis of the interaction
of PAX molecules and electrolytes at the pyrite surface, it is interesting to compare the zeta potential
curve of pyrite with and without PAX in the absence of salts. In the low pH range, pH < 6, iron
hydroxyl nuclei are born, which then grow on the surface of the pyrite either as continuous coating or
discrete patches depending on in-situ conditions. Figure 4 shows that the addition of PAX leads to an
increase in the magnitude of the negative zeta potential of the pyrite particles suggesting dissolution
of the surface ferric hydroxides and recovery of bare pyrite, thus corroborating the theory of Lopez
Valdivieso et al. [12]. In the presence of salt, the pyrite surface exposed to the collector is constituted
by a few oxidized sites, and many non-oxidized sites covered with monovalent cations by specific
adsorption. Figure 4 shows that addition of the amyl xanthate collector at the concentration used and
pH > 6 (for which hydroxides interference in not expected) has little or no effect over the measured
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zeta potential, except when Li is present. It seems that cations such as Na, K, and Cs under these
conditions hampered adsorption of the collector, which would be detrimental for the floatation of
pyrite. These results may be at the root of the poor pyrite recoveries we have obtained in flotation
tests in the presence of monovalent cations (not reported here). Very different are the results with
Li* at every concentration (<0.1 M); when collector is added, the magnitude of the zeta potential
decreases. The latter reminds us that strong water structure maker cations, which are used as pyrite
activators, also decrease the magnitude of the zeta potential of pyrite in the order Cu>* > Fe?* >> Ca?*
(>>>Li*) [13,20,23]. The content of Li* in seawater is very low, however it has been of great interest
to include it in this study to identify, beyond doubt, the effect of the strongest monovalent cation
on the zeta potential of pyrite exposed to collector, effects that could be more difficult to appreciate
in the presence of cations that are less maker, such as Na*. The decrease in magnitude of the zeta
potential of pyrite in LiCl solution once PAX is added is explained as follows. On the one hand, Li ions
promote structured water that has relatively higher viscosity than water in the presence of breaker
cations [34,35]. Considering that Li* is located (adsorbed) relatively farther from the surface of pyrite
than the other cations from the series, and that it is less mobile due to the tight network of water
that creates, it is ready for interaction with other molecules, PAX in particular. On the other hand,
it is known that xanthate ligands participate in hydrogen bonding [36], which may even affect their
chelating condition. Thus, the water network around the polar head of PAX molecules should be
expected to be similar to that of hydrated Li* cations facilitating the formation of a bond or linkage
between them according to the concept of “like absorbs like” and, as a consequence, the formation of
Li-mediated pyrite-PAX bridge. The stability of these bridges would be favored by the water network
that hinders the movements of the Li* cation and especially of the molecules of PAX. We speculate that
these Li*-mediated bridges lead to a xanthate shield around the anionic sites on the pyrite particles
that decreases the magnitude of their zeta potential. This ability of Li* is less pronounced in the
other cations of the monovalent series. In Figure 4 it can be seen that K* behaves like Li* at least at a
low concentration of K (0.01 M) and at pH > 6. However, this effect is due to the fact that the actual
concentration of K* is slightly higher due to the contribution of K from the collector. Figure 5 shows a
schematic of the molecular configuration for each cation. The adsorption of xanthate anions directly
onto the pyrite surface, as required for the mechanism proposed by Lopez Valdivieso et al. [12], or onto
oxidized spots on the pyrite surface, as invoked by Mermillod-Blondin et al. [11], are not shown in
the schematic because, although present, they are not the controlling mechanism when the pyrite
is carpeted with cations. Low concentration of cations (<0.01 M) favors formation of Li-mediated
pyrite-PAX bridges. These bridges lead to xanthate shields around the anionic sites on the pyrite
particles, thus increasing zeta potential. At higher concentrations, the surface is so lined with cations
that PAX ceases to have a role on the surface of the pyrite and thus on the zeta potential. Likely,
the same bridge mechanism is responsible for the decrease in magnitude of the negative zeta potential
when metal ions such as Cu?*, Fe?*, and Ca?* are present, and most importantly, for the increase of
pyrite floatability [20].
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Figure 4. Zeta potential of pyrite as function of pH for different chloride salts of the monovalent
alkaline metal series and concentrations with and without amyl xanthate (PAX). (a) LiCl, (b) NaCl,
(c) KCl, and (d) CsCl. The concentration of PAX is always 10~% M. Label Pyrite is omitted in curves
for salts.
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Figure 5. Schematic of cation and PAX adsorption onto pyrite at the molecular level. Low concentration
of cations (<0.01 M) favors formation of Li-mediated pyrite-PAX bridges. At higher concentrations,
the surface is so lined with cations that PAX ceases to have a role on the surface of the pyrite and, thus,
on the zeta potential.
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3.4. Zeta Potentials at Higher PAX Doses

An increased PAX dose amplifies the effect of Li* as a pyrite activator but only at low salt
concentrations. At high concentrations, >0.01 M, PAX molecules do not find room to percolate to the
surface of the pyrite. Atlow salt concentrations, <0.01 M, Figure 6 shows that the activating effect of Li is
apparent, and that a slight activating effect of Na > K > Cs appears. Clearly, the interaction of pyrite with
PAX in the presence of salts obeys rules different than those anticipated by Lopez Valdivieso et al. [12]
and Mermillod-Blondin et al. [11]. Figure 7 compares the changes in the zeta potential versus pH
curve of pyrite for different chloride salts at 0.01 M and PAX at 10~* and 103 M. It is interesting to add
to the comparison the changes in the zeta potential versus pH curve at the same salt concentration
but in the absence of PAX (Figure 3a). We see that the zeta potential in the presence of Li* shows the
major changes, decreasing in magnitude from the curve with no PAX to the curve with the highest
dose of PAX. The zeta potential in the presence of the other cations also decreases, but not in the
magnitude measured in the presence of Li*. Finally, at low salt concentrations and at the highest
dose of PAX tested here, zeta potential versus pH curves for all cations tend to collapse into a single
curve. At salt concentrations higher than 0.01 M, PAX at any dose is unable to reach the surface of
the pyrite and therefore the zeta potential versus pH curve is determined by the cations and not by
PAX. Increasing PAX over 1073 M at low salt concentrations may decrease the magnitude of the zeta
potential, albeit marginally.
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Figure 6. Zeta potential of pyrite as function of pH for different chloride salts and different concentrations
of amyl xanthate (PAX). (a) LiCl, (b) NaCl, (c) KCl, and (d) CsCl. Concentrations of PAX are 0 M,
1074 M (—4), and 1073 M (-3).
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4. Conclusions

The presence of monovalent alkali metal chloride salts offers such a new scenario for the interaction
of pyrite and collector in aqueous media that existing theories about mechanisms of pyrite oxidation,
collector adsorption, and reaction mechanisms may need to be revisited. The magnitude of the negative
zeta potential as a function of pH follows the inverse Hofmeister series, that is, Cs* < K* < Na* < Li*.
Addition of PAX in the absence of salts leads to an increase in magnitude of the zeta potential of
the pyrite particles, suggesting the dissolution of the surface ferric hydroxides and recovery of bare
pyrite, thus corroborating existing theories. In the presence of salt, the addition of PAX at pH > 6
has little or no effect over the measured zeta potential, except when Li* is present. We speculate that
these Li-mediated bridges lead to a xanthate shield around the anionic sites on the pyrite particles
that decreases the magnitude of their zeta potential. An increased PAX dose amplifies the effect of Li
as a pyrite activator, but only at low salt concentrations. At high concentrations, >0.01 M, the PAX
molecules do not find room to percolate to the surface of the pyrite. This new knowledge coupled
should help to improve the current understanding of the flotation processes of copper ore in the
presence of pyrite in saline water.
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