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A double-layer capacitance and EIS studies on galena in absence and presence of sodium isopropyl
xanthate at high concentrated solution in a wide range of polarization potentials is presented. A cyclic
voltammetry study complements the EIS and double-layer capacitance data. The shape of the
capacitance-potential curve as a function of the xanthate concentration evidences a large surface
modification of the galena interface at high thiocollector concentrations. Potential Zero Charge (PZC)
for the system at -0.31 V vs. SCE coincides with the oxidation and adsorption of xanthate (X) on the
galena surface, determined from the capacitance-potential curves. The impedance spectrum for the
system obtained in the presence of X (0.1 M) at the PZC show two time-constants associated to the
oxidation and adsorption of X  and the subsequent formation of dixanthogen (X), according to
experimental results obtained and previous data published in the literature. EIS data at more positive
potentials than PZC (+0.1 V, 0.2 V) show an inductive loop which is associated to a charge transfer
processes which involves the reaction of the adsorbed intermediates Pb(X), and Pb(OH), with the
consequent modification of the PbS-sodium isopropyl xanthate interface. These results provide new
findings that contribute to a better understanding of the galena-xanthate interface at high xanthate
concentrations.
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1. INTRODUCTION

The sulfide ores are the main source of several engineering metals, such as lead, copper and
zinc the foremost lead ore is lead sulfide and galena [1]. Worldwide lead productions is steadily
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grown with a global production of 4117 000 tonnes for the 2010, this represent an increment of 6%
respect to 2009 [2].

From all the separation process flotation-depression is the most used procedure employed in
commercial ore treatment plants to concentrate value minerals from gangue and other associated
minerals. The flotation of sulfide minerals, with an ore complex composition has been extensively
studied [3-7]. Nowadays, there is a consensus that flotation of galena involves the adsorption of
thiocollectors on the surface, such as xanthates, which allow to obtaining lead concentrates until 60%
[1]. Xanthate galena interactions involve the oxidation of the xanthate and its subsequent adsorption
on galena [3].

Therefore, electrochemical techniques are suitable tools to further investigate and understand
the flotation processes. In this vein, Woods carried out a pioneer work with the use of
chronoamperometry technique; and demonstrated that the reaction of the thiocollector adsorption was
an electrochemical oxidation, with the oxygen reduction reaction as a conjugated charge-balancing
cathodic reaction [8]. After its works, other authors have performed electrochemical studies of galena
immersed in xanthate solutions at different experimental conditions. Most of them have focused on
the adsorption mechanisms and the electrochemical and semiconducting properties of minerals [1, 8-
14]. However, there is still much uncertainty about how really the interactions between galena and
xanthate take place.

In addition, there are other cyclic voltammetry studies of galena/xanthates interface under an
inert atmosphere reported in the literature [1,9-11]. According to these studies, it is recognized that
oxidation products of galena, such as PbS,03 and PbSQ,, react with xanthates X to produce Pb(X),. A
proposed mechanism for the PbS-X reaction involves the adsorption of X7, that can be either physical
or chemical depending on the xanthate concentration [10]. Once the xanthate is adsorbed onto the
galena surface, the subsequent formation of dixanthogen (X), and Pb(X), takes place, being these
species responsible for increasing the surface mineral hydrophobicity, which enhances flotation [1,
15]. The formation of these products has been extensively confirmed by several spectroscopic
techniques, such as XPS, Raman, Atomic Force Microscopy (AFM) and FTIR [10,16-18]. Although,
there is a large amount of similar studies; the full understanding of the electrochemical reactions
between galena and xanthate seems to be not completely understood. It is probably because
differences in the galena samples being analyzed or the limitations of the techniques used in these
studies. On the other hand, besides a large amount of voltammetric and optical spectroscopy studies
reported in literature, there are just a few studies concerning the double-layer capacitance behavior of
the system, in addition to electrochemical impedance spectroscopy studies for galena/xanthate
interface [3, 19, 20]. Hui-zhong et al. investigated the galena-pyrolusite co-extraction in sodium
chloride solutions by EIS [19]. Their results demonstrate that during the oxidation process, the
formation of an insoluble film on galena and pyrolusite blocks the redox process and prevents the
mineral to undergo a further oxidation. On the other hand, Shumman et al. [20], studied the
semiconducting behavior of galena/xanthate interface by EIS measurements. From their work is
concluded that xanthate is physisorbed at approximately -0.3 V, and once adsorbed it does not
suppressed the oxidation of galena, but promotes a slower oxidation process.
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The aim of this work is to revisit the electrochemical and interfacial aspects of galena/xanthate
interface at high thiocollector concentration, using electrochemical techniques that have not been
extensively used, but they offer an opportunity to obtain new insights into this particular system.
Therefore, double-layer capacitance and EIS studies on galena at 0.1 M of sodium isopropyl xanthate
solution, covering a wide range of polarization potentials, are presented. A detailed analysis of the EIS
spectra is carried out under the equivalent circuit approach. All the results are interpreted on the basis
of the xanthate adsorption and its influence on the oxidation of galena surface.

2. EXPERIMENTAL

2.1 Electrodes and solutions

A conventional three-electrode electrochemical cell was used in this study. The working
electrode was prepared with native galena samples that were previously selected and mineralogically
characterized with a purity of 98.7 % [21]. Samples come from the Mining Unit Charcas located in the
Mexican state of San Luis Potosi, Mexico. They were cut into a cubic shape and encapsulated in
epoxy resin with an exposed electrode area of 1.2 cm?. A graphite rod (0.65 cm diameter) was used as
counter electrode and a Saturated Calomel Electrode (SCE) was used as a reference in all experiments.
The working electrode surface was renewed before each experiment by polishing it on canvas with a 5
um alumina suspension. None activation surface process was applied to the galena mineral [22]. The
working solution was an aqueous xanthate at different concentrations (0, 1, 10 and 100 mM) added as
sodium isopropyl xanthate (ALKEMIN) with 0.01M KCI at pH 8 (FERMONT) included as supporting
electrolyte. All solutions were prepared with deionized water whit resistance of 18 MQ (Barnstead
D4641) and the reagents were used as received. A nitrogen inert atmosphere was maintained in the
cell during all experiments, and the temperature was controlled at 25 °C.

2.2 Data acquisition

Cyclic voltammetry was performed with a Solartron SI 1287 potentiostat and experimental data
were collected by the commercial software Coreware®. The voltammetric study was carried out within
a potential range from -1.1V to 1.1V at 7mV/s, starting from the open circuit potential, ca. -0.1 V in
the absence of xanthate and -0.35 V in its presence, toward the positive direction for all cases.
Electrochemical impedance spectra were measured with either a Solartron 1260 Frequency Response
Analyzer (FRA) coupled with a Solartron SI 1287 or an A/D data acquisition card model NI PCI-6251,
homemade software and a potentiostat Pine Instruments AFCBP1. The amplitude of the potential
perturbation was 10 mV, the frequency range was 20 kHz-2 mHz and seven points per decade were
recorded.

The double-layer capacitance measurements as a function of the polarization potential, were
obtained by impedance measurements at constant 1 kHz and variable polarization potential range (-
1.1V to 1.1 V) swept at 7 mV/s. All the experimental data were collected by the commercial software
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Zplot®. For EIS measurements a stabilization time were maintained before each experiment in order to
avoid current fluctuations and to ensure the system to reach steady state

3. RESULTS AND DISCUSSION

3.1 Cyclic Voltammetry

Figure l1a shows a series of cyclic voltammetries performed in absence and presence of
xanthate at different concentration used as a parameter. In absence of xanthate, it is possible to
observe the typical voltammogram of galena mineral in 0.01 M KCI at pH 8 [1]. In this case, two
anodic processes can be observed; the first one is associated to the formation of a layer of a
semipassive S° at 0.5 V coming from the oxidation of galena, which has been confirmed by Raman
analysis (Data not shown). The second one involves the formation of lead hydroxide produced by the
reaction of lead ions and hydroxyl groups from the media. On the other hand, in the presence of
xanthate, a significant modification in the shape of the cyclic voltammogram is depicted. First of all, it
is possible to note a soared decrease in the current measured at 1.1 V. This is presumably due to the
adsorption of xanthate on the galena surface, which inhibits the further oxidation of galena.
Furthermore, in the presence of xanthate, the cyclic voltammetry shows the existence of three well
defined oxidation peaks, which are more clearly evidenced at the highest xanthate concentration being
used (0.1M).

The O1 peak at -0.31 V, has been previously reported by Woods and others authors [1, 5, 9-
10], who have studied the oxidation of galena in similar experimental conditions to the present work.
According to these previous studies, the O1 peak corresponds to the oxidation and adsorption of
xanthate followed by the formation of a dixanthogen molecule X, as it is stated in the following
reaction:

X = (X)p+2€¢ (1)

At more positive polarization potentials, the adsorbed xanthate may electrochemically react
with the galena surface to form lead xanthate and dixanthogen [5]. As a matter of fact by scanning to a
more anodic potentials the O2 peak appears at -0.1 V as can be seen in Fig. 1a. In agreement to
Chernyshova [10] and Junqueira et al. [1], this voltammetric peak is interpreted on the basis of the
following reaction:

PbS + 2X~ — Pb(X), + S° + 2¢° )

We have also confirmed the presence of lead xanthate and dixanthogen by a Raman analysis,
for a galena sample conditioned at -0.1 V and at more anodic potential (Data not shown). Under this
condition, the surface becomes hydrophobic, which favors the mineral flotation [1]. Woods [5] and
Junqueira et al. [1] have proposed that after lead xanthate formation and even at more positive
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polarization potentials, Pb(X), electrochemically reacts to produce lead hydroxide and dixanthogen,
according to the following reaction [1,5,10]:

Pb(X), + 20H — Pb(OH), + X, + 2¢ (3)

Reaction (3) has been confirmed by Chernyshova, who performed an in situ ATR/FTIR study
of the anodic processes on a galena electrode [10]. Then, O3 peak at 0.2V is associated with the
formation of lead hydroxide as has been expressed in reaction (3). Lead hydroxide provides a
hydrophilic character to the galena surface, limiting its flotation [1]. On the other hand, the cathodic
process depicted in Fig. 1 at -0.8 V corresponds to the reduction of oxygen traces and partial reduction
of galena to Pb® and hydrosulfide ion.

As it can be seen in Fig. 1a, there are not negligible differences in the cyclic voltammetric
responses, between the highest and lowest xanthate concentrations employed. We rationalize this
behavior based on the amount of xanthate adsorbed on the galena surface. High xanthate
concentration promotes a strong adsorption of xanthate and a larger amount of material adsorbed on
the mineral. Then, a voltammogram with three well-defined peaks can be observed. This explanation
Is consistent with a similar cyclic voltammetric study in xanthate solution at intermedia concentrations
ranging from 10 to 10 [10]. It is worth mentioning that xanthate concentration range presented in
this work is much higher than other studies, since none activation process is applied to the galena
mineral which is known reduces the required concentration [21]. Nonetheless, the explanation of the
concentration effect on the adsorption it is still valid in our study taking into account that we are not
applying any chemical surface treatment.
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Figure 1. Cyclic Voltammograms and double-layer capacitance curves for galena immersed in KCI
solution with xanthate concentration as parameter. (a) Current-potential response obtained at 7
mV s™. (b) Double-layer capacitance-potential response obtained at 1 kHz and 7 mV s™. cm?

3.2 Double-layer capacitance measurements

The adsorption of xanthates and its relation with the electrochemical process of galena were
qualitatively evaluated by double-layer capacitance measurements. Figure 1b shows the differential
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capacitance-potential curves obtained with and without the presence of xanthate. As it can be
observed, the double-layer capacitance values are lower in absence of the xanthate than in its presence,
but systematically increase by increasing the thiocollector concentration. The difference between the
shape and values of the capacitance-potential curves as a function of the xanthate concentration
suggests a chemical modification of the interface promoted by a high thiocollector concentration as
was already pointed out in the cyclic voltammetric results in the potential range explored. Then, at
high xanthate concentration (i.e., 0.1 and 0.05 M), the double-layer capacitance curves exhibit a well
defined minimum at ca. -0.3 V and a well defined capacitance pit, which ranges from -0.4 to -0.2 V.
In agreement with the classical electrochemical double-layer theory [23], we have associated the
minimum in the capacitance curves with the PZC. Furthermore, from the PZC it is possible to predict
the potential range where xanthates adsorption is electrostatically more favorable. Thus, since
xanthate is an anion, its adsorption on the galena surface is highly favorable from -0.3V and more
positive potentials. On the other hand, the capacitance pit is associated with the adsorption of organic
compounds [24-25] and it is the potential region where the adsorbed xanthate is stable. In a previous
study carried out by Richardson and O’Dell [14], it was demonstrated that galena surface is an n-type
semiconductor and it becomes sulfur deficient at a potential ca. -0.4 V, so xanthate does not adsorb
onto galena at this potential. However, at more positive potentials (>-0.4 V) galena surface exhibits a
p-type semiconductor properties because the polysulfide lose electrons and render to S, subsequently
the surface is activated, then the adsorption of xanthates become the predominant process. In this way,
our results obtained from the double-layer capacitance measurements are in fairly good agreement with
similar photoelectrochemical studies previously reported [14,1]. In addition, the PZC (-0.3 V) appears
at the same value than the voltammetric O1 peak observed in Figure 1a, which describes the oxidation
and adsorption of xanthate and subsequently the formation of dixanthogen as it is shown in reaction
(1).

At more positive polarization potentials than the capacitance pit (> -0.2 V), Figure 1b shows
that the double-layer capacitance increases and the capacitance pit disappears. This behavior coincides
with the modification of the galena/xanthate interface due to the electrochemical reaction (2)
evidenced by O2 peak in Figure 1la. Finally, the double-layer capacitance reaches the highest value at
0.1 V, with a large modification of the interface promoted by reaction (3). It should be highlighted
than these results obtained from double-layer capacitance measurements are consistent with the results
found by cyclic voltammetry.

3.3 Electrochemical Impedance Spectroscopy

The adsorption-desorption xanthate process and its influence in the electrochemical oxidation
of galena mineral has been evaluated by EIS in absence and presence of 0.1 M xanthate, to assure that
the adsorption of the thiocollector is not negligible. The polarization potential range investigated was
around the PZC. Figure 2 shows complex plane impedance spectra of galena immerse in KCI solution.
From these results it is possible to observe that for all polarization potentials (-0.5 to 0.2 V), the spectra
shapes are quite similar. In general, a predominant capacitive behavior is evidenced in the whole
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frequency range studied. This type of impedance response can be adequately represented by an
equivalent circuit which includes a constant phase element (Cq, CPE) associated with the non-ideal
double-layer capacitance, coupled in parallel with a resistance R associated with a charge transfer.
An additional resistance is added in series to depict the electrolyte resistance R..
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Figure 2. Complex impedance spectra for galena immersed in KCI solution at different polarization
potentials. The continuous lines are the fitted spectra using the equivalent circuit shown in
figure 3a. Frequency in Hertz.
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This equivalent circuit (Fig. 3a) was fitted to the experimental EIS spectra by using a
Levenberg-Marquardt algorithm. Table | summarizes the numerical values of each one of the
electrical elements included in the equivalent circuits. The statistical fitting is adequate for all the
spectra with »* values around 107.

As can be seen, the impedances are high for low frequency range reaching 1x10°> Qcm™ at -0.1
V. These impedance values are attributed to an incipient charge transfer reaction associated with the
sulfur activation depicted in the voltammetry analysis (Figure 1a).

On the other hand, at the highest frequency range we subtracted the solution resistance
contribution to the total impedance, because they are negligible, it was done for solutions with and
without xanthates.
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Figure 3. Equivalent circuits representing the impedance contribution of galena/electrolyte interface:
(@) Equivalent circuit for galena in absence of xanthate. (b) Equivalent circuit for galena and
xanthate at -0.31 V. (c) Equivalent circuit for galena in presence of xanthates at -0.1 and 0 V.
(d) Equivalent circuit for galena in presence of xanthates at 0.1 and 0.2 V.

Table 1. Electrical parameters obtained from the fitting of the equivalent circuit in Fig. 3a to the
experimental impedance data for galena in absence of xanthate.

3 Cai (CPE,) Ret

(V) (Qcm?s™ (Q cm?)
-0.5 4.86X10° 0.85 9000
-0.4 3.34x10° 0.84 8096
-0.3 1.2x107 0.77 3155
-0.1 2.04x10° 0.75 5x10*

0 9.03x10° 0.62 3x10*
0.1 3.14x10° 0.84 2x10*
0.2 1.31x10” 0.87 15x10°
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Fig. 4 shows EIS spectra of galena in presence of xanthates. At negative polarization potentials
(-0.5 and -0.4 V) the spectra displays a capacitive behavior, similar to the one observed in Fig 2. At
the PZC (-0.310 V), two time-constant are evident in Fig. 4c and the impedance diagram obtained can
be appropriately described by the equivalent circuit shown in Fig. 3b. The first time-constant t
appears in the frequency range of 20 kHz-1Hz as a depressed loop. This t is related to the non-ideal
double-layer capacitance (Cq, CPE;) coupled in parallel with the charge transfer R associated to the
electrochemical reaction (1). It is remarked than in presence of xanthate, the charge transfer is one
order of magnitude lower than in its absence (Table II). It suggests that a not negligible charge transfer
is taking place at the interface as it was expected. On the other hand, the second t which appears at a
frequency below 1 Hz, is related to a second constant phase element (C,q1, CPE;) associated to a
possible intermediate-adsorbed. Eventhough, this last t looks similar to a diffusion contribution, but
there is not an adequate fitting to a Warburg element. Furthermore, impedance spectra obtained
subsequently did not show this behavior, it leads us to believe this second time-constant is also a
capacitive loop. Under these considerations, we assume reaction (1) includes at least one intermediate-
adsorbed species which remains on the electrode at this polarization potential. This assumption is in
good agreement with the results founded from either double-layer capacitance measurements or
previous data published by Woods [5,8]. This author proposed reaction (1) involves the adsorption of
xanthate and a subsequent reaction step to form a dixanthogen molecule [1,5,10].

When the direct polarization is maintained at -0.1 V (Fig. 4d), it is possible to note that the
impedance data depicts two loops as was observed in the impedance spectra at the PZC. But the
equivalent circuit used to describe the impedance data at -0.1 V is different (Fig. 3c), because a careful
examination of the impedance spectra at Fig. 4d, shows a more depressed loop in the range of 20 kHz
to 1 Hz. In addition the real part of the impedance at 1 Hz is almost three times larger than the one
obtained at the PZC. A depressed loop and its impedance values can be explained if we consider the
overlapping of at least two time-constants coming from two separate processes. This assumption is
supported by reactions (1) and (2) and also by the impedance spectra obtained at the PZC. Then, the
loops obtained in the range of 20 kHz-1 Hz are associated to a parallel RC coupling shown in Fig. 3c.
The physical meaning of Cg, Ry and Cyq; are the same to the ones described at the PZC, while R,
represents the charge transfer involved in the electrochemical reaction (2). Additionally, at frequencies
below 1 Hz, another time-constant appears in the Fig. 4d, which is related to a new constant phase
element (C,q2, CPE3) which represents the Pb(X), and S according to reaction (2), they are produced
and remains onto the mineral surface. The electric parameters used in the fitting procedure are
summarized in Table Il. As it can be expected, R.u value decreases when the polarization potential
increases due to the fact that reaction (1) is more favorable at more positive potentials. In addition the
double-layer capacitance value Cgq also decreases suggesting that a large amount of xanthate remains
adsorbed onto the mineral surface at this potential (-0.1V).

At 0 V, the experimental impedance spectrum is also adequately fitted by equivalent circuit
shown in Fig. 3c, and its physical interpretation fully agrees with the explanation given for the
impedance spectrum obtained at -0.1 V. However, at 0 V the presence of three time-constant are now
evident, this is related to each one of the elements included in the equivalent circuit. From Table I1 it
is possible to note than at 0 V, the double-layer capacitance Cg and the charge transfer resistance Ry
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associated to the first electrochemical reaction (1), decreases as was expected, but in addition C,4; and
Cag2 associated to the intermediates-adsorbed (xanthate and PhX,, S°) also decreases.
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This behavior indicate that a more compact and stable layer of intermediates-adsorbed are
present onto the mineral surface, conducting to an increases of the charge transfer resistance R, value
associated to the electrochemical reaction (2). It means that the intermediates-adsorbed species are
behaving as a charge transfer reaction inhibitors.

At more positive polarization potentials (0.1 and 0.2 V) Figures 4f and 4g show three time-
constants, the first two t's at 20 kHz to 1Hz have been previously discussed.

However, at frequencies below to 1 Hz the shape of the third t is completely different,
depicting a well defined inductive loop as is observed in Figure 4f and 4g. Based on cyclic
voltammetric results at high anodic polarizations it is possible to ascertain that the oxidation of the
mineral and the generation of hydroxides could take place as it is established in reaction (3).
Furthermore, the double-layer capacitance measurements are consistent with a chemical modification
of the interface.

Table Il. Electrical parameters obtained from the fitting of the equivalent circuit in Fig 3b-3d to the
experimental impedance data for galena in presence of xanthate.

0.5 3.6x107 0.7 4811 - - - - - - -
-0.4 1.01x107 0.86 4566 - - - - - - -
-0.3 3.53x10° 0.71 4123 0.00584 0.54 10000

0.1 1.07x10° 0.94 393.2 6.98x10°  0.62 543.7 5.7 x10°3 0.45 - -

0 5.21x107  0.98 377 1.66 x10°  0.73 1188 5x103 0.58 - -

0.1 3.1x107 0.98 303.9 1.78 x10°  0.61 1119 9.7 x10°3 0.50 72.6 343.1
0.2 2.14x107 0.99 190 1.86 x10°  0.48 2232 9.8 x10° 0.51 136 1112

According to these results, we have correlated the existence of the inductive loop to an
interface relaxation process, consisting of an interfacial rearrangement due to the adsorption-
desorption of xanthate, lead xanthate, as well as the formation of lead hydroxide stated by reaction (3).
Our explanations are in good agreement with similar interpretations given for inductive loops in other
electrochemical systems [26-28]. Figure 3d shows the equivalent circuit fitted to the experimental
impedance spectra obtained at the most positive potentials. L and R represent the inductive behavior
and the charge transfer resistance indicated in reaction (3), respectively. Table Il summarizes the
numerical values of each electric element involved in this equivalent circuit (Figure 3). As it was
expected R decreases as polarization potential increases, Cag1 and Cyq2 Start growing up indicating a
change in the adsorption-desorption process. On the other hand, it is possible to note from Table Il that
at this polarization range R and Rgs increases with the polarization potentials due to an inhibiting
effect caused by the adsorbates. This last conclusion is in good agreement with the previous results
founded by Hui-zhong [19], who demonstrated that an insoluble film is formed onto galena and
pyrolusite and prevents them from a further oxidation.
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4. CONCLUSIONS

A study of the electrochemical behavior of the galena/xanthate interface by cyclic voltammetry,
double-layer capacitance measurements and EIS was presented. Cyclic voltammetric results for galena
in the absence and presence of xanthate at different concentrations allows to identifying the potential at
which oxidation reactions take place. At high xanthate concentration three oxidation processes are
indentified which include the oxidation and adsorption of xanthate, the formation of lead xanthate and
subsequent formation of lead hydroxide. The influence of the adsorbates present onto the galena
electrode was further studied by double-layer capacitance measurements and impedance spectra. From
the double-layer capacitance curves was possible to determinate the PZC which corresponds to -0.31
V. On the other hand, the impedance spectra obtained a different polarization potentials clearly revels
the important role played by the adsorption of xanthate onto the galena surface. At the PZC the first
time-constant observed at high frequencies was assigned to the oxidation of xanthate while the second
one observed at low frequencies was related to the adsorption of xanthate. From -0.1 to 0 V, three
time-constant were observed. The first one at the highest frequencies was associated to the oxidation
and adsorption of xanthate, the second one observed at intermediate frequencies was related to the
oxidation of previously adsorbed xanthate and subsequent adsorption of lead xanthate, while the third
time-constant observed at the lowest frequencies was related with the presence of at intermediate-
adsorbed. Finally, from 0.1 to 0.2 V an inductive process was observed at the lowest frequencies.
This time-constant was associated with the relaxation of the interface due to the amount of adsorbed
species and the formation of lead hydroxide.
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