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Abstract: Despite previous studies investigating selenium (Se) redox reactions in the presence of
semiconducting minerals, Se redox reactions mediated by galena (PbS) are poorly understood.
In this study, the redox chemistry of Se on galena is investigated over a range of environmentally
relevant Eh and pH conditions (+0.3 to −0.6 V vs. standard hydrogen electrode, SHE; pH 4.6) using
a combination of electrochemical, spectroscopic, and computational approaches. Cyclic voltammetry
(CV) measurements reveal one anodic/cathodic peak pair at a midpoint potential of +30 mV (vs. SHE)
that represents reduction and oxidation between HSeO3

− and H2Se/HSe−. Two peak pairs with
midpoint potentials of −400 and −520 mV represent the redox transformation from Se(0) to HSe− and
H2Se species, respectively. The changes in Gibbs free energies of adsorption of Se species on galena
surfaces as a function of Se oxidation state were modeled using quantum-mechanical calculations and
the resulting electrochemical peak shifts are (−0.17 eV for HSeO3−/H2Se, −0.07 eV for HSeO3−/HSe−,
0.15 eV for Se(0)/HSe−, and−0.15 eV for Se(0)/H2Se). These shifts explain deviation between Nernstian
equilibrium redox potentials and observed midpoint potentials. X-ray photoelectron spectroscopy
(XPS) analysis reveals the formation of Se(0) potentials below −100 mV and Se(0) and Se(−II) species
at potentials below −400 mV.

Keywords: selenium redox transformation; galena; elemental selenium; selenide; electrochemistry;
computational modeling

1. Introduction

While a vital nutrient at low concentrations, the capacity of selenium (Se) to act as a toxic
contaminant has been evinced by cases such as the Kesterson reservoir in California where high
concentrations of Se in sediments and aquatic systems have led to increased wildlife mortality rates
and birth defects [1,2]. Owing to the chemical similarity to sulfur (S), such hazardous accumulations in
the environment are often linked to the weathering of coal [3] and Se-bearing sulfide minerals [4,5].
Moreover, long-lived radionuclides of Se (e.g., 79Se) can be introduced to the environment where
effluents are generated from spent nuclear fuel or reprocessing this fuel [6].

The mobility and fate of Se in the environment is highly dependent on the oxidation state which
dictates factors such as sorption affinities and solubility [4]. For example, Se(VI) and Se(IV) species
are dominant under oxidizing conditions and are not only more bioavailable and toxic than reduced
forms, but also more soluble granting them greater mobility [4] (Figure 1). Under reducing conditions,
Se is found as various Se(−II) species in addition to insoluble Se(0). While Se(−II) can occur as soluble
H2Se/HSe− species, it also occurs as insoluble metallic selenides such as clausthalite (PbSe) or ferroselite
(FeSe2), and as an incorporated species in a number of sulfides.
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Figure 1. Eh-pH diagram for Se at 10 mM, 25 °C. 

Semiconducting minerals are not only naturally occurring in the environment but are also viable 
electron sources and sinks and allow for “conducting” electrons between redox-active species 
adsorbed some nm away from each other [7–15]. Consequently, interactions between contaminants 
and semiconducting minerals pose the chance for mobilization or immobilization by mediating redox 
reactions which alter the speciation of the contaminant and therefore its behavior [16]. With a band 
gap of 0.4 eV [17], galena (PbS) is not only a viable semiconducting mineral, but also one that offers 
particular geochemical relevance as a plausible substrate for Se interactions due to the common 
accumulations of Se in sulfide minerals [4,5,18]. 

To date, the geologic occurrence and distribution of Se in sulfide mineral-rich conditions have 
been reported [2,3,5]. In the literature, however, electrochemical investigations of Se redox 
transformation have mainly been limited to interactions with materials such as gold (Au) [19–25], 
platinum (Pt) [26,27], and silver (Ag) [22,28], offering little geochemical relevance. The role of natural 
semiconducting minerals such as pyrite (FeS2) and magnetite (Fe3O4) in Se redox cycling has been 
experimentally investigated [29–32]; however, the research approach has been limited to batch 
experiments combined with spectroscopic analysis, and, especially, little is known about interactions 
between Se and galena. 

The goal of the present study is to identify Se redox reactions mediated by galena surfaces over 
a range of environmentally relevant Eh and pH conditions (+0.3 to −0.6 V; pH 4.6) and to characterize 
the effect of galena as a mediating substrate on those reactions. Results from this study will provide 
implications for the fate and mobility of Se in the environment not only by identifying the specific 
physicochemical conditions under which speciation changes occur, but also by accounting for how 
those conditions deviate from expected theoretical conditions. Finally, this paper aims to demonstrate 
a useful combination of experimental and theoretical techniques and, for these purposes, 
electrochemical, spectroscopic and computational approaches have been used as outlined below.  

Cyclic voltammetry (CV) measurements were performed using a galena electrode and the 
collected data were analyzed to identify specific redox species responsible for electric signals at given 
pH and Eh. The use of electrochemical preparation allows the ability to quantify various redox 
parameters such as reduction potential, chemical reversibility, and the oxidants and reductants 
participating in specific reactions. It is important to note that in all experiments performed in this 
study, galena is not the primary electron donor in the reduction processes described, but rather 
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Semiconducting minerals are not only naturally occurring in the environment but are also
viable electron sources and sinks and allow for “conducting” electrons between redox-active species
adsorbed some nm away from each other [7–15]. Consequently, interactions between contaminants
and semiconducting minerals pose the chance for mobilization or immobilization by mediating redox
reactions which alter the speciation of the contaminant and therefore its behavior [16]. With a band
gap of 0.4 eV [17], galena (PbS) is not only a viable semiconducting mineral, but also one that offers
particular geochemical relevance as a plausible substrate for Se interactions due to the common
accumulations of Se in sulfide minerals [4,5,18].

To date, the geologic occurrence and distribution of Se in sulfide mineral-rich conditions have been
reported [2,3,5]. In the literature, however, electrochemical investigations of Se redox transformation
have mainly been limited to interactions with materials such as gold (Au) [19–25], platinum (Pt) [26,27],
and silver (Ag) [22,28], offering little geochemical relevance. The role of natural semiconducting
minerals such as pyrite (FeS2) and magnetite (Fe3O4) in Se redox cycling has been experimentally
investigated [29–32]; however, the research approach has been limited to batch experiments combined
with spectroscopic analysis, and, especially, little is known about interactions between Se and galena.

The goal of the present study is to identify Se redox reactions mediated by galena surfaces
over a range of environmentally relevant Eh and pH conditions (+0.3 to −0.6 V; pH 4.6) and to
characterize the effect of galena as a mediating substrate on those reactions. Results from this study
will provide implications for the fate and mobility of Se in the environment not only by identifying the
specific physicochemical conditions under which speciation changes occur, but also by accounting
for how those conditions deviate from expected theoretical conditions. Finally, this paper aims to
demonstrate a useful combination of experimental and theoretical techniques and, for these purposes,
electrochemical, spectroscopic and computational approaches have been used as outlined below.

Cyclic voltammetry (CV) measurements were performed using a galena electrode and the collected
data were analyzed to identify specific redox species responsible for electric signals at given pH and
Eh. The use of electrochemical preparation allows the ability to quantify various redox parameters
such as reduction potential, chemical reversibility, and the oxidants and reductants participating in
specific reactions. It is important to note that in all experiments performed in this study, galena is
not the primary electron donor in the reduction processes described, but rather transmits electrons
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from and to the electrochemical setup. In addition, galena catalyzes the reaction by helping in the
dehydration of absorbing species from solution and by the potential overlap of orbitals between the
mineral surface and the redox-active orbitals of the absorbing species. Even if a Se-reducing electron
originates from an S 3p orbital (i.e., Sulfur 3p orbital), the missing S 3p electron will be replaced by
an electron from the electrode.

The adsorption modes of Se species with different oxidation states on galena slabs were simulated
based on molecular orbital modeling. Energetic contributions of adsorption are included in evaluating
Se redox transformation mediated by galena and deviation between equilibrium reduction potentials
and observed midpoint potentials are determined using calculated adsorption Gibbs free energies.
Finally, X-ray photoelectron spectroscopy (XPS) was employed to acquire direct evidence for Se redox
reactions catalyzed by the galena electrode by determining the composition ratios of different Se species
on the galena surface.

2. Methods

2.1. Sample Characterization

Galena sourced from Missouri was characterized using scanning electron microscope-energy
dispersive X-ray spectroscopy (SEM-EDS) using a 15 kV accelerating voltage and a 112.6 µA beam
current (Figure 2). In addition to lead (Pb) and S, copper (Cu) impurities were detected which is
commonly found in galena originating from Missouri [33–35]. The dominant form of powdered galena
is cubic, which represents cleaving along (100) planes.

2.2. Voltammetry

Voltammetry was conducted in a conventional three-electrode cell controlled by an Princeton
Applied Research EG&G model 263A potentiostat with Powersuite software. A Pt counter electrode
(Sigma Aldrich) and Ag/AgCl reference electrode were used (CH Instruments); however, all potentials
quoted in this study are with respect to the SHE. A powder microelectrode (PME) was used as the
working electrode which acts effectively as a cleaved mineral electrode of greater surface area [36].
The increased surface area on a relatively small volume allows for relatively fast reaction kinetics
which is important for redox processes in cyclic voltammetry that happen at a second to minute
timescale. A PME was prepared by conventional glass blowing techniques and was composed of a Pt
wire encased in soda lime glass with the Pt wire exposed flush to the end of the electrode. A cavity of
100 µm diameter (dictated by the diameter of the Pt wire) and a ~20 µm depth was made by etching
the exposed Pt in aqua regia (~80 ◦C) for ~2.5 h [37]. The cavity was packed by tapping the electrode
in galena powdered in an agate mortar and pestle, and the powder was removed from the cavity after
use via sonication.

Unless otherwise stated, voltammetry was performed on freshly powdered, pristine galena in
10 mM Na2SeO3 + 100 mM NaCl adjusted to pH 4.6 at 50 mV/s initiating from the open circuit potential
(OCP) in the positive-going direction. The OCP (~110 mV ± 5 mV) was monitored for 30 s before
initiating each scan. Solutions of any pH were adjusted using HCl and NaOH. All reagents (excluding
galena) were obtained from Sigma Aldrich. Solutions and were sparged with argon (Ar) gas for 30 min
prior to voltammetry to remove dissolved oxygen.

On voltammograms, anodic and cathodic peaks are denoted with an “A” and “C”, respectively.
The midpoint potential (Emid) of the anodic (EA) and cathodic (EC) peaks comprising a redox couple
was defined as Emid = 1

2 (EA + EC). Peak areas and peak currents were obtained using the Origin8.5
plotting software (OriginLab Corporation, Northhampton, USA). For these purposes, peaks were
defined by either the two major inflection points or local minima or maxima bounding the peak
of interest determined using a Savitzky–Golay smoothing function for first and second derivatives.
Using these bounds, peak areas were obtained through integration and peak currents by subtracting
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the apparent peak current from that occurring along its baseline. Unless otherwise stated, peak charges
and potentials are taken from the final cycle of cyclic voltammograms.Minerals 2019, 9, x FOR PEER REVIEW 4 of 19 
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Figure 2. Scanning electron microscope-energy dispersive X-ray spectroscopy (SEM-EDS) image of
powdered galena (above) and the resulting spectrum (below). In addition to Pb and S, Cu was detected
which is an impurity commonly reported for galena sourced from Missouri.

2.3. X-Ray Photoelectron Spectroscopy (XPS)

XPS spectra were obtained using a Kratos Axis Ultra X-ray photoelectron spectrometer with
a monochromatized Al Kα source (1486.6 eV) primed to 8 mA and 14 kV at no more than 5 × 10−7 Torr.
Core spectra obtained using a 20 eV pass energy with 0.1 eV resolution were calibrated with respect
to the C 1s spectrum of adventitious carbon of each respective sample assuming a binding energy of
284.8 eV. Peak fitting and calculation of atomic ratios were performed using CasaXPS 2.3.17 software
(Casasoftware Ltd, Teignmouth, UK) and the relative sensitivity factors provided by [38]. Due to
the small diameter of the PME, XPS analysis was conducted on bulk galena electrodes prepared by
mounting cleaved galena (polished to 1200 grit) to a copper wire via conductive silver paste (Ted
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Pella Inc., Redding, CA, USA) and insulated with non-conductive epoxy (Loctite). Bulk electrodes
were polarized at potentials of interest (see Section 3.2) for 30 min in solution containing 10 mM
Na2SeO3 + 100 mM NaCl and adjusted to pH 4.6. After polarization, bulk electrodes were stored in
an anaerobic glove bag (5% H2 + 95% N2) for no more than two hours before being transferred into the
spectrometer where evacuation could begin. Samples were not rinsed or further treated at any point
after polarization. Analytical grade Na2SeO4, Na2SeO3, and Se0 reagents (Sigma Aldrich) were used
as reference standard materials.

2.4. Calculation of Adsorption

The Gaussian 09 package was used to model the atomic structures and adsorption energies
of possible surface species based on molecular orbital calculation. All calculations were made at
B3LYP [39,40] and LANL2DZ [41–43] level. B3LYP is a hybrid method of density functional theory
(DFT, to included electron correlation) and Hartree–Fock (HF, to approximate electron exchange well)
approach. In order to approximate polarization due to bonding additional polarization functions
were added (extra basis functions containing no electrons). LANL2DZ uses an all-electron description
for atoms of the first row elements and small-core relativistic effective-core potentials (RECP) of
inner electrons, combined with double-zeta functions for the valence electrons of heavier atoms of
elements such as S, Se, and Pb [44]. These computational parameters have been successfully applied to
calculating systems involving galena or Se molecules [44–46].

Modeling adsorbate structures on galena (Fm3m space group) was performed on a 4 × 4 × 2 atoms
PbS cluster. This cluster represents the {100} surfaces of galena in good agreement with the SEM-EDS
observations (Figure 2). One layer of the cluster was allowed to relax while the edge atoms on that
layer were fixed in order to minimize edge effects that are inherent to the cluster size [46]. For the aim
at calculating energetics of adsorption reactions occurring in aqueous phases, hydration was simulated
by imposing the solute in a cavity within the solvent reaction field (SCRF) based on a PCM (Polarizable
Continuum Model [47]) solvation model.

The adsorption Gibbs free energy is calculated from the computed Gibbs free energies of the
chemical species (X), the galena slab and the species adsorbed on the slab (PbS≡X) as described in
Equation (1):

∆GX
ads = G(PbS ≡ X) −G(PbS) −G(X). (1)

In Equation (1), Gibbs free energies are obtained by adding vibrational contributions (cpT to
obtain the enthalpy and −T∆S to include vibrational entropy). These contributions were obtained
from frequency calculations on the optimized structure) to the molecular/electronic energy. Entropy
changes due to hydration were included in the PCM solvation model.

3. Results

CV measures current as a function of electrochemical potential and was used here to characterize
redox transformations between species with different Se oxidation states as mediated by the galena
powder in the working electrode (Section 3.1). Resulting electrochemical signals were used to evaluate
reduction potentials of possible redox pairs and the amounts of species changing their oxidation state
within a given reduction or oxidation peak.

3.1. Cyclic Voltammetry of Galena with and without Se(IV)

CV was performed in the scan range of −0.65 to +0.3 V using the galena PME in the absence
of Se to establish any voltammetric signatures contributed by reactions involving the Pt and galena
electrode materials (Figure 3a). In the absence of Se, the PME with galena present in the cavity exhibits
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a cathodic peak at −440 mV (labeled C0 in Figure 3a). This peak is likely indicative of the reduction of
oxidized surface elemental S via the following reaction taken from [48–50]:

S0 + 2H+ + 2e−→ H2S. (2)

CV performed in the scan range of −0.65 to +0.3 V using the galena PME and Se(IV) (added as
Na2SeO3) present in solution exhibited three anodic peaks and three cathodic peaks denoted A1 to
A3 and C1 to C3 (Figure 3a). The observation of peaks A1 to A3 and C1 to C3 in the scan with Se(IV)
present in solution and their clear distinction from the features of the scan performed in the absence
of Se attributes these peaks to Se redox reactions. The contribution of Pt to the total electrochemical
signal can be considered minute because the galena component of the PME produces electrical signals
of current one order of magnitude greater than that of the empty PME (Figure 3a).Minerals 2019, 9, x FOR PEER REVIEW 7 of 19 

 
Figure 3. (a) Cyclic voltammograms of the powder microelectrode (PME) with no galena powder 
packed in the cavity scanned in 0.1 M NaCl pH 4.6, the PME with galena powder packed in the cavity 
scanned in 0.1 M NaCl pH 4.6, and the PME packed with galena powder scanned in 0.1 M NaCl + 10 
mM Na2SeO3 pH 4.6. (b) Cyclic voltammograms of galena in 0.1 M NaCl pH 4.6 with varying 
concentrations of Se(IV) (see inset). For both (a) and (b), scans were initiated from the OCP in the 
positive direction at 50 mV/s. The final (20th) cycle of each scan is displayed. 

Association of these CV peaks with Se redox reactions was also substantiated by the fact that the 
reduction peaks C1, C2, and C3 increase in current magnitude with increasing Se(IV) concentration 

(Figure 3b). While the peak current of A1 increased with Se concentration, anodic peaks A2 and A3 
showed negative current with varying Se concentration but do not necessarily increase with the 
concentration. One possible reason is that Se reduction is dominant over negative potential ranges 
and decreases overall current even upon anodic scans below 0.0 V. Upon the measurement using the 
galena PME, the intersection between the anodic scans with and without Se(IV) occurs at about 0 to 
−0.1 V (Figure 3a,b) where there is transition between reductive and oxidative processes involving 
Se(IV) and its reduced products. Similar observations on anodic scans leading to negative current are 
also reported from studies regarding Se reduction measured using Au electrodes [19,51]. 

It should be noted that peaks A2, A3, C2 and C3 were not attributed to the hydrogen (H) evolution 
on Pt (or galena), i.e., the redox transformation between H and H+ and their adsorption/desorption. 

Figure 3. (a) Cyclic voltammograms of the powder microelectrode (PME) with no galena powder
packed in the cavity scanned in 0.1 M NaCl pH 4.6, the PME with galena powder packed in the cavity
scanned in 0.1 M NaCl pH 4.6, and the PME packed with galena powder scanned in 0.1 M NaCl +

10 mM Na2SeO3 pH 4.6. (b) Cyclic voltammograms of galena in 0.1 M NaCl pH 4.6 with varying
concentrations of Se(IV) (see inset). For both (a) and (b), scans were initiated from the OCP in the
positive direction at 50 mV/s. The final (20th) cycle of each scan is displayed.
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Association of these CV peaks with Se redox reactions was also substantiated by the fact that the
reduction peaks C1, C2, and C3 increase in current magnitude with increasing Se(IV) concentration
(Figure 3b). While the peak current of A1 increased with Se concentration, anodic peaks A2 and
A3 showed negative current with varying Se concentration but do not necessarily increase with the
concentration. One possible reason is that Se reduction is dominant over negative potential ranges
and decreases overall current even upon anodic scans below 0.0 V. Upon the measurement using the
galena PME, the intersection between the anodic scans with and without Se(IV) occurs at about 0 to
−0.1 V (Figure 3a,b) where there is transition between reductive and oxidative processes involving
Se(IV) and its reduced products. Similar observations on anodic scans leading to negative current are
also reported from studies regarding Se reduction measured using Au electrodes [19,51].

It should be noted that peaks A2, A3, C2 and C3 were not attributed to the hydrogen (H) evolution on
Pt (or galena), i.e., the redox transformation between H and H+ and their adsorption/desorption. Typical
CV patterns of this one-electron transfer process showed near chemical reversibility (i.e., comparable
areas of cathodic and anodic peaks) and separation of the corresponding peaks is as small as 59 mV [52]
which was not the case for the current-potential region involving A2, A3, C2 and C3. Furthermore while
these reactions are commonly observed from measurements in strong acid solutions, the voltammetric
signature from H evolution is unlikely to contribute to an observable degree under the current
experimental conditions where the concentration of Se is higher than that of protons by a factor of two
or three. Given the same pH of 4.6 in each case, any H evolution occurring in scans performed in the
presence of Se would have been observed in those in the absence of Se.

While galena can, as a redox catalyst, influence the kinetics of the reaction, the formation of bonding
of different Se species with the galena surface can lead to a variation on the peak position [46]. We address
such energetic contribution of adsorption using quantum-mechanical calculations (Section 3.3). It is
important to note that in this electrochemical system, the ultimate source and sink for electrons is
the electrode, i.e., the potentiostat with electrons being transferred by the platinum wire and galena
powder, and not, e.g., the S 3p orbitals of galena.

3.2. Peak Pairing and Assignment to Se Redox Transformations

Prior to peak quantification and reaction assignment, it was necessary to pair oxidation and
reduction peaks to specific Se redox transformation mediated by galena. To aid pairing the Se-related
peaks, linear sweep voltammetry (LSV) was used to limit scans to a single direction rather than
including a reverse scan such as with CV. This allowed us to examine individual oxidation and
reduction processes observed in narrow scan ranges.

Successive linear sweeps were performed in the negative-going (i.e., cathodic) and positive-going
(anodic) direction over a potential range from +300 to −100 mV. In separate scans on fresh galena
powder, growth of C1 was observed with successive cathodic sweeps (Figure 4a) while no noticeable
feature was observed with anodic sweeps performed over the same potential range. However,
the growth of A1 is observed with anodic sweeps scanned after successive cathodic sweeps producing
C1 are performed on the same galena powder (Figure 4b). These results indicate that A1 involved
the reversible reaction of C1 constituting a redox couple (denoted with C1/A1). The peak potentials
of A1/C1 were observed at +120/−60 mV (Figure 3a). Figure 5 shows cathodic linear sweeps over
a potential range from −265 mV to −615 mV. The measurements exhibited growth of one broad, large
peak with the first few sweeps which evolved into peak C2 and C3 in later sweeps. Peak A2 and A3

were assigned to the reverse reaction of C2 and C3 constituting redox couples C2/A2 and C3/A3 due to
their later emergences upon anodic scans with progressive CV cycling. The peak potentials of A2/C2

are observed at −360/−440 mV, and of A3/C3 at −500/−540 mV (Figure 3a).
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Given peak potentials of a redox couple, Emid can be defined allowing a first-order approximation
of a reduction potential. For peak assignment, the observed Emid is compared with the equilibrium
reduction potentials of Se redox pairs. The Nernst equation defines the deviation of the equilibrium
reduction potential from the standard reduction potential as a function of pH and the concentrations of
the reductants and the oxidants:

E = E0
−

59mV
n
· log

∏
aproducts∏
areactants

, (3)

where E is the equilibrium reduction potential, E0 is the standard reduction potential, n is the number
of electrons transferred, dictated by the reaction stoichiometry, and this ratio is multiplied by the log of
the reaction quotient.

The Nernst equations and the standard reduction potentials of Se redox pairs relevant to the
experimental conditions of this study are summarized in Table 1. In Table 2, the equilibrium reduction
potentials are estimated for a solution pH of 4.6 and the presumed concentrations of relevant selenium
species. Since HSeO3

− is the most dominant Se(IV) species at pH 4.6 (pka1 = 2.7 and pka2 = 8 for
H2SeO3), it is reasonable to assume that the initial Se(IV) concentration (0.01 M) is approximately
equal to [HSeO3

−]. In the bulk solution (50 mL), the concentration of other Se species would be minute
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because they can only be produced from the Se(IV) redox reactions occurring by means of the galena
PME. One constraint on the Se(−II) species is considered that the ratio of [HSe−] to [H2Se] is 5 at
pH 4.6 (pka1 = 3.9 for H2Se). The equilibrium reduction potentials in Table 2 are calculated where
[HSe−] = 5 × 10−6 M, [H2Se] = 10−6 M, and [SeO4

2−] = 10−6 M.
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Figure 5. Successive linear sweeps of galena in 10 mM Na2SeO3 + 0.1 M NaCl pH 4.6. Sweeps were
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Table 1. Redox potential equations and standard redox potentials for possible redox reactions of Se(IV)
as a function of pH and the concentrations of oxidants and reductants.

Redox Reaction Standard Redox Potential * (vs. SHE)

(I) HSeO3
− + 5H+ + 4e− = Se(s) + 3H2O

E0 = 0.78 VE = 0.78 – 0.074 pH + 0.015 log[HSeO3
−]

(II) HSeO3
− + 6H+ + 6e− = H2Se + 3H2O

E = 0.386 – 0.059pH + 0.010 log[HSeO3
−]/[H2Se] E0 = 0.386

(III) HSeO3
− + 6H+ + 6e− = HSe− + 3H2O

E = 0.35 – 0.059pH + 0.010 log[HSeO3
−]/[HSe−] E0 = 0.35

(IV) Se(s) + 2H+ + 2e− = H2Se
E = −0.4 – 0.059 pH − 0.030 log[H2Se] E0 = −0.4

(V) Se(s) + H+ + 2e− = HSe−

E = −0.51 – 0.030 pH − 0.030 log[HSe−] E0 = −0.51

(IV) SeO4
2− + 3H+ + 2e− = HSeO3

− + H2O
E = 1.08 – 0.089 pH + 0.030 log[SeO4

2−]/[HSeO3
−] E0 = 1.08

(VII) SeO4
2− + 8H+ + 6e− = Se(s) + 4H2O

E = 1.86 – 0.079 pH + 0.010 log[SeO4
2−] E0 = 1.86

(VIII) SeO4
2− + 9H+ + 8e− = HSe− + 4H2O

E = 1.43 – 0.066 pH + 0.007 log[SeO4
2−]/[HSe−] E0 = 1.43

* adopted from [53].

For the C1/A1 couple, Emid was defined at +0.03 V and the best agreement with the equilibrium
reduction potentials (Table 2) is found for the redox pairs HSeO3

−/H2Se and HSeO3
−/HSe−. The Emid

values of C2/A2 and C3/A3 were defined at −0.4 and −0.52 V which were close to the equilibrium
potentials of Se(0)/H2Se and Se(0)/HSe−. Further specification was limited because the equilibrium
potentials of these two redox pairs estimated at pH 4.6 are nearly the same (≈ −0.49 V). Quantification
on peak shifts caused by the different binding energies of Se species with the galena surface aids in
assigning these peaks to specific redox pairs (Section 3.3).
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Table 2. Equilibrium redox potentials of Se redox transformation pairs at pH 4.5 and those values
corrected for the adsorption contributions to the redox potentials.

Oxidant/Reductant Pair
Equilibrium

Pot. @ pH 4.5 *
(V)

∆∆Gads Per e−
Transferred

(V)

Reduction
Potential with
Correction of
∆∆Gads (V)

CV Peak
Assign-ment

Mid-Point
Potential (V)

HSeO3−/Se(0) 0.32 −0.18 0.14
HSeO3−/H2Se 0.15 −0.17 −0.01 C1/A1 0.03
HSeO3−/HSe− 0.11 −0.07 0.04 C1/A1 0.03

Se(0)/H2Se −0.49 −0.15 −0.64 C3/A3 −0.52
Se(0)/HSe− −0.49 0.15 −0.34 C2/A2 −0.40

SeO4
2−/HSeO3

− 0.55 −0.02 0.54
SeO4

2−/Se(0) 1.44 −0.17 1.27
SeO4

2−/HSe− 1.12 −0.05 1.06

* Equilibrium potentials were calculated based on the half redox reaction equations presented in Table 1 where
[HSeO3

−] = 10−2 M, [HSe−] = 10−5 M, [H2Se] = 10−6 M, and [SeO4
2−] = 10−6 M.

3.3. Adsorption of Se Species on Galena

Adsorption is needed for a dissolved species to remain in contact with a solid surface and occurs
before electrons are transferred between the electrode surface and the chemical species. Interaction
between a mineral surface and a chemical species can be an important parameter in quantifying the
thermodynamics of electron transfer mediated by a mineral surface in that it can cause deviation
from theoretical equilibrium redox potentials within a few hundred mV [46,54–56]. Here, energetic
contributions of adsorption to Se redox thermodynamics were calculated using the computational
code, Gaussian 09. Comparison between the observed midpoint potential and the equilibrium redox
potential (Section 3.2) was further explored and it was examined whether consistency between the
observed and the theoretical reduction potentials is improved with correction for the adsorption
contributions to the reduction potentials.

The adsorbate structures shown in Figure 6 are the most likely reaction products according to the
calculations presented in this study. The bidentate mode of HSeO3

− on galena includes the oxygen
bond with surface Pb (Pb–O = 2.4 Å) and attractive interaction between H and surface S (Figure 6a,b).
The ∆Gads of HSeO3

−, following a frequency analysis, on galena was calculated to be −69 kJ/mol.
Interaction of HSe− with the galena surface was in a monodentate mode (Figure 6c). The calculated
Se–Pb distance is 3.0 Å and the ∆Gads is −30 kJ/mol. H2Se weakly interacts with the galena surface
(Se–Pb of 3.5 Å) which is indicated by the positive ∆Gads (= +29 kJ/mol) (Figure 6d). This also indicates
that reduction of Se(IV) to H2Se, especially at pH values more acidic than the experimental one of
4.6, would lead to the release of H2Se into solution while HSe- is calculated to stay adsorbed to the
galena surface.

The energetic contribution of adsorption on galena to redox thermodynamics was evaluated
from calculating the difference in Gibbs free energy between the redox half reaction for dissolved
species (Equation (4)) and one for adsorbed species (Equation (5)). This difference (Equation (6)) was
equivalent to the reaction involving the oxidant adsorbed on galena (PbS≡Ox) and the dissolved
reductant (Red) as reactants and the adsorbed galena (PbS≡Red) and the dissolved oxidant (Ox) as
products (Figure 7). In turn, this reaction equation corresponds to the subtraction of the oxidant
adsorption equation (Equation (7)) from the reductant adsorption equation (Equation (8)).

Ox + ne−↔ Red (4)

PbS≡Ox + ne−↔ PbS≡Red (5)

PbS≡Ox + Red↔ PbS≡Red + Ox (6)

PbS + Ox↔ PbS≡Ox (7)

PbS + Red↔ PbS≡Red (8)
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Figure 7. Schematic of the energy shift of a redox reaction as a result of the redox species being adsorbed
(PbS≡Ox, Pbs≡Red) rather than being in solution (Ox, Red). ∆∆Gads is the difference in the Gibbs free
energies of adsorption of the oxidized vs. reduced species. ∆GNernst is the expected energy of reaction
from the Nernst equation by multiplying the Nernst potential E by −nF.

The change in redox potential by adsorption (∆V) is related to the difference in the adsorption
Gibbs free energies as described in Figure 7 and Equation (9):

∆(∆Gads) = ∆GRed
ads − ∆GOx

ads = −nF∆V. (9)
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Overall, the computed contribution of adsorption to redox thermodynamics ranges from −0.05
to −0.18 V which indicates the shift of the redox potential position to more negative values than the
theoretically derived equilibrium redox potentials (Table 2). The midpoint potentials of Se-attributed
redox transformations measured from galena CVs (Sections 3.1 and 3.2) are in good agreement with
reduction potentials corrected for the adsorption contributions and support peak assignment: the
observed midpoint potential of C1/A1 (= 0.03 V) was very close to the corrected redox potentials for
the redox couples of HSeO3

−/H2Se (−0.01 V) and HSeO3
−/HSe− (0.05 V); the midpoint potential of

C2/A2 (−0.40 V) is comparable to the corrected reduction potential of Se(0)/HSe− (−0.34 V) while that
of C3/A3 (−0.52 V) is close to the corrected reduction potential of Se(0)/H2Se (−0.64 V).

To sum up, based on evaluation of equilibrium reduction potentials (Section 3.2) and the adsorption
contribution to the selenium redox thermodynamics on galena (Section 3.3), the observed CV peaks
were assigned to individual redox pairs and the intimate growth of peak C2 and C3 observed during
the linear cathodic scans (Figure 5) was attributed to the reduction of Se(0) to Se(−II) in association
with selenide speciation.

3.4. XPS Measurements

XPS spectra were obtained to identify the products of Se redox transformation mediated by galena.
For this purpose, bulk galena electrodes were polarized for 30 min in solution containing 10 mM
Na2SeO3 + 0.1 M NaCl adjusted to pH 4.6. The potential was held at two potential values −0.125 V and
−0.49 V corresponding to approximate peak positions of C1 and C2 observed with cyclic voltammetry.

Core scans for the Se 3d peak are presented in Figure 8. Galena polarized at −0.125 V yields peaks
that indicate the presence of Se(IV) and Se(0) with 3d 5/2 spin−orbit split peaks located at 58.4 and
55.0 eV, respectively (Figure 8a and Table 3). The peak observed at 55.0 eV was attributed to Se(0)
which is in agreement with the standard value of 55.2 eV and within the range of 54.8 to 56.3 eV [32,57]
commonly reported for Se(0). The proportion of Se oxidation states are 51%/49% for Se(0)/Se(IV).
From the galena electrode polarized at −0.49 V, the Se core scans reveal three peaks attributed to
Se(IV) at 58.3 eV, Se(0) at 54.4 eV and Se(−II) species at 52.8 eV (Figure 8b and Table 3). Formation of
a red film on the galena electrode was macroscopically observable after it was held at a potential of
−0.49 V for 30 min which is evidence of Se(0) as reported from previous studies [30,58,59]. The peak
at 52.8 eV indicates the formation of Se(−II) species such as HSe− and H2Se in good agreement with
the peak assignment of peak C2. This Se 3d 5/2 peak is within a range of binding energies typically
reported for Se(−II) compounds [32]. The relative proportions of Se oxidation states are 29%/32%/39%
for Se(−II)/Se(0)/Se(IV), respectively.

Table 3. Se 3d spectra of the galena electrodes polarized for 30 minutes at −125, and −490 mV. Relative
percentages of species with different Se oxidation states for the redox conditions. The reaction solution
was prepared using 10 mM Na2SeO3 and 0.1 M NaCl at pH 4.6.

XPS Binding Energy of
Se Species

Se(IV) Se(0) Se(−II)

3d 5/2 (eV) 3d 3/2 (eV) 3d 5/2 (eV) 3d 3/2 (eV) 3d 5/2 (eV) 3d 3/2 (eV)

Polarization @ −125 mV 58.5 59.2 55 55.9 - -
Relative proportion 49% 51% -

Polarization @ −490 mV 58.2 59.1 54.4 55.3 52.5 53.3
Relative proportion 39% 32% 29%

Black selenium - - 55.1 55.9 - -
Na2SeO3 58.3 59.4 - - - -
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4. Discussion

4.1. Possible Forms and Behavior of Products of Se Reduction Mediated by Galena

The electrochemical and spectroscopic data presented in this study reveal the formation of Se(0)
at potentials below + 30 mV (i.e., the mid potential of C1/A1) and of protonated Se(−II) below −400 mV.
Here, possible forms and behavior of Se(0) and Se(−II) at the galena−solution interface are discussed.

The binding energies of Se(0) shown on the XPS spectra of the galena surfaces polarized at−0.125 V
and−490 V deviate by ~0.6 eV which indicates that Se(0) produced at these negative potentials are likely
to be in different forms. Se(0) occurs in various forms including red monoclinic Se(0) and grey (or black)
trigonal Se(0) [58–60]. The Se0 spin-orbit splits for the −0.125 V sample are very close to those for grey
Se(0) (Table 3). Additionally, a red film characteristic of Se(0) formation was observed on galena bulk
electrodes after a potential hold at −490 mV for 30 minutes (Section 3.4). These observations suggest
possible reduction potential-dependent regions of stability for a particular type of Se(0) in agreement
with Espinosa et al. [61] reporting red Se0 formation on carbon paste electrodes only if potentials were
scanned below −0.2 V. This possibility is also accordant with X-ray absorption spectroscopic (XAS)
data reported by Scheinost and Chalet [62] reporting grey and red Se(0) as products of Se(IV) reduction
in the presence of Fe-bearing minerals.

A red film was observed on galena bulk electrodes after a potential hold at −490 mV for 30 minutes
(Section 3.4) which is characteristic of the Se(0) formation. A number of electrochemical studies have
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attributed the formation of Se(0) to the comproportionation between Se(IV) and Se(−II) species [25,28,61].
When Se(−II) species (HSe− and H2Se) are produced at C1 to C3, subsequent comproportionation
reactions can proceed in Se(IV)-containing solutions (Equations (10) and (11)):

HSeO3
− + 2HSe− + 3H+

→ 3Se0 + 3H2O (10)

HSeO3
− + 2H2Se + H+

→ 3Se0 + 3H2O (11)

By comparing the charge (in Coulombs) passed by the reverse peak (CR) to the forward peak (CF)
of a redox couple, a charge ratio is obtained where CR/CF = 1 for an ideal, Nernstian reaction. Electron
charges of a given peak are obtained by integrating the current of a peak over the applied voltage and
dividing the result by the scan rate. As of the final cycle of Figure 3a, the C1/A1, C2/A2, and C3/A3

couples have charge ratios of ~0.27, ~0.44, ~0.14, respectively. The CR/CF < 1 for all three couples
indicates that the anodic scanning is capable of reoxidizing only a limited amount of the cathodic
product of their respective reactions. One possible explanation on the limited chemical reversibility
is that oxidation of Se(0) produced from the reduction processes mediated by galena is slow and
irreversible. Another possibility is the loss of a fraction of cathodically produced H2Se to the solution
(and maybe gas) phase which has been reported in a number of studies employing CV coupled with
electrochemical quartz crystal microbalance [20,22,24,25].

The stability of Se(−II) species increases at more negative potentials where Se(0) is reduced further
into HSe− and H2Se as inferred from the peak assignment of peak C2 and C3 (Sections 3.2 and 3.3).
From voltammetry, a fraction of H2Se produced via C3 diffuses away from the reacting volume around
the electrode surface and the rest is retained on the surface as indicated by the low CF/CR of ~0.14 and
the positive ∆Gads. Retention of otherwise soluble H2Se would be due to the presence of red Se(0) due
to its capability of strongly adsorbing Se(−II) species [59].

4.2. Geochemical Implications

In this study, electrochemical measurements are used to evaluate possible Se redox processes
mediated by galena under reducing (Eh +0.3 to −0.6 V) and acidic (mainly, a pH of 4.6) conditions.
HSeO3

− is the dominant Se species with an oxidation state of +IV and is found redox-active under
these conditions. The cyclic voltammetry measurements combined with XPS analysis reveal the
potential-dependent reduction of Se(IV) to Se(0) and further to a mixed phase of Se(0) and Se(−II)
at the galena surface where Se(0) is the main product of Se reduction under intermediate reducing
conditions (Eh = −125 mV) while the formation of HSe− and H2Se results from reduction of Se(0) at
highly reducing conditions (−440 to −490 mV).

Equilibrium redox potentials (and potentials adjusted for adsorption contributions) and limited
chemical reversibility of redox pairs Se0/HSe− and Se0/H2Se observed with cyclic voltammetry indicate
that protonated Se(−II) species would be the dominant products of Se(IV) reduction. Since Pb(II)
is generated from mineral dissolution in environmental systems involving galena, the formation
of Pb(II)/Se(−II) solids such as clausthalite (PbSe) is likely to occur in such settings where the
adsorbed/dissolved Se(−II) species are produced from Se reduction which subsequently react with Pb(II).

The abiotic reduction of redox-sensitive elements can be mediated by a semiconducting mineral
surface when the reduction is coupled with the oxidation of other species on the surface [37,63].
While in the electrochemical part of this study, electron transfer is triggered by applying an electrical
potential, the mineral surface oxidation or the adsorption of reductants from solution to the surface
plays an equivalent role in natural systems [64]. In a system where acidic dissolution of galena
occurs in the presence of dissolved Se(IV), adsorbed or structural S(−II) species such as H2S and HS−

may be possible sources for electrons being transferred through the galena surface to Se(IV). Similar
mechanisms have been suggested from previous studies where reductants are sourced from the main
constituent ions of the mineral catalyst [62,65].
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5. Conclusions

One important finding from our computational modeling for Se species adsorbed on galena is
that Se redox thermodynamics is influenced by interaction with the galena surface, revealing shifts
in observed redox potentials relative to equilibrium redox potentials and our modeling evaluation
suggests that this is caused by the contribution of adsorption Gibbs free energies. Specifically, the redox
potential is calculated to shift towards more negative or positive values by 70 to 180 mV, depending on
the ∆G changes of adsorption of different Se redox reactions mediated via the galena surface (Table 2).

Our experimental and computational results contribute toward a fundamental understanding of
the catalysis of redox transformations occurring at the mineral surface and is critical in evaluating
Se fate and mobility in the environments. The computational approaches of this study have broad
applications and can be applied to future studies that aim at accounting for energetic variations
caused by interaction of chemical species with mineral surfaces, for instance, upon electrochemical
and spectroscopic measurements.
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