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Abstract

Although previous studies have demonstrated redox transformations of selenium (Se) in the presence of Fe-bearing min-
erals, the specific mechanism of magnetite-mediated Se electron transfer reactions are poorly understood. In this study, the
redox chemistry of Se on magnetite is investigated over an environmentally relevant range of Eh and pH conditions
(+0.85 to —1.0 V vs. Ag/AgCl; pH 4.0-9.5). Se redox peaks are found via cyclic voltammetry (CV) experiments at pH con-
ditions of 4.0-8.0. A broad reduction peak centered at —0.5 V represents a multi-electron transfer process involving the trans-
formation of selenite to Se(0) and Se(—II) and the comproportionation reaction between Se(—II) and Se(IV). Upon anodic
scans, the oxidation peak centered at —0.25 V is observed and is attributed to the oxidation of Se(—II) to higher oxidation
states. Deposited Se(0) may be oxidized at +0.2 V when pH is below 7.0. Over a pH range of 4.0-8.0, the pH dependence
of peak potentials is less pronounced than predicted from equilibrium redox potentials. This is attributed to pH gradients
in the microporous media of the cavity where the rate of proton consumption by the selenite reduction is faster relative to
mass transfer from the solution.

In chronoamperometry measurements at potentials > —0.6 V, the current-time transients show good linearity between the
current and time in a log—log scale. In contrast, deviation from the linear trend is observed at more negative potentials. Such a
trend is indicative of Se(0) nucleation and growth on the magnetite surface, which can be theoretically explained by the pro-
gressive nucleation model. XPS analysis reveals the dominance of elemental selenium at potentials <—0.5V, in good agree-
ment with the peak assignment on the cyclic voltammograms and the nucleation kinetic results.
© 2016 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION including igneous, metamorphic, and sedimentary units

(Grant, 1985). Magnetite has unique ferrimagnetic proper-

Magnetite (Fe3;04) is one of the most common ferrous ties and contains both ferric and ferrous iron in its struc-
oxide minerals in the Earth’s crust (Ronov and ture. As a result, it plays a unique role in catalytically
Yaroshevsky, 1969). It occurs in diverse geological settings promoting redox reactions that may affect the short- and

long-term geochemical cycles of iron and trace metals, such
as Cr, As, or U, where the redox state sensitively affects the
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ferric oxyhydroxides (White et al., 1994). The magnetite
surface also provides specific adsorption sites for other
solutes, which accounts for an interdependence of the iron
geochemical cycle with that of many other elements
(Stumm and Sulzberger, 1992). Gorski et al. (2012) recently
reported that exchange of iron between the magnetite bulk
structure and the aqueous phase is much more dynamic
than previously believed and may be an important process
in the sequestration and release of structurally incorporated
trace metals.

While selenium (Se) is an important micronutrient for
most life forms, it can be toxic at high concentrations. Its
mobility, toxicity, and bioavailability are greatly influenced
by its redox chemistry. Se is present in natural environ-
ments at +6, +4, 0, and —2 oxidation states in dissolved
or solid form, and at the —1 oxidation state in some
pyrite-like solids (e.g., Williams and Byers, 1934). Se(VI)
and Se(IV) (selenate and selenite, respectively) tend to be
more soluble and toxic than Se(0) and Se(—II). Under
highly reducing conditions in natural environments,
Se(—II) is stable in solution as HSe™ and Se®~ or in solid
phase metal selenides. H,Se is stable only in highly acidic
solutions.

The redox state of selenium can be influenced by micro-
bial and abiotic processes in natural environments. The
reduction of oxidized Se species to Se(0) is induced by
microorganisms that metabolize organic matter in subsur-
face and aqueous environments (Lovley, 1993). Such
microorganisms use oxidized selenium species as a terminal
electron acceptor during the oxidation of organic matter.
Analogous abiotic reduction of Se can be facilitated or cat-
alyzed on mineral surfaces. The mechanisms for Se reduc-
tion by Fe-containing minerals are well described (Myneni
et al., 1997; Bruggeman et al., 2005). Myneni et al. (1997)
reported that reduction of Se(VI) to Se(0) occurs in the pres-
ence of green rust at rates comparable to those found in sed-
iments. Green rust was demonstrated to mediate the
reduction of Se(VI) via a heterogeneous process that
includes adsorption or co-precipitation. The kinetics of Se
reduction depends on the type of selenium species and
mineral. For example, the reduction of oxidized Se to Se
(0) by green rust or pyrite is slow whereas selenite is rapidly
reduced by nanoparticles of  magnetite and
mackinawite (Scheinost and Charlet, 2008). These studies
demonstrate that abiotic redox transformation mediated
by Fe-bearing minerals can be an important process in the
geochemical cycling of selenium in natural environments.

There have been attempts to adopt electrochemistry to
investigate geochemical redox processes involving minerals.
White et al. (1994) studied the dissolution kinetics of mag-
netite and observed the formation of an oxidized layer and
the release of Fe(II) from the mineral structure into solu-
tion. A related study examined the reductive dissolution
of magnetite in the presence of dissolved transition metals
through use of potential dynamic voltammetry and found
that the reduction of dichromate can suppress the reductive
dissolution of magnetite (White and Peterson, 1996). The
powder microelectrode (PME) method is commonly used
to investigate electroactive materials and technological
applications such as battery materials and fuel cells. So

far, the application of the PME to study naturally occurring
minerals has been limited but promising for the investiga-
tion of redox kinetics on surfaces (mainly oxides and sul-
fides). Renock et al. (2013) employed a standard three-
electrode system equipped with PME to evaluate the ther-
modynamics and kinetics of U(VI) reduction by Fe oxides
and sulfides. Yuan et al. (2015a,b) used a PME in concert
with cyclic voltammetry experiments to discover that the
disproportionation reaction mediated by U(V) is predicated
upon the redox transformation of U(VI) on magnetite. Far
fewer studies have addressed abiotic redox transformations
of selenium mediated or catalyzed by magnetite (Scheinost
and Charlet, 2008). The redox chemistry of Se has been
examined for industrial purposes. For example, Se thin
films are semiconducting and light sensitive such that they
can be applied to devices such as solar cells, biological sen-
sors, and light-emitting diodes (Lai et al., 2010; Saji and
Lee, 2013). Although similar redox transformations may
proceed upon interaction of Se with natural minerals, it is
expected that specific mechanisms of Se redox behavior
on minerals can be distinguished from those of industrially
relevant materials (Saji and Lee, 2013). Moreover, little is
known about Se electrochemistry over environmentally rel-
evant pH value ranges because previous experiments have
typically been performed in very acidic solutions (pH <2)
pertinent to technical applications (Saji and Lee, 2013).
The goal of this investigation is therefore to use electro-
chemical techniques to identify and quantify reaction mech-
anisms and kinetics of the redox transformation of selenium
mediated by magnetite at pH and Eh values commonly
encountered in natural aqueous environments. The range
of pH investigated was from 4.0 to 9.5 and the Eh range
from +1.1 to —0.77 V (+0.85 to —1.0 V vs. Ag/AgCl). Cyc-
lic voltammetry and chronoamperometry were performed
using the magnetite electrode and collected data were ana-
lyzed to identify specific redox species responsible for elec-
trical signals at given pH and Eh. X-ray photoelectron
spectroscopy (XPS) was adopted to obtain direct evidence
for Se redox reactions catalyzed by the magnetite electrode.
In the discussion section, some of the results are revisited
and discussed with quantitative evaluation including possi-
ble effects of solution chemistry on the Se redox transfor-
mation, mechanisms of Se nucleation derived by the
magnetite electrode, and the catalytic role of magnetite in
aqueous environments. By evaluating mechanisms and
kinetics of heterogeneous redox reactions involving a min-
eral, this study intends to advance our understanding of
the selenium redox transformation and catalytic effects of
Fe-bearing minerals in subsurface environments.

2. MATERIALS AND METHODS
2.1. Magnetite electrodes

The powder microelectrode (PME) was prepared by
conventional glass-blowing techniques with a Pt wire
(100 pm in diameter) sealed in the center of the glass tube.
In order to create the powder-filling cavity, the tip of the Pt
wire was digested in aqua regia for 3 h at 80 °C. Further
details about the PME preparation and usage can be found
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in the literature (Cha et al., 1994; Cachet-Vivier et al., 2001;
Renock et al., 2013; Yuan et al., 2015a,b). Although most
experiments were performed using the PME, a bulk mag-
netite electrode (10-30 mm? in cross-sectional area) was
prepared for specific experiments such as nucleation
chronoamperometry and X-ray photoelectron spectroscopy
(XPS). The preparation procedure for the bulk magnetite
electrode was adopted from methods described by White
et al. (1994) and Yuan et al. (2015b). Magnetite crystals
(<5 mm in dimension) were polished with sand paper and
thoroughly rinsed with Milli-Q water in order to remove
any contaminants introduced through polishing. The sam-
ples were attached to copper wires using conducting silver
paste and subsequently sealed, except for the exposed min-
eral surface, with an electronic-grade insulating epoxy.

Natural magnetite (Mineville, New York) was used for
all experiments. X-ray diffraction (XRD) analysis con-
firmed that magnetite is the primary phase in the specimen.
No treatment of the magnetite powder was performed to
remove potential impurities prior to experiments. Although
magnetite is a semiconductor, impurities can lead to a
decrease in its conductivity. In order to ensure stable elec-
trochemical signals for the PME, the natural magnetite
was mixed with a graphite additive (10:1 magnetite/graphite
ratio in mass) and ground using mortar and pestle. Such use
of graphite to improve conductivity in PME experiments is
well documented by Yuan et al. (2015b). The microcavity
was packed with the magnetite powder by tapping the elec-
trode cavity into the powder. The powder stayed in contact
with the Pt wire during the experiment and was subse-
quently removed by sonication in 0.1 M HCIO, solution
after completion of each experiment.

2.2. Electrochemical experiments

In addition to the magnetite PME as the working elec-
trode, a Pt wire served as the counter electrode and Ag|
AgCl|l1 M KClI (+0.235 V vs. standard hydrogen electrode,
SHE, at 25 °C) was employed as a reference to compose a
standard three-electrode cell. In the cyclic voltammetry
(CV) measurements, voltammetric cycles were repeated
until steady-state voltammetric responses were obtained.
The potential range at which experiments can be performed
without reducing or oxidizing the solvent differs between
the electrode materials. The effective potential range for
the Pt electrode in water is approximately —1.0 to +1.0V
vs. Ag/AgCl (Nurmi and Tratnyek, 2011). This range was
used for all magnetite PME experiments. The scan rate
for voltammetry experiments was set at 50 mV/s unless sta-
ted otherwise. Scanning at a higher rate was avoided
because the irreversibility of Se redox reactions on mag-
netite increases with increasing scan rate, whereas scanning
at lower rates leads to a decrease in the ratio of peak cur-
rent to magnetite background current (see Section 3.1.2).

For electrochemical experiments, the Se(IV) solution
was prepared by dissolving Na,SeO; (Sigma Aldrich) in
Milli-Q water with sodium perchlorate added as a back-
ground electrolyte to make solutions sufficiently conduc-
tive. The solutions were initially adjusted to the desired
pH (4.0-9.5) by adding concentrated HCIO, or NaOH.

Prior to voltammetric scans, the solutions were purged with
argon gas for 30 min to minimize the presence of dissolved
oxygen and an argon headspace was maintained through-
out each experiment. All electrochemical experiments were
carried out at room temperature and atmospheric pressure.

2.3. XPS analysis

XPS spectra were collected using an Axis Ultra spec-
trometer (Kratos Analytical UK). A monochromic and
focused Al Ko radiation (1486.6 eV) was used for the exci-
tation of samples. All measurements were performed in
hybrid mode which employs both electrostatic and mag-
netic lenses. Survey and core scans were acquired at the
constant pass energies of 160 and 20eV, respectively.
Measurements were performed under vacuum lower than
1078 Torr. All spectra reported were calibrated using the
position of the C 1s peak (286.4 eV) from adventitious car-
bon at the surface. Spectra analysis and calibration were
performed using the CASA XPS software (version 2.3.16,
WWwWw.casaxps.com).

3. RESULTS

3.1. Electrochemical characterization of selenium redox
transformation

Magnetite behaves like a capacitor and typically exhibits
a capacitance one or two orders of magnitude greater than
electric double-layer capacitance (EDLC). Its pseudo-
capacitance arises mainly from Faradaic reactions involv-
ing surface or adsorbed species in aqueous electrolytes
and is highly dependent on the type of aqueous electrolyte
(Wu et al., 2003; Wang et al., 2006). Since the pseudo-
capacitance of magnetite results in large currents, electro-
chemical measurements were performed with the blank
(ie., NaClO; only) and selenium solutions (Se(IV)
+ NaClO,), separately, and the data were compared to dis-
tinguish electric signals of redox-active species from those
of magnetite.

3.1.1. Cyclic voltammetry of magnetite microelectrode

The cyclic voltammetry of the magnetite PME was per-
formed to examine current and electrochemical features of
magnetite in blank solutions (NaClO4 only) (Fig. 1). The
cyclic voltammetry of magnetite was run at different pH
values for 25 cycles (Fig. 1A). Since new magnetite samples
were tested at each pH value, there was variation in current
between the experiments. Nevertheless, the general patterns
of the voltammograms are comparable between all mag-
netite PMEs. The complete voltammetric cycle shows a
broad reduction shoulder centered near —0.3 V and two
anodic peaks at —0.15 V and +0.4 V in agreement with pre-
vious reports on magnetite electrochemistry (Renock et al.,
2013; Yuan et al., 2015b). For the anodic peak at +0.4 V,
Yuan et al. (2015b) found that the peak potential and cur-
rent increased when Fe(Il) was added to the solution and
proposed that the peak is attributed to the oxidation of fer-
rous to ferric iron. The cyclic voltammetry as a function of
scan range is shown in Fig. 1B. The currents measured from
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Fig. 1. Cyclic voltammograms of the magnetite PME in 0.05 M NaClO, (A) at the whole scan range with different pH values and (B) as a
function of scan range at pH 5.9. Scan ranges are denoted by the negative switching potential values (—0.2 to —0.8 V) in the legend.

cathodic and anodic scans increase with increasing negative
switching potential. The anodic peak at +0.4 V appears at
switching potential lower than —0.7 V, indicating the occur-
rence of magnetite dissolution.

3.1.2. Cyclic voltammetry of selenium using a magnetite
electrode

The cyclic voltammogram of Se(IV) as a function of pH
and concentration is shown in Fig. 2. At pH 9.5, variations
in Se(IV) concentration have little influence on the voltam-
mogram, indicating no significant change in Se redox char-
acteristics on magnetite (Fig. 2A). The voltammograms
evidently evolve as the selenium concentration varies at
pH values <8.0. At pH 8.0, cathodic and anodic peaks
are centered at about —0.5 and —0.25 V, and denoted by

C1 and Al, respectively (Fig. 2B). Under acidic conditions
(pH 4.0-6.0), there is only a small change in the peak posi-
tion of C1 (—0.5 to —0.45 V). Upon anodic scans, peak Al
shows only a slight variation in potential (within a range of
—0.3 to —0.2 V) and a new anodic peak, A2, develops near
+0.2 V. At the pH range of 4.0-8.0, the anodic curves of
different Se concentrations (1-25 mM) intersect with each
other and the background curve (ie., [Se]=0mM) at
about —0.6 V. The intersection can be interpreted as a
potential where a transition between reductive and oxida-
tive processes occurs as redox potential changes on the
magnetite electrode. The total current measured on the
magnetite electrode is a combination of the current rising
from magnetite, which is the observed current in the back-
ground curve, and the current generated from Se redox
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Fig. 2. Cyclic voltammograms for Se(IV) with the magnetite PME as a function of pH and the Se(IV) concentration (pH 4.0 to 9.5; [Se(1V)]
= 1-25 mM). The solution contained 0.05 M NaClO, as a background electrolyte.

transitions. The total current is lower than the background
current in the anodic potential region <—0.6 V, because
electron-accepting processes of the electroactive species
continue even upon anodic scanning. The total current is
higher than the background current at potentials >—0.6 V
where the electron-donating processes proceed. For all
CV curves between pH 4.0-8.0, the peak currents of Al,
A2, and Cl increase as the concentration of Se(IV)
increases from 1 to 25 mM, confirming that the peaks are
mainly due to redox processes involving Se during the pos-
itive and negative-going scans.

Cyclic voltammetry was performed at varying scan range
in order to help identify individual redox peak pairs (Fig. 3).
The aim of voltammetry using a narrow electrochemical
potential range is to assign peaks describing corresponding
redox couples observed upon cathodic and anodic scans.
Coupling peaks may be obscured when scanning over a wide
range of potentials if more than two peaks are produced as a
result of cyclic voltammetry. This method of incrementally
increasing scan ranges can be advantageous to resolve the

CV curves where cathodic scans produce a broad peak
region (ie., peak Cl in Fig. 2). In Fig. 3, the growth of ano-
dic peaks Al and A2 becomes pronounced as the switching
potential increases. At pH 4.0-7.9, peak Al starts to
appear upon scans recorded at the switching potentials of
—0.5 V and its peak current is further enhanced at more neg-
ative switching potentials. At pH 5.9 and 4.0, peak A2
begins to rise above background signals at a scan between
—0.4 and +0.85 V. The switching potentials of —0.5 V for
Al and —0.4 V for A2, are both close to the peak potential
of C1, thus implying that peak C1 is responsible for both
peak Al and A2. In this case, more than one reduction pro-
cess takes place and the reduction products are oxidized at
peaks Al and A2. This explanation is plausible because
the slow redox kinetics of selenium can cause multiple peaks
to overlap and to be seen as a single broad peak (Renock
et al., 2013). In summary, although peak C1 is centered at
about —0.5V, the peak is broad, ranging from —0.2 to
—0.8 V (Fig. 2) and is likely the result of multistep charge
transfer and slow Se redox chemistry.
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Fig. 3. Cyclic voltammograms for Se(IV) with the magnetite PME as a function of scan ranges. The scans were performed in a solution

containing 10 mM Se(IV) and 0.05 M NaClO,.

The kinetics of selenium transformation on the mag-
netite surface is further examined by performing cyclic
voltammetry at varying scan rates (Fig. 4). The small size
of the microcavity electrode (100 um in diameter and a
few tens of pm deep) in this study allows performing cyclic
voltammetry over a large range of scan rates (25-250 mV/
s). The CV curves remain stable at rates <250 mV/s. The
peak currents increase with increasing scan rate and the
least-square fits show excellent linearity (R? > 0.98) between
the current and the square root of the scan rate (Fig. 4C).
Upon increasing the scan rate, the cathodic and anodic
peaks are shifted by about 0.1 V to more negative and pos-
itive potentials, respectively (Fig. 4D). Irreversibility of Se
redox processes on magnetite is indicated by the fact that
the positions of cathodic and anodic peaks are highly
dependent of the scan rate (Nurmi and Tratnyek, 2011).
The role of slow kinetics in Se redox irreversibility is further
substantiated by other features from the cyclic voltammetry
results such as the broad peak widths and deviation of the
peak potentials from the corresponding equilibrium reduc-
tion potentials (Fig. 2 and Section 3.1.3) (Bard and
Faulkner, 1980).

3.1.3. Redox transformation of selenium on magnetite

Se(IV) in the bulk solution can be converted into Se(VI),
Se(0), and Se(—II) during cyclic voltammetry scans. To
investigate Se redox transformations on the magnetite sur-
face, possible selenium redox reactions and their reduction
potentials were considered (Table 1 and Fig. 5). The Se(IV)
speciation (protonation stage) was calculated for pH 2-12
as shown in Fig. 6. Biselenite (HSeO*) and biselenide
(HSe™) are the dominant selenium species between pH
4.0-8.0 where electrochemical peaks indicating selenium
redox transformation are found (Figs. 2 and 6). The oxyan-
ion of Se(VI), selenate is a very weak base (pK,, = 1.7) and
is present mainly as a deprotonated species, SeO5~ at pH
>2. Based on this speciation, half reactions of the dominant
Se species as reactants or products were derived as a func-
tion of pH (Table 1). The half reactions of these redox cou-
ples indicate that the reduction of selenium species is
thermodynamically favored under acidic conditions. The
equilibrium reduction potential (E,,) equation of each half
reaction was calculated from the Nernst relation (Eq. (1)) to
identify the redox processes responsible for the observed
CV peaks (Table 1).
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Fig. 4. Cyclic voltammograms as a function of scan rate (25 to 250 mV/s) (A) at pH 8.0 and (B) at pH 6.0. For pH 6.0, (C) peak currents and
(D) potentials were plotted and the linear least-square fits were added to show their trends. The scans were performed in a solution containing
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Table 1
Reduction potential equations for possible redox reactions of selenite as a function of pH. Reactions I to IV are denoted
in text by abbreviated forms indicating the oxidation state, Se(IV)/Se(0), Se(IV)/Se(—1I), Se(0)/Se(—1I) and Se(VI)/Se(1V),

respectively.
Standard reduction potential (vs. Ag/AgCl)
(I) HSeO5 + SH' + 4e~ = Se(s) + 3H,O E'=054V
E=0.54 —0.074 pH + 0.015 log[HSeO3 ]
(I) HSeO3 + 6H" + 6~ = HSe™ + 3H,0 E'=0.11
E=0.11 — 0.059 pH + 0.010 log[HSeO3 J/[HSe™]
(III) Se(s) + H" +2e~ = HSe™ E’=-0.75
E=-0.75—0.030 pH — 0.030 log [HSe]
(IV) SeO3~ + 3H" + 2¢~ = HSeO35 + H,O E’'=0.84

E=0.84 — 0.089 pH + 0.030 log [SeO3 /[HSeO5]
) Adopted from Bouroushian (2010).

. RT ap T the temperature in Kelvin, n the stoichiometric number of
En=E + —Fln— (1) electrons involved in an electrode reaction, F the Faraday
" R constant, and a, and ag, the product of activities of all oxi-

where E,, is the equilibrium reduction potential, E° the dants and reactants, respectively. Although the standard

standard reduction potential, R the universal gas constant, potential may serve as a similar indicator, the equilibrium
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reduction potential is suitable in this study where the solu-
tion chemistry departs from the standard state (i.e., the con-
centrations of solutes and proton <1 M). It is a reasonable
assumption that the initial Se(IV) concentration (0.01 M) is
approximately equal to [HSeOj3] at a pH range of 4.0-8.0.
In the bulk solution (50 mL in this study), other selenium
species can only be produced from the Se(IV) redox reac-
tions in the microcavity and therefore, their concentrations
would be minute. In Fig. 5, the reduction potential lines are
where [HSeO3]is 107> M and the concentrations of other
selenium species are from 10~* to 1078 M. All four redox
couples considered show a decrease in their equilibrium
reduction potentials with increasing pH.

When comparing reduction potentials measured using
CV curves with theoretical equilibrium reduction poten-
tials, determination of the midpoint potentials, ie., the
average of cathodic and anodic peak potentials (E,,;=
(Ecan + Eunoa)/2) is typically used because the mid potential
is approximately equal to the equilibrium reduction poten-
tial for reversible redox couples (Renock et al., 2013; Yuan
et al., 2015b). This means that for both anodic peaks (Al
and A2), corresponding cathodic peaks have to be identi-
fied. Accurate measurements of reduction potentials using
mid peak potentials are obscured by the fact that cathodic
peaks, especially the ones corresponding to A2, cannot be
clearly identified in all CV curves, partly because they are
less sharp than the anodic ones. Nevertheless, for the sake
of comparing theoretical reduction potentials with mea-
sured midpoint potentials, some data points “C2” (the quo-
tation marks indicating the caveats described above), and
the corresponding midpoint potentials are given in Fig. 5.
The midpoint potentials of pairs A1/C1 and A2/“C2” are
close to the theoretically-derived reduction potentials of
the Se(IV)/Se(—II) and Se(IV)/Se(0) couples, respectively,

but the association of the peaks with the selenium redox
couples can be more complicated (Table 1). First, one needs
to consider if either of the trends for Al and A2 peaks can
be associated with the Se(VI)/Se(IV) couple. Alanyalioglu
et al. (2004) reported that a pair of peaks corresponding
to Se(VI)/Se(IV) redox pair was not observed when a scan
range is made more negative than +0.3 V because of the
formation of elemental Se from adsorbed selenite ions.
Such a tendency of the Se(VI)/Se(IV) pair is contrasted with
the trend for peak Al and A2 in this study where an
increase of peaks Al and A2 with scanning at more nega-
tive potentials was observed (Fig. 3). Since the initial solu-
tion is prepared with sodium selenite, reduced species Se(0)
or Se(—II) are likely to form under negative potentials and
oxidation of Se(IV) to Se(VI) can be excluded as a peak
assignment for these two anodic peaks.

Since the peak potential values of A2 are comparable to
reduction potentials of the Se(IV)/Se(0) couple, it may be
tentatively assigned to the oxidation of Se(0) to Se(IV)
(Fig. 5). Lai et al. (2010) studied electrodeposition of
Se(IV) onto the SnO, electrode using cyclic voltammetry
in an acidic solution (pH =2). The oxidation peak at
+0.25V (vs. Ag/AgCl) was assigned to the oxidation of
Se(0) to Se(IV). Although the electrode material and solu-
tion chemistry differed, the values reported by Lai et al.
(2010) are comparable to the A2 peak potential of this
study (+0.2 V at pH 4.0). Although peak C1 is centered
at —0.5V, the peak is very broad (from —0.2 to —0.8 V)
and can reflect multistep charge transfer on the electrode
(Section 3.1.2). The potential of —0.5V is more negative
than the equilibrium reduction potentials of the Se(IV)/Se(0)
and Se(IV)/Se(—II) couples (Table 1 and Fig. 5). Despite
no further thermodynamic evidence, the comparison with
the equilibrium reduction potentials supports the peak
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pH ([Se]=0.01 M). It is noted that biselenite (HSeO3) and
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solution pH 4.0-8.0.

potential of C1 accounting for the formation of Se(0) and
Se(—II) over the pH range of this study. An analogous
interpretation was made in a previous study for selenite
reduction on a gold electrode (Wei et al., 1994), which
assigned a peak at —0.5V to a combination of Se bulk
deposition and Se(—II) formation. There is an overall con-
sensus that Se(—1I1I) species are produced from the reduction
of Se(IV) (e.g., Wei et al., 1994; Santos and Machado, 2004;
Lai et al., 2010; Saji and Lee, 2013). Two different mecha-
nisms have been proposed for the formation of Se(—II)
(Lai et al., 2010; Saji and Lee, 2013). The first one is that
Se(—1II) is produced from further reduction of deposited
Se(0). This can be described for our solution chemistry as
a two-step process, equation I followed by equation III in
Table 1. The second scheme is the formation of Se(—II)
directly from Se(IV) as seen from equation II in Table 1.
As the potential goes more negative than —0.5 V, the direct
conversion from Se(IV) to Se(II) becomes more likely, but
the production of Se(—II) from Se(0) may also proceed at
very negative potentials (<—0.7 V). When Se(—II) is pro-

duced from either process, a subsequent comproportiona-
tion reaction can proceed in Se(IV)-containing solutions
(Wet et al., 1994; Santos and Machado, 2004):

2HSe™ + HSeO; + 3H" « 3Se’ + 3H,0 or
2HSe™ + HSeO; « 3Se’ + 30H" (2)

The broad cathodic peak at C1 can explain different Se
redox transformation processes: Se(IV) — Se(0) (—Se(—II)),
Se(IV) — Se(—II), and Se(—II) —» Se(0). Therefore, the
observed cathode peak broadening may reflect that the
selenium redox transformation on magnetite occurs through
multiple processes.

The oxidation of Se(—II) and Se(0) may occur more and
more as the anodic scan proceeds. The cyclic voltammetry
as a function of scan range reveals that the peak current
of Al is associated with the species produced at ClI
(Fig. 3). The equilibrium reduction potential data suggests
that the peak potential of Al (—0.2 to —0.25V) may
account for the oxidation of Se(—II) to Se(IV) or to Se(0)
(Fig. 5). In a similar manner, it is inferred that the oxidation
of Se(0) may proceed at the potential corresponding to peak
A2 as the scan goes more positive.

Although our peak assignment based on the thermody-
namic data is consistent with previous studies and spectro-
scopic data (Section 3.2), the pH dependence of the CV
peaks measured using a PME is less pronounced than that
expected from the corresponding half reactions (Fig. 5).
This may be caused by the pH in the microcavity continu-
ously changing during potential scans whereas the bulk
solution pH (that is used to calculate expected peak posi-
tions from half reactions) is almost invariable throughout
the experiment. This pH gradient between the bulk solution
and pores in the powder where redox transitions (and impli-
cit pH changes) take place, leads to a peak broadening and
potential shift of peaks relative to peak positions when the
bulk solution pH is applied. Such considerations are revis-
ited and discussed further in Section 4.1.

3.1.4. Chronoamperometry and nucleation kinetics

The kinetic aspects of selenium reduction processes on
magnetite were examined using chronoamperometry over
a negative potential range (0.0 to —1.0 V). Chronoamper-
ometry measures current as a function of transient time
when a potential is stepped between potentials on the work-
ing electrode. Two different solutions were prepared to dif-
ferentiate the current from electroactive species and the
capacitance current from electrolyte species acting on the
magnetite surface: a selenium solution (10 mM Na,-
SeO3;+0.1 M NaClO4) and a blank solution (0.1 M
NaClQ,). Current-time transients were recorded after step-
ping a potential from +0.25V to various final potentials
ranging from 0.0 to —1.0 V.

Current-time transients are plotted on a log-log scale
(Fig. 7A and B) and indicate a continuous decrease in cur-
rent with time. The general trend is that the logs of mea-
sured currents are linearly dependent on the log of time
throughout the measurement time (50 s). For the current—
time data in the first second, the coefficient of determination



Y. Kim et al./ Geochimica et Cosmochimica Acta 199 (2017) 304-323 313

<
=
o
|
91 02V -5.0x10° - K e
0.1V
0.0V &
-10 T T T T T T -6.0x10 T 1
1.0 -0.5 0.0 0.5 1.0 1.5 2.0 0 5 10
Log (time / s) Time (s)
(A) (@)
5 Se(lV) + NaClO,
6- \
< ¥y E '
-_— -0.8V
< 74 0.7V E kf‘
8" ] -D.GV - d
S .
-8
1 2 3 4 5
-9 4 Time (s)
) ) ) 1

10 05 00 05 10 15 20
Log (time / s) Time (s)

(B) (D)
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total current curves are not shown). In (C) and (D), the inlets show peak- or shoulder-shaped curves in the first few seconds.
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Table 2
Chronoamperometry (during the first second of measurement) data linear-fitted in a log-log scale using the least square method.
Potential 0.1 M ClOy4 10 mM Se(1V) + 0.1 M ClO4

m k R m k RrR?
0.0 —1.08 -17.57 0.998 —1.06 —17.58 1.000
—0.1 —1.07 —7.44 0.999 —1.08 —7.39 1.000
-0.2 —1.17 —7.38 0.999 —1.10 —-7.23 1.000
—0.3 —1.18 —7.23 0.999 —1.08 —7.01 0.999
-0.4 -1.19 —7.09 0.998 -1.07 —6.76 0.997
—0.5 —1.17 —6.93 0.999 —1.08 —6.56 0.994
—0.6 —1.16 —6.76 0.997 —1.09 —6.41 0.993
—0.7 —1.13 —6.56 0.996 —0.87 —6.11 0.997
-0.8 —1.07 —6.34 0.996 —0.76 —5.87 0.988
—0.9 —0.99 —6.14 0.993 —0.76 —5.71 0.960
-1.0 —0.96 —5.99 0.988 —0.76 —5.55 0.944
Average —1.11

STDEV 0.08
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(R?) was calculated using the least-squares method and
exhibits good linearity (R* > 0.90) for all potentials tested
(Table 2). Such linearity can be formulated as presented
in Eq. (3).

log(—1/A) = m log(t/s) + k, and thus I(f) = —(10%)¢"
3)

where m and k are the slope and intercept, respectively,
measured in the log-log plots. The k value is proportional
to current measured on the magnetite electrode, and the
time dependence of the currents can be determined from
the m value. The k value is greater in the selenium solution
than in the blank solution for potentials between —0.1 and
—1.0 V. The difference in the k value between the two solu-
tions increases at more negative potentials. This implies
that the contribution of selenium to the total electrical sig-
nal is enhanced as the potential decreases. There is no
monotonic trend (i.e., increase or decrease) in the m value
for the blank solution as the potential varies. The m value
averages to —1.1 0.1 over a potential range from 0 to
—1.0 V and thus the current-time transient, 7 () is approx-
imately proportional to 1/7. At potentials >—0.6V, the
selenium solution shows comparable values of m to those
of the blank solution whereas there are appreciable differ-
ences in the m value between the solutions at more negative
potentials. Such differences can account for chemical pro-
cesses involving the electroactive species on the electrode
surface which can be observed within the initial 1 s.

Although the information from chronoamperometry is
limited because of the pseudo-capacitance of the magnetite
electrode, it is possible to distinguish the currents generated
by magnetite from the total currents (Vielstich and Xia,
1995; Ozniiliier and Demir, 2002). The current—time curves
of the blank solution (i.e., NaClO4 only) were subtracted
from those of the selenium solution (Se(IV)+ NaClOy)
for each potential and are shown in Fig. 7C. The resulting
curves show increments in the measured current as a poten-
tial becomes more negative. At potentials >—0.6V, the
cathodic currents rapidly decay within the first few seconds,
but a significant change in the curve pattern is observed at
potential <—0.7 V. Specifically, the peak or shoulder-
shaped pattern is developed within the first second. The
dependence of curve shape on the potential is also consis-
tent with the interpretation on the m value described above.
The time at which the center of the peak or shoulder shape
appears (f,,..) 1S measured within 0.15-0.7 s and becomes
shorter with decreasing potential. Such patterns and time
ranges of the current-time transients at the initial stage
match well with a nucleation and growth process of sele-
nium and other metals, which is recorded on the current—
time curve in the first few hundred milliseconds to few sec-
onds (Holzle et al., 1994; Lai et al., 2010; Bougouma et al.,
2013). The increase in peak current (Z,,,.) and the decrease
in peak time (7,,,) indicate that the kinetics of Se deposi-
tion becomes faster as overpotential increases (Bougouma
et al., 2013).

Experiments on metal electrodeposition are typically
carried out using macroelectrodes (a few mm to a few cm
in dimension). Therefore, chronoamperometry was also
run using a bulk magnetite electrode in order to compare

with the results from the magnetite PME. The experiments
were performed with the selenium and blank solutions
described above, and background curves were subtracted
from total current curves. The resulting current—time curves
are shown in Fig. 7D. At potentials <—0.8 V, the current
density (J=1I/A, a current per unit area) exhibits the
peak- or shoulder-shaped pattern and the maximum values
(Jmax) are recorded between 0.35 and 2 s (#,,,.). The fea-
tures on the observed curves are similar to those of the
PME, although a longer time is needed for a peak or shoul-
der to appear on the curves. This delay indicates slower
kinetics for Se deposition on the bulk electrode versus the
PME. The shoulder-shaped pattern shown at potentials of
—0.7 and —0.8 V for both the powder and bulk electrodes
can be considered the current-time transient from the crys-
tallization process superimposed on a falling transient at
short times after double-layer charging (Holzle et al.,
1994). In the discussion section, the deposition of selenium
on magnetite is examined theoretically and a possible nucle-
ation mechanism is suggested.

3.2. XPS analysis for selenium redox chemistry on magnetite

XPS analysis was performed to examine redox chemistry
of selenium on the magnetite electrode. The chemical reac-
tions that represent the peaks observed on the CV curves
can be related to specific selenium species produced at the
peak potentials. Due to the geometry of the PME not being
suitable for XPS analysis, all XPS samples were prepared
from the bulk electrodes. The sample preparation was made
at pH 6 using a solution containing 25 mM Na,SeO3; + 0.1 -
M NaClO4

3.2.1. Cyclic voltammetry of bulk magnetite electrode prior
to XPS analysis

Prior to the XPS analysis, the cyclic voltammetry was
run using the bulk magnetite electrode and the electrochem-
ical features were compared with the PME (Fig. 8). In the
blank solution (NaClO,4 only), continuous increase in neg-
ative currents on the cathodic scan and small variation in
positive currents on the anodic scan are similar to the back-
ground curves of the PME (Fig. 1A). In the presence of
selenite (Se(IV) + NaClOy), the cathodic currents begin to
rise above the background signals at a potential below
—0.1 V. A broad shoulder develops at potentials >—0.6 V
where a peak C1 is pronounced on the cyclic PME voltam-
mograms. The negative currents drastically increase at
potentials <—0.6 V where the nucleation and growth pro-
cess of selenium is promoted by large overpotentials. Upon
anodic scanning, a single peak positioned at —0.25 V is pro-
duced which corresponds to peak Al of the PME and the
anodic current gradually decreases at more positive poten-
tials. There is no observed CV peak or shoulder in the
potential region where peak A2 is located in the PME
results. Selenium redox transformation mediated by mag-
netite is greatly influenced by kinetic parameters and so
the observed differences between the bulk electrode and
PME may be due to the influence of the electrode properties
on the redox kinetics. In particular, the bulk magnetite
exhibits slower kinetics than the PME as evidenced by the
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Fig. 8. Cyclic voltammograms for Se(IV) using the bulk magnetite electrode at pH 6.0 (scan rate = 50 mV/s; a scan range, —0.85 to +0.85 V).
The scans were performed in solutions containing Se(IV) (10 and 25 mM) and 0.1 M NaClO,. Inlet: Comparison of CV patterns measured
(pH = 6.0 and [Se(IV)] = 10 mM) using the bulk electrode (BE) and the powder microelectrode (PME) of magnetite.

nucleation and growth of selenium (Section 3.1.4). The sur-
face reactivity of solid materials as electrochemical catalysts
is highly dependent on particle size. Smaller catalyst parti-
cles have higher density of reactive sites and thus typically
exhibit greater rates of reaction with dissolved species
(Nurmi et al., 2005; Peng et al., 2008; Yuan et al., 2015a,
b). Nevertheless, the potential dependence of the cathodic
and anodic currents (i.e., the shape of CV curves) is compa-
rable between the bulk electrode and PME (Figs. 2 and 8)
which suggests similar redox transformation processes
occur on the two electrode surfaces.

3.2.2. XPS results for selenium redox transformation

For the sample preparation, potential values were
selected on the basis of the cyclic voltammograms at pH
6 (Figs. 2 and 8). Potentials of —0.5 and —0.2 V are where
peaks Cl1 and Al are approximately positioned, respec-
tively, and —0.85 V corresponds to the switching potential
in the voltammetry cycles performed in this study. A poten-
tial of +0.6 V was selected to examine possible redox reac-
tions under very oxidizing conditions. Each potential was
kept constant on a bulk electrode for 30 min. For the
potential of —0.5 V, two additional samples were potential
held and subsequently stepped to +0.2 and +0.6 V, respec-
tively. These samples are intended to investigate any oxida-
tion of selenium species produced at peak CI.

Survey scans on the magnetite electrodes are shown in
Fig. 9. Observed peaks are labeled according to the corre-
sponding orbitals of elements. The main peaks associated
with Fe (Fe 2p and LMM) are clearly seen for all the mag-
netite electrodes. Two Auger peaks, L,MysMys and
L3MysMys (denoted LMM and LMM' in Fig. 9, respec-
tively) and three XPS peaks, Se 3s, 3p, and 3d are associ-
ated with selenium on the electrode surface. The survey

spectra show the presence of Se, Na, and CI for all poten-
tials tested, which are adsorbates from the background
solution.

Core scans for the Se 3d peak are presented in Fig. 10A.
The scan range also covers the binding energy correspond-
ing to the Na 2p orbital (~63 eV) as shown in the Se 3d
spectra for all potentials tested. This orbital peak does
not interfere with the Se 3d peak whose binding energies
typically range from 62 to 53 eV (Wagner et al., 1979). Over
such an energy range, two different peaks centered at about
55.5and 58.5 eV are observed for all the potential-held elec-
trodes. Sodium selenite was core-scanned as a reference
material, which shows Se 3d peaks centered at 58.4 eV
(Fig. 10A). Therefore, the XPS peak at ~58.5eV found
from the electrode samples can be mainly attributed to
Se(1V) despite the fact that there might be a minor contri-
bution of Se(VI) if produced during the voltammetry scan
on a positive potential range (e.g., Alanyalioglu et al.,
2004). Decrease in the oxidation state of an element leads
to decrease in the electron binding energy of its orbitals.
Therefore, the Se 3d peak centered at 55.5 eV, compared
to the one at 58.5 eV, can indicate the presence of selenium
with a lower valence state such as Se(0) or Se(—II). Bulk
magnetite was analyzed as a reference sample and revealed
a Fe 3p peak centered at about 55.5 eV. Interference of the
Fe 3p peak with the Se3d peak also made it difficult to
interpret the core-level spectra of selenium in previous stud-
ies (Hamdadou et al., 2002; Liu et al., 2007). To resolve this
issue, the Se 3p peak was core scanned and compared with
the Se 3d peak (Fig. 10B). Whereas of lower signal-to-noise
ratio than the Se 3d spectra, the Se 3p spectra can be ana-
lyzed without the interference of the Fe orbitals. Peaks cen-
tered at 161.5 eV are found on the spectra of the electrodes
held at —0.85 and —0.5 V and can be assigned to Se(0) and/



316

Ng 1s

OKLL

Fe LMM

Fe 2p

. Kim et al./ Geochimica et Cosmochimica Acta 199 (2017) 304-323

Cl2p
Cls seLmm
i Se 3p :Se 3d

{ Se LMY

O1ls

300 250 200 150 100 50

‘ Na KLL K

o

-0.5 Vto +0.2V

-0.5Vto +0.6V

A

Magnetite

v T T T
1200 1000 800 600

T v T

) )
400 200 0

Binding energy (eV)

Fig. 9. XPS survey scans on the magnetite electrodes potential-held at various potentials. For the electrode at —0.5 V, two additional samples
were stepped to positive potentials, +0.2 and +0.6 V, respectively, to re-oxidize the reduced products.

or Se(—II) (Mandale et al., 1984). In contrast, there are no
observed peaks at 161.5 eV for the electrode of +0.6 and
—0.2V. The Se 3d spectra of these electrodes, therefore,
should be identified as belonging to Fe 3p. It is also impor-
tant to note that the peak at 55.5 eV appears as a doublet
for the electrodes at —0.85 and —0.5V and as a singlet
for those at +0.6 and —0.2 V. The doublet feature is evi-
dently different from the singlet feature observed on the
Fe 3p of the magnetite reference.

For the Se 3d XPS peak, the binding energy between 56
and 55 eV is a commonly reported value for Se(0) (Wagner
et al., 1979; Shenasa et al., 1986; Tang et al., 1996). The
doublet appears at 55.0/55.8 €V, which is very close to the
values for Se(0) reported from a previous study (Babu
et al., 2007). In addition, a reddish deposit was observable
by the naked eye on the magnetite electrode after it was
held at a potential of —0.85 V for 30 min. This macroscopic
observation indicates formation of elemental selenium on
an electrode surface at a negative potential (Tang et al.,
1996). The binding energy of Se(—II) 3d reported from
many selenide compounds ranges from 55 to 53 eV depend-
ing on the nature of its coordinated atoms (Wagner et al.,
1979; Shenasa et al., 1986; Hamdadou et al., 2002; Wu
et al., 2007; Golovchak et al., 2013). As these ranges are
close to the Se 3d peaks found in the present study, the

minor presence of Se(—II) cannot be excluded. Se(0) is
believed to dominate over Se(—II) given that at the high
Se(IV) concentration of this study, Se(—II) produced at
negative potentials can react with Se(IV) in solution to form
elemental selenium in a comproportionation reaction (Wei
et al., 1994) (Eq. (2)).

The spectroscopic results provide supportive evidence
for the peak assignments on the cyclic voltammograms.
There is no detected selenium species other than Se(IV) at
the potential of —0.2 V. The reduction to elemental sele-
nium is confirmed from the magnetite electrode held at
—0.5 V. These results support the assignment of the broad
C1 peak to the formation of Se(0). The predominance of
elemental selenium on the electrode of —0.85V is also in
good agreement with the results of chronoamperometry
that show how nucleation and growth mechanisms govern
the selenium redox transformation under very reducing
conditions (<—0.6 V). Elemental selenium is detected even
if the electrode is stepped from —0.5to +0.2V or to
+0.6 V (Fig. 10). Although the thermodynamic interpreta-
tion suggests that elemental selenium can be oxidized to
Se(IV) at positive potentials, the interpretation for the sele-
nium oxidation is limited from the XPS results because
Se(IV) was detected in all the electrodes tested. The
electrode held at +0.6 V shows no evidence for oxidation
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Fig. 10. XPS core scans for (A) Se 3d and (B) Se3p on the magnetite electrodes potential-held at various final potentials.

of Se(IV) to Se(VI). This may be due to the fact that Se(VI)
formed at high potentials is immediately released into solu-
tion. If this was the case, only a minute amount of selenate
could be retained on the electrode and would be unde-
tectable by XPS. No clear indication is found for the trans-
formation of selenite to selenate based on the
electrochemical and spectroscopic approaches used in this
study. Future research could be aimed at systematic inves-
tigation on the oxidation of Se(0) and Se(IV).

4. DISCUSSION

4.1. Possible effects of solution chemistry on Se redox
transformation

CV peaks indicating selenium redox transformations on
magnetite are evident at pH 4.0-8.0 but are of limited inten-
sity at pH 9.5 (Fig. 2). Such pH dependence of the Se redox
sensitivity is closely associated with the variation of Se solu-
tion chemistry. The speciation calculations demonstrate
that Se(IV) is mainly present as biselenite (HSeO3) at pH
3.0-8.0 whereas selenite (SeO3”) is predominant at pH
>9.0 (Fig. 6) It is thus inferred that biselenite is redox-
active on magnetite in weak acids and bases (i.e. circumneu-
tral pH values) whereas magnetite catalysis of selenite redox
transformation is limited under high pH conditions (where
SeO3~ is the dominant species). One hypothesis to explain
this relationship between redox sensitivity and Se speciation
is that the affinity of a given selenium species for the mag-

netite surface changes as a function of pH (Martinez et al.,
2006; Rovira et al., 2008) and this may impact the surface
concentration of Se available to participate in magnetite-
mediated redox transformations. The point of zero charge
of magnetite is near a pH of 7 (Tewari and Mclean,
1972), which implies that positively and negatively charged
species can be retained on its surface at basic and acidic
solutions, respectively. It follows that adsorption of
Se(IV) on magnetite, as SeO3~ or HSeO3 decreases with
increasing pH as the magnetite surface becomes more neg-
ative (Martinez et al., 2006; Jordan et al., 2009; Missana
et al., 2009). This may explain the absence of observable
Se redox transformation at pH 9.5 in this study.

In comparison to thermodynamic data, the peak poten-
tials fall into equilibrium reduction potential regions that
correspond to the redox couples of interest (Fig. 5). How-
ever, the pH dependence of peak potentials is less pro-
nounced than that predicted from equilibrium reduction
potentials. For example, peak A2 was assigned to oxidation
of Se(0) to Se(IV); therefore, from the ratio of the protons
consumed vs. electrons accepted, a pe/pH slope of —5/4
(Eq. (4a)) is expected, resulting in a slope of —74 mV
(5/4x59 mV, which is the Nernstian slope) per pH unit
(Table 1). The observed slope of the potential change is
ca. —21 mV per pH unit, or about three times lower. This
reduction reaction can be written in two ways:

HSeO; +4e” + 5SH* « Se(s) + 3H,O (4a)
HSeO; +2H,0 + de~ < Se(s) + SOH" (4b)
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In the following, we discuss two explanations:

1. In the theoretical derivation, one underlying assumption
is that the pH does not change significantly as a result of
the reaction, but due to the small reaction volume (i.e.,
the pore volume in the PME could be considered the
reaction volume) the number of protons consumed per
volume may be high.

2. Since the slope of Eq. (4a) is —5/4, and the numerator is
the number of protons consumed, if there is also a source
that releases protons as a result of the reaction, or con-
sumes hydroxide ions (Eq. (4b)), the slope of the reduc-
tion potential vs. pH would be diminished.

Quantification of explanation 1: In order to estimate the
amount of protons released or consumed, the number of
electrons can be calculated from the CV curves and con-
verted to the number of protons. The proton concentration
is then obtained by either dividing by the pore volume of
the mineral powder or the entire volume of the reacted solu-
tion. The consumption of protons during reduction may
increase pH and lead to the difference in pH between the
cavity and bulk solution. Although protons are exchanged
between the pore and bulk solutions by mass transfer, the
effect of proton consumption may be important under our
experimental conditions where solution pH is weakly acidic
to basic and the total selenium concentration exceeds the
proton concentration.

The electronic charge transferred at peak C1 was calcu-
lated from a CV curve in Fig. 2 (pH 6.0 and 10 mM [Se]) as
an example and the value is 1.07 x 1075 C. This value was
obtained by integrating the current peak over the voltage
and dividing this value by the scan rate of, in this case,
50 mV/s. By dividing the charge value by the electron
charge, one obtains 6.7 x 10'? electrons to be transferred.
According to Eq. (4a), this value has to be multiplied by
5/4 to obtain the number of protons being consumed,
which is 8.3 x 10'? protons or 1.4 x 10~'! mol of H™.
The concentration of protons consumed by the reduction
can be evaluated considering the total volume of the micro-
cavity (~1.2 x 107! L; radius of the cavity ~50 um, depth
~30 pm, porosity about 0.5). The calculated charge is
equivalent to a proton concentration of 0.12 M in reference
to the microcavity volume. This value is five orders of mag-
nitude greater than the solution proton concentration
(107° M) indicating that the cavity proton concentration
is decreased by selenite reduction. An easier way to inter-
pret this process is using Eq. (4b) which states that an
equivalent amount of OH™ would be produced and would
push the pH to high values. The minimum change in proton
concentration can be estimated if one assumes that the reac-
tion volume mixes with the entire volume of the vessel
(50 mL). This would result in a proton concentration
change of 1.4 x 107''mol/0.05 L =28 x 107" mol/L,
which is essentially no change in pH. Any local pH change
induced by this reduction would be between these two
extreme values due to the exchange of liquid between the
microcavity pores and the bulk solution. This indicates that
anyone performing redox reactions in a porous medium in
contact with an aqueous solution may have a significant pH

gradient between the medium and bulk solution; the same is
true for a microporous soil with redox activity in contact
with solution flowing through larger cracks. Due to the
interdependence of pe and pH, there may also be a wide
range of redox potentials for a specific redox transition in
porous media where the water does not mix well.

Quantification of explanation 2: as Se(IV) is reduced to
Se(0), the produced Se(0) is adsorbed or precipitated on
the magnetite surface, thereby replacing protons from the
mineral surface. The net loss in proton per reaction step in
Eq. (4a) is thus less than 5. While it is possible to lessen
the pe/pH slope, it would be difficult to imagine that one
Se(0) sorbed releases one proton, but five protons are con-
sumed (Eq. (4b)) contributes largely to the observed reduc-
tion in slope.

As known from macroscopic examples, e.g., as in acid
mine drainage, redox reactions can have a significant influ-
ence on pH and vice versa. Here, we demonstrate the poten-
tial for creating a pH gradient of several pH units at the
interface between small redox-active micropores and larger,
at least mL-sized volumes of water. This is not only the case
in an experimental setup like the one at the interface of a
powder microelectrode but also in redox-active environ-
ments (e.g., soils) where microporous clay aggregates are
in contact with flow-through macro cracks. Since the poten-
tial of a redox transition is typically pH-dependent, this
means, in turn, that the pH gradient also leads to a peak
broadening with more solution-like pH values right at the
interface and higher/lower pH values further away for
reduction/oxidation reactions while the magnitude of the
gradient is dependent on pore size and diffusion times
(Barth et al., 2009; Borch et al., 2009). It would be challeng-
ing to measure and quantify those pH gradients that take
place at a micrometer scale in a total volume on the order
of tens of microns across, which is even below the size
and resolution of pH microelectrodes.

4.2. Mechanism of selenium nucleation on magnetite

As shown from the electrochemical and spectroscopic
measurements, selenite can be reduced to elemental sele-
nium at a negative potential (<—0.2 V). The XPS spectra
denoting a predominance of elemental selenium on the elec-
trode of —0.85 V is in good agreement with the results of
chronoamperometry that the nucleation and growth mech-
anism governs the selenium redox transformation under
those negative potentials. The next challenge is to deter-
mine, in a more mechanistic and quantitative way, how
Se(0) precipitation starts and crystal growth progresses.

For theoretical considerations, the current-time curves
in Fig. 7C and D were fitted to the nucleation and growth
model proposed by Scharifker and Hills (1983) (Fig. 11).
The model suggests two kinetic mechanisms, i.e., instanta-
neous and progressive nucleation to address the nucleation
properties such as the nuclear number density and the
nucleation rate. Instantaneous nucleation describes the pro-
cess by which the nuclei are formed at the onset of the elec-
trochemical current, while progressive nucleation describes
the process where the nuclei are continuously formed dur-
ing the crystal growth (Bijani et al., 2011). These two nucle-
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Fig. 11. (A) Comparison between the experimental transients (symbols) and the theoretical nucleation models (lines) in the dimensionless plot

and (B) linear dependence between current and 2 for the falling porti

ation processes are classically described by Egs. (5a) and
(5Db).

Instantaneous : (1/1,4,)°
= 1.95(t/tyay) {1 — exp[—1.26(t/tpar)]}
(5a)
Progressive : (1 /I,,wx)2

= 1.23(t/tya) {1 — exp[=2.34(t /1) ]}
(5b)

All experimental transients in Fig. 11 (examples chosen
are —1.0 V for PME and —1.0 and —0.9 V for the bulk elec-
trode) show a peak in redox current at a certain time of the
chronoamperometry experiment (7,,.,). The current and
time values of the data were normalized to the current
and time at each peak ([, and t,,,), respectively, and

ons of the transients over a time interval from 2¢,,,. to 10z,

were compared with the multiple nucleation model
(Fig. 11). The experimental curves fall closer to the theoret-
ical model for the progressive nucleation (average residual
(I/110x)* of 0.1) than to that for the instantaneous nucle-
ation (average residual (I/1,,,)* of 0.2). On the rising por-
tion of the curves (¢ < t,,,,), the slower increase in current
for progress nucleation (compared to the instantaneous
one) implies greater increment in the number of nuclei with
time and slower nucleation than instantaneous nucleation
(Scharifker and Hills, 1983).

There are, however, similarities and differences between
the experimental data and theoretical progressive nucle-
ation. The small positive deviation from the progressive
model is observed on the rising portion of the fitting curves.
This may be explained by contributions of other processes
such as double layer charging and possibly adsorption—des-
orption processes (Scharifker and Hills, 1983; Holzle et al.,
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1994). Based on the assumptions of the model, a diffusion-
controlled behavior is expected for long times and was eval-
uated on our data using the Cottrell relation (Eq. (0)).

_ zZAFD'*c 6
- n1/2¢1/2 ( )

where I is the current, A the area of the electrode, z the
number of electrons transferred on the reduction, F the
Faraday constant, D the diffusion coefficient, ¢ the bulk
concentration, and ¢ the time. The relation implies that
the current is proportional to ', In this application, cau-
tion should be taken since a planar electrode and unstirred
solution are presumed for the strict application of the Cot-
trell relation. The bulk electrode used in this study is planar
(Section 2.1) while the powder microelectrode obeys the
Cottrell relation if the time of experiment is short (Yang
et al., 1999; Zuleta et al., 2003). Thus the Cottrell relation
was applied to the two types of electrode for a limited per-
iod of time (from 2 ¢,,,, to 10 ¢,,,,). For better illustration, /
values were multiplied by large numbers and 7~ by 7,
respectively (Fig. 11B). The resulting current-time tran-
sients show excellent linearity (R? > 0.99), indicating nucle-
ation as a diffusion-controlled process over the time range
of interest. For the bulk electrodes, the diffusion coefficient
was calculated from the Cottrell equation with the mea-
sured cross-sectional area (4) and the number of electrons
transferred during the nucleation (z = 4 for selenite reduc-
tion to Se(0)). The values for the diffusion coefficient are
4.1 x 1077 em?~" for —0.9V and 10 x 1077 cm*s™" for
—1.0 V. Alternatively, the diffusion coefficient can be
derived from the nucleation model and the expression for
progressive nucleation is presented in Eq. (7).

2 e = 0.2598 - (zFc)*D (7)

max

The calculated values are 3.1 x 1077 em?s™' and

8.6 x 1077 cm?s™! for —0.9 and —1.0 V, respectively, com-
parable to the diffusion coefficients from the Cottrell equa-
tion. For both approaches, the diffusion coefficient
observed at —1.0 V is about 2.5 times as great as that at
—0.9V which is at odd with the prediction from the
multiple-nucleation model. Specifically, Scharifker and
Hills (1983) suggested that for a given bulk concentration
of electroactive species (10 mM Se(IV) in that case), the dif-
fusion constant (D) should not vary with the potential. The
inconsistency with the model is also seen on the falling por-
tion of the curves where the experimental transients deviate
negatively from the model for longer times (¢ > 4t,,,,). One
possible source of the deviation from the theoretical model
can be the morphology of the nuclei because the nuclei are
considered hemispherical in the model (Grujicic and Pesic,
2002). The growth of nuclei under other mechanisms was
postulated from a study regarding Rn deposition on a gold
electrode (Schrebler et al., 2001). Another possibility is the
beginning of H,Se evolution followed by the compropor-
tionation reaction with Se(IV) or hydrogen evolution at
very negative potentials (Schrebler et al., 2001;
Steponavicius et al., 2011). In summary, the interpretation
of Se nucleation with the ideal model is limited as the reac-

tion proceeds for long times. Nevertheless, in this study, the
early stage of the peak-shaped current-time transients can
be explained with the progressive 3-D nucleation model.
There have been a few studies adopting the multiple-
nucleation model to investigate the mechanisms on elec-
trodeposition of selenium on various electrodes. Lai et al.
(2010) examined selenium deposition on a tin oxide elec-
trode over a potential range of —0.4 to —0.6 V where a
good agreement with progressive nucleation is observed.
Glassy carbon was tested as a substrate for selenium depo-
sition and revealed consistency with the progressive nucle-
ation mechanism (Steponavicius et al., 2011). Although
these reports employed aqueous solvents at room tempera-
ture, the instantaneous nucleation may occur under other
physicochemical settings. Bougouma et al. (2013) suggested
that the Se deposition kinetics is largely dependent on tem-
perature and that slower progressive nucleation is favored
at ambient temperature, whereas instantaneous nucleation
is likely at higher temperatures (e.g., 110°C in a non-
aqueous solvent). Our data support the progressive nucle-
ation as a dominant mechanism for selenium deposition
under ambient temperature and highly reducing conditions.

4.3. Catalysis of magnetite in geochemical systems

In natural environments, the abiotic reduction of trace
elements can be mediated by a mineral surface when the
reduction is coupled with the oxidation of other species
on the surface. Dissolved Fe(Il), for instance, does not seem
to act as a reductant, but Fe(II) involved in a heterogeneous
system enables trace elements to be reduced (Charlet et al.,
2007; Taylor et al., 2015). Charlet et al. (2007) demon-
strated the role of Fe(Il) adsorbed by clay minerals in
reducing selenium and helping form nanoparticulate
Se(0). Selenium reduction can also be facilitated by oxida-
tion of iron mineral surfaces and gives rise to products such
as elemental selenium and iron selenides (Myneni et al.,
1997; Scheinost and Charlet, 2008).

Our results from electrochemical experiments show that
magnetite can act as a good substrate for selenite reduction
and elemental selenium is formed as a primary product.
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 reduc-
tants from solution to the surface can play an equivalent
role in natural systems (Renock et al., 2013; Yuan et al.,
2015b). Under a range of environmental conditions (pH
1-7 and 2-65 °C), the oxidation of magnetite can be pro-
moted in the presence of protons (H') or redox-active
metal species (M“") dissolved in water and cause the forma-
tion of maghemite (y-Fe,O3) (Eqgs. (8a) and (8b)) (White
et al., 1994; White and Peterson, 1996).

[Fe*'Fe3T)|04 + 2H" « yFe,05 + Fe** + H,0 (8a)

2 2
3[Fe’ Fel"]0y + (7) M — 4yFe,0; + Fe** + (f)M“’”)*
n n

(8b)
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As a result, the metal species can be reduced by partici-
pating in the surface oxidation process or subsequent
heterogeneous reactions involving ferrous iron (Fe*")
released from the process. The formation of maghemite
can passivate the magnetite surface, resulting in two impor-
tant effects: (1) magnetite, which is thermodynamically
unstable in most soil environments, can persist over geolog-
ical time scales and (2) the redox-catalytic ability of mag-
netite is limited by passivation of the oxidized surface
(Peterson et al., 1997). It is also likely that the redox-
catalysis rate of magnetite becomes slower as Se(0) is depos-
ited on the mineral surface due to a similar passivation
effect. Peterson et al. (1997) studied reduction of Cr(VI)
in the presence of magnetite and calculated the thickness
of the maghemite layer (7, in nm) formed as a result of
electron transfer from Fe?" in magnetite to an oxidized spe-
cies in solution and the formula can be written for the
reduction of Se(IV) to Se(0) as Eq. (9a).

Tmh = 4[SeO]Na/(dFe(2+) : AS . 1018) (9d)

s = [Se’] /4, (9b)

where [Se’] is the number of moles of Se® atoms reduced
from Se(IV) on the magnetite surface, multiplied by 4 to
account for 4 Fe*" atoms oxidized for every Se(IV)
reduced, N,, Avogadro’s number, dge>+), the density of
Fe?" atoms in the magnetite structure (atoms nm™), and
Ag, the magnetite surface area (m” g~') multiplied by 10'®
to convert m? to nm?. [Se’] is calculated from a CV curve
in Fig. 2 (pH 6.0 and 10 mM [Se]) using the same conditions
for quantification 1 in Section 4.1 resulting in an approxi-
mated thickness of maghemite is 5.4 A, which is on the
order of magnitude of the one estimated in a previous study
on Cr(VI) reduction catalyzed by magnetite (1-2.4 nm)
(Peterson et al., 1997). The surface coverage of Se(0) (I's.)
is evaluated, according to Eq. (9b), for the same CV curve
(pH 6.0 and 10 mM [Se]) and is 0.30 nmol cm 2. This cor-
responds to 15% coverage (0.15 ML) of the theoretical sur-
face coverage for a metal monolayer (ML) on a substrate
(2 nmol cm™?) (Gerischer and Tobias, 1978; Beni et al.,
2004). These estimated values imply that, in aqueous sys-
tems, the oxidation of unreacted magnetite particles may
catalyze reaction pathways of selenite reduction as observed
in this study, coupled with the formation of an oxidized
layer that is a few to tens of A thick. The catalytic ability
of magnetite would likely degrade over time as the mineral
surface is passivated by reaction products (Peterson et al.,
1997; Ruiz et al., 2000).

In the experiments presented here, a high concentration
of Se(IV) (1-25 mM) was required to differentiate the elec-
trical signal of selenium species from the large background
current of magnetite. This high selenium content may be
one reason for the dominance of elemental selenium as a
reduction product. Ferrous iron can be generated from
magnetite dissolution at very reducing conditions (Sec-
tion 3.1.1) and may play a role in the preservation of sele-
nium species Se(—I) or Se(—II) as solid phases. Ferroselite
(FeSe,) is a stable compound of iron and selenium and is

found in metal deposits bearing iron sulfides with high sele-
nium content (Howard, 1977). The coexistence of elemental
selenium and iron selenides with structures similar to FeSe
and Fe;Seg were found when a batch reaction of selenite
with magnetite nanoparticles was maintained longer than
the timescale of this study (Scheinost and Charlet, 2008).
Therefore, in reducing environments where reactive iron is
abundant, negative oxidation states of selenium are
expected to be common.

5. CONCLUSIONS

In this study, electrochemical techniques are used to
evaluate possible redox processes catalyzed by magnetite
over a range of experimental conditions (Eh 1.09 to
—0.77 V or 0.85 to —1.0 V vs. Ag/AgCl; pH 4.0-9.5). Bise-
lenite (HSeOj3) can act as a redox-sensitive species under
those conditions. Reaction pathways catalyzed by mag-
netite involving reduction of selenite and oxidation of
reduced products are identified from the electrochemical
and spectroscopic measurements. A soluble selenium
oxyanion, Se(IV), is transformed into Se(0) or Se(—II) on
the magnetite surface as it encounters reducing conditions
(Eh = —0.27 V). Se(0) is directly deposited on the mineral
substrate whereas adsorbed Se(—II) can undergo a subse-
quent comproportionation reaction with Se(IV) in solution
to form Se(0). These reduced species can be remobilized to
Se(IV) if exposed to oxidizing conditions (Eh = +0.44 V).
Formation of soluble Se(VI) from oxidation of the lower
valence forms may be mediated by magnetite, but since this
study focuses on solid-state processes, no spectroscopic evi-
dence is available for further oxidation in solution. The pH-
dependence of the redox transformation of selenium may
become significant in the microporous structure of soils
or sediments due to a pH gradient formed at the particle-
solution interface and the gradient between different pores
with little tortuosity when pH changes are induced by redox
processes. This is particularly true when compared with the
redox transformation in the solution phase where a more
homogeneous distribution of Eh and pH values is found.
The retention of selenium on the mineral substrate by abi-
otic reduction is energetically and kinetically facilitated at
low redox potentials. From chronoamperometry measure-
ments, the kinetics of the retention mechanism is character-
ized mainly by the simultaneous nucleation and growth of
elemental selenium (ie., progressive nucleation) under
ambient temperature and highly reducing conditions
(Eh < —-0.47V). The XPS analysis on the potential-
stepped magnetite electrodes implies that once deposited
on magnetite, remobilization of elemental selenium to sol-
uble species would be partially irreversible and kinetically
retarded. Therefore, magnetite can act not only as a catalyst
for redox reactions of selenium but also as a substrate to
retain selenium in an immobilized form. These findings
demonstrate that the effect of natural minerals on the ther-
modynamics and kinetics of electron transfer is an impor-
tant factor in predicting selenium mobility and reactivity
in sediments and natural waters.
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