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This study investigated the geochemical controls on selenium mobility by two
forms of birnessite mineral, focusing on the influence of pH, concentration, and
the presence of cations. The research aimed to understand the dominant
reaction mechanism (redox vs. sorption) under environmentally relevant
selenium concentrations. Experiments were conducted to study the
interaction of selenium with the birnessite minerals under varying conditions.
The results demonstrated a significant shift in the dominant reaction mechanism
from slow redox reactions observed at artificially elevated selenium
concentrations to fast sorption processes at environmentally relevant
concentrations, with second order rates increasing from 7.63 x 10-7 to 0.0224
L mol-1 h-1, respectively. This finding highlights the crucial role of selenium
concentration in determining its interaction with birnessite minerals and
emphasizes the importance of conducting research under realistic conditions
to accurately predict selenium mobility and develop effective remediation
strategies.
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Introduction

Deep geological repositories (DGR) are used to contain and isolate spent nuclear fuel
which contains many radionuclides. One such DGR is Yucca Mountain in Nevada, which
had been proposed as a storage facility for spent nuclear fuel and high-level radioactive
waste. The contained waste would also contain the fission by-products produced within the
storage tanks. Selenium-79 is produced as a fission product from uranium-235, and has a
half-life of 6.5 × 104 years (Martinez et al., 2006; Brennetot et al., 2008). Selenium has five
naturally occurring stable isotopes (Se-74, Se-76, Se-77, Se-78, Se-80) and twenty-four
radioactive isotopes (Preedy, 2015). In nuclear waste repositories, immobilization methods
are utilized to reduce Se-79 concentrations in the nearfield of the repository (Aurelio et al.,
2010). Another method of selenium release into the environment is the point source
contamination of local ground waters, from sources such as coal-fired electrical generating
stations sites (Aurelio et al., 2010). These commercial coal-burning plants release selenium,
one of the two most volatile and potentially hazardous elements from this process, which is
released through fugitive emissions, fly ash, and bottom ash (Huggins et al., 2007). This
release of coal fly ash presents an avenue for selenium to leach out from coal-burning
electrical generating sites into the environment (Wang et al., 2009).
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Selenium also plays an important role in cellular processes as a
key component in selenoproteins and selenoenzymes, which are
crucial to biological functions such as the transport and storage of
selenium (Sun et al., 2014).While a deficiency in selenium intake can
cause diseases such as Keshan (a juvenile, multifocal myocarditis) or
mulberry heart disease, an excess intake of selenium has been seen to
induce cancer (Reich and Hondal, 2016; World Health
Organization, 2022). Additionally, proper dosages of selenium
has been seen to influence the prevention of certain cancers (Sun
et al., 2014). Selenium can be considered both a toxin and an
essential nutrient to bacteria and animal species, though it is
naturally present at low concentrations (most being lower than
10 μg/L, except in certain seleniferous areas) (Reich and Hondal,
2016; World Health Organization, 2022; Sharma et al., 2019). The
World Health Organization has established a toxic limit for
selenium in human adults of 400 µg/day and the Environmental
Protection Agency has set the drinking water maximum
contamination level (MCL) at 50 mg/L, indicating that exposure
should be monitored (Reich and Hondal, 2016; Gonzalez et al.,
2011). Though the natural environmental concentration and the
daily toxic limit for selenium are both at trace level, there has been a
deficit of studies undertaken at this concentration.

Previous studies have been conducted using concentrations
magnitudes higher than these realistic levels, ranging from 3 to
500 µM (Martinez et al., 2006; Dwivedi et al., 2022; Scott and
Morgan, 1996). The use of artificially elevated concentrations has
been historically attributed to instruments having higher limits of
detections. It has been observed previously that the starting
concentration of an analyte significantly impacts a reaction,
influencing the development of analytical techniques with lower
detection limits (Szlamkowicz et al., 2023). Here, a tandem ion
chromatography–inductively coupled plasma–mass spectroscopy
(IC-ICP-MS) method was developed to allow for the analysis of
selenium at environmentally realistic trace level concentrations.

There are multiple oxidation states that selenium can be found
under: −2, 0, +2, +4, and +6 (Preedy, 2015). Under environmental
conditions, selenium is predominantly found as a stable inorganic
oxyanion (Scott and Morgan, 1996). These selenium oxyanion
species are SeO3

2− and SeO4
2−, selenite [Se(IV)] and selenate

[Se(VI)], respectively. Under very strong oxidizing conditions, SeO4
−

is the predominant species, while at mild oxidizing conditions, SeO3
− is

most present (Figure 1) (Sharma et al., 2019). It is important to
understand the speciation of selenium, as selenite is more toxic
towards eukaryotes and prokaryotes than selenate is (Sun et al.,
2014). Additionally, the oxidation state of the oxyanion alters the
affinity of the compound towards metal oxide surfaces, as well as
the complexing mechanism (Scott andMorgan, 1996). In soil, there are
various minerals that regulate the speciation, as well as the fate and
transport, of selenium, one such of this beingmanganese oxideminerals
(Dwivedi et al., 2022; Scott and Morgan, 1996; Scott, 1991).

Manganese oxides are an abundant group of minerals that can be
found in soils. Their concentrations in soils range from less than
7–9,000 mg kg−1, and they make up about 0.1% of Earth’s crust
(Hooda, 2010; Post, 1999). The presence of manganese oxide
minerals has been observed in DGR’s like Yucca Mountain,
controlling the Eh of the system in the 0.2–0.5 V range for pH 6–8
(Caporuscio and Vaniman, 1985). In the case of Yucca Mountain,
manganese oxides are concentrated along fractures rather than in the
bulk rock, which may further influence geochemical contributions.
Manganese oxides aremade up ofMnO6 octahedra, where the structure
is dependent on whether the octahedra shares corners and/or edges
with each other, and can have corner-connected subunits forming
tunnels or edge-sharing stacked layered structures (Post, 1999; Remucal
and Ginder-Vogel, 2014). These various manganese oxide minerals
have a high redox potential, exerting geochemical control over almost
any metal and metalloid species in the environment (Post, 1999;
Ukrainczyk and McBride, 1992; Haynes, 2016; Wang and Giammar,
2015). Besides a high oxidative capacity, manganese oxides also exhibit
high sorption capabilities, due to poor crystallinity, high specific surface
area, and highly reactive vacancy sites (Wang and Giammar, 2015;
Fischel et al., 2015).

Birnessite [(Mn(III)/Mn(IV))2O4] is the most commonmanganese
oxide, due to its production from Mn(II) oxidizing bacteria during
manganese cycling (Post, 1999). It exhibits a layered structure,
possessing both oxidation-reduction and cation-exchange capabilities
(Villalobos et al., 2003). This is possible because the vacancies in
between the layers cause birnessite to have a net negative charged,
with the charge being compensated in the interlayer region by hydrated
metal ions (Arias et al., 2013; Becerra et al., 2011). For the birnessite
family of minerals, synthesis conditions are seen to affect the ionic
conductivity of the different birnessites on account of alterations in the
minerals (Arias et al., 2019).

Two forms of birnessite minerals are used here: acid birnessite
and “c-disordered’ H+ birnessite. Acid birnessite has a hexagonal
layer structure, with a relatively high stacking order between its
layers and has potassium as the predominant interlayer cation
(Fischel et al., 2015; Wang et al., 2016; Wang et al., 2018). The
“c-disordered” H+ birnessite is a manganese oxide with hexagonal
symmetry, corner sharing octahedra, and a high density of layer
vacancies allowing for high sorption capacity (Friedl et al., 1997).
Additionally, there is a greater amount of Mn(III) spaced irregularly
along the b-axis in “c-disordered” H+ birnessite, pushing into the

FIGURE 1
Eh-pH diagram of redox system for selenium, with the box
indicating conditions at Yucca Mountain (Made using
Geochemists Workbench).
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c-direction (the interlayer region) of the mineral (Manceau
et al., 2002).

Manganese oxide minerals, especially birnessites, have been
previously observed to react extensively with a variety of anionic
contaminants. These interactions encompass both sorptive and
reduction-oxidation processes with selenium (Gonzalez et al.,
2011; Dwivedi et al., 2022; Scott and Morgan, 1996). However,
these studies don’t account for different forms of birnessite minerals
or the use of environmentally relevant concentrations of the
contaminants. Different birnessite minerals have significantly
different physical properties, which play key roles in reactivity.
Additionally, the concentration of reactants play a key role in the
reactivity of selenium.

In this study, we investigate the effect of initial concentration on
the reactivity of selenium, using two different birnessite minerals at
environmentally relevant pH values. The sorption of common
cations on to the birnessite minerals was also investigated, to
determine the resulting impact on the oxidation of selenium. The
resulting speciation of selenium under realistic concentrations
illustrates the controls that birnessite minerals exert on the fate
and transport of this contaminant. The concentration dependent
studies were conducted to compare the redox chemistry of selenium
under artificially elevated concentrations (attributed to
instrumentation limitations) to that of environmentally realistic
concentrations. By using realistic concentrations, proper
remediation strategies can be devised for contaminants in the
environment.

Experimental

Mineral synthesis

Acid birnessite was synthesized using the acid reduction method
fromMcKenzie (1971) A 42 mL solution of 10MHCl (certified ACS

Plus grade, Fisher Chemical) was added dropwise to a vigorously
boiling 0.58 L solution of 0.40 M KMnO4 (Beantown Chemical,
99%) in ultrapure water (with a resistivity of 18.2 MΩ.cm). After the
addition of the acid, the solution was boiled for an additional 10 min
and cooled to room temperature. Using vacuum filtration with filter
paper (Fisher Brand, P2 fine porosity glass fiber filter paper), the
precipitate was isolated and washed with ultrapure water until the
pH was 6. Then the precipitate was dried for 72 h in a 60°C oven.

The “c-disordered” H+ birnessite was synthesized using the
redox methods from Villalobos et al. (2003) A 160 mL solution
of 0.20 M KMnO4 was stirred, while a solution of 180 mL of 0.51 M
NaOH (Alfa Aesar, 98%) was slowly added. Next, a 160 mL solution
of 0.58 M MnCl2 (Acros Organics, 99%) was slowly added to the
mixture before settling for 4 h. Using the triclinic sodium-birnessite
method, the suspension was washed with a solution of 1.0 M NaCl
(Fisher Bioreagents, 99.5%) and ultrapure water. Then using NaOH,
the pH was adjusted to 8. The precipitate was then dried for 72 h in
a 50°C oven.

Batch experiments

In order to monitor and quantify the kinetics of the oxidation of
SeO3

2− to SeO4
2−, batch experiments were conducted using the

different birnessites as a function of concentration level at

FIGURE 2
Concentration of selenium for Acid Birnessite (A) and “c-disordered” H+ Birnessite (B) as a function of time for varying birnessite minerals under
realistic concentrations of SeO3

2−. Blue dotted line indicates starting concentration of SeO4
2− control. Grey dashed line indicates starting concentration

of SeO3
2−.

TABLE 1 Percent oxidation of SeO3
2− at realistic concentrations for both

acid and “c-disordered”H+ birnessite as a function of pH from experimental
data.

pH value Acid birnessite “c-disordered” H+

birnessite

5 90% ± 2 97% ± 0.2

6.5 66% ± 2 94% ± 0.04

8 64% ± 4 95% ± 0.8
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varying pH in 50 mL centrifuge tubes. Each mineral was suspended
in ultrapure water and adjusted to the desired pH before being
spiked with a stock solution of SeO3

2− (as NaSeO3, VWR, high
purity grade). The pH of the solution was periodically checked
and adjusted using HCl or NaOH. At specific time points, the
samples were centrifuged for 10 min at 5,000 rpm
(ThermoScientific, Sorvall ST16 Centrifuge). For analysis, an
aliquot of the supernatant was taken to be analyzed using
tandem ion chromatography–inductively coupled
plasma–mass spectroscopy (IC-ICP-MS). Sorption control
experiments were performed under identical conditions, but
spiked with SeO4

2− (as NaSeO4, ThermoFisher Scientific,
99.8+% purity) instead of SeO3

2−. These experiments were
conducted to determine if the mineral will retain the analyte
and cause an underestimation of the SeO4

2− concentration.
Additional control experiments were conducted to determine
the volatility of the selenium species under the investigated
conditions, where SeO3

2− and SeO4
2− were spiked into

solutions of ultrapure water at the desired pH values.

Selenium speciation and elemental analysis

The two selenium species were analyzed using tandem IC-ICP-
MS, with the individual instrument conditions having been
described in Szlamkowicz et al. (2022) This tandem method
allows for the simultaneous speciation and quantification of
selenium at environmentally realistic concentrations (nM range).
This occurs through the IC separating the different species of
selenium using a selective ion exchange column, the effluent of
which is fed into the ICP-MS through a capillary line. Since the ICP-
MS has much lower limits of detection than the IC does on its own, it
was used as a detector in place of the one within the IC. Thus,
tandem IC-ICP-MS combines the separatory capabilities of IC with
the low limits of detection of an ICP-MS, all in a single
analytical step.

Solid characterization

The two birnessite minerals were characterized using X-ray
diffraction (XRD, Empyrean, PANanalytical), with analysis
parameters having been previously described in Stanberry et al.
(2021a) and Stanberry et al. (2021b). Additionally, the manganese
average oxidation state (AOS), specific surface area, and pH where
the surface of the mineral has a net neutral charge (pHpzc) was
performed, with the results having been described previously in
Szlamkowicz et al. (2023).

Results and discussion

Impact of birnessite mineral

Two different forms of the oxidizing agent, birnessite, are
initially investigated to determine its influence on the oxidation
of selenium under environmental conditions. The two forms of
birnessite used are acid birnessite and “c-disordered” H+ birnessite,
whose main differences in mineral structure has been established
previously by Szlamkowicz et al., with the X-ray diffraction (XRD)
patterns seen in Supplementary Figure S1 (Szlamkowicz et al., 2023).
These two minerals exhibit various degrees of reactivity towards
selenite (SeO3

2−), as seen below in Figure 2. The concentration of
SeO3

2− in solution decreases more rapidly and extensively with the
“c-disordered” H+ birnessite as compared to the acid birnessite. The
rapid disappearance of Se in the aqueous phase is attributed to the
fast and strong adsorption of SeO3

2− onto the active sites along the
surface of the mineral through strong inner-sphere complexes
(Dwivedi et al., 2022). The disappearance of SeO3

2− in solution
with the “c-disordered”H+ birnessite was quite rapid leading to only
the data from acid birnessite being used when trying to determine
the reaction order for these experiments. It was determined that the
reaction between SeO3

2− and acid birnessite follows a second order
reaction, as seen in Supplementary Figure S2. It was determined that

FIGURE 3
Concentration of selenium for Acid Birnessite (A) and “c-disordered” H+ Birnessite (B) as a function of time for varying pH values under realistic
concentrations of SeO3

2−. Black dashed line indicates starting concentration of SeO3
2−.
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the reaction rate constant was 3.73 × 10−4 M−1 min−1. This follows
the second order reaction observed in a previous study, where the
sorption and oxidation of SeO3

2− was studied using a birnessite
mineral in stirred flow reactors (Balistrieri and Chao, 1990).

In the case of both birnessite minerals at pH 5, there is a
significant disappearance of SeO3

2− from the solution and no
release of selenate (SeO4

2−) into the aqueous phase. This is
attributed to the lower pH of the system exhibiting a weaker
electrostatic repulsion between SeO3

2− and the surface of the
mineral, which results in a greater extent of sorption (Balistrieri
and Chao, 1990). This is attributed to the selenite in the system
forming inner-sphere complexes, while selenate forms outer-sphere
complexes with MnO2 minerals (Li et al., 2021). Electrostatic
interactions cause selenite to form outer-sphere complexes, while
inner-sphere complexes require more than purely Coulombic forces
(Balistrieri and Chao, 1990). Control samples of SeO4

2− were

prepared, to determine if there is a sorption mechanism of
SeO4

2− in the system, which would cause an underestimation of
the mass balance of selenium. However, the sorption controls of
SeO4

2− indicate that the minerals are capable of negligible levels of
sorption (Figure 2). This indicates that the disappearance of
selenium from the aqueous phase is only a result of the sorption
of SeO3

2−, and not from oxidation. This is due to SeO3
2− having a

much stronger adsorption to metal oxide surfaces through the
formation of strong inner-sphere complexes (Dwivedi et al.,
2022). Conversely, SeO4

2− adsorbs to metal oxide surfaces
through weaker outer-sphere complexes (Dwivedi et al., 2022).
This follows XPS data from Li et al. where the post reaction
solids only exhibited the reduced form of selenium, SeO3

2−

(Balistrieri and Chao, 1990).

Effect of solution pH

The percent of SeO3
2− oxidized under the varying pH values for

both minerals has been summarized below in Table 1. As the
pH increased, acid birnessite experienced a decrease in the extent
of SeO3

2− sorption, from 90% ± 2 at pH 5%–64% ± 4 at pH 8.
However, the “c-disordered” H+ birnessite was not impacted by the
increasing pH (Figure 3). This disparity is attributed to the “c-
disordered” H+ birnessite having a consistent net surface charge
throughout the different investigated pH values. The reason the “c-
disordered” H+ birnessite was less affected by the increase in pH of

TABLE 2 Summary of average concentrations and standard deviations of sorbed SeO3
2− onto cation sorbed and plain birnessite minerals, as well as the

corresponding p values illustrating the results not being statistically different.

Acid birnessite SeO3
2− Concentrations (nM) “c-disordered” H+ birnessite SeO3

2− Concentrations (nM)

Plain Ca2+ Mn2+ Na+ Plain Ca2+ Mn2+ Na+

128 ± 10 103 ± 12 (p = 0.053) 136 ± 12 (p = 0.38) 113 ± 5 (p = 0.079) 116 ± 8 99 ± 10 (p = 0.078) 112 ± 8 (p = 0.55) 108 ± 2 (p = 0.15)

FIGURE 4
Concentration of selenium for Acid Birnessite (A) and “c-disordered” H+ Birnessite (B) as a function of time for varying pH values under artificially
elevated concentrations of SeO3

2−. The dashed grey line indicates the starting concentration of SeO3
2−.

TABLE 3 Percent oxidation of selenium at artificially elevated
concentrations for both acid and “c-disordered”H+ birnessite as a function
of pH.

pH value Acid birnessite “c-disordered” H+

birnessite

5 94% ± 0.7 90% ± 0.4

6.5 62% ± 2 84% ± 1

8 51% ± 2 82% ± 0.2
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the system is due to it having a lower pHpzc for the vacancy sites than
acid birnessite, <3 and 3.5–4.0, respectively (Szlamkowicz et al.,
2023; Arias et al., 2019). Acid birnessite has a pHpzc that is closer to
pH 5, causing the vacancy sites to have more positive sites amidst the
negative sites along the mineral surface. On the other hand, the
surface of “c-disordered”H+ birnessite has a mostly negative charge,
with few residually positive charged vacancy sites. The mostly
negative charge is due to the pH of the system being above the
pHpzc of “c-disordered” H+ birnessite. Some residual positive
vacancy sites remain on the mineral since the pH of the system
is close to the pHpzc values. The residual positive active sites will have
a greater electrostatic attraction to SeO3

2− at pH 5, which will
decrease as the pH increases to 8 and the sites become negatively
charged. With this, “c-disordered” H+ birnessite was able to sorb
97% ± 0.2 at pH 5, and 95% ± 0.8 at pH 8.

The greater extent of disappearance of SeO3
2− in the experiments

using the “c-disordered” H+ birnessite can be attributed to it having
a higher specific surface area (111 m2g−1) than acid birnessite
(35 m2g−1) (Szlamkowicz et al., 2023). A greater specific surface
area indicates a larger number of surface sites for SeO3

2− sorption.

Cation sorption onto minerals

Common environmental cations were sorbed onto the two
birnessite minerals, to determine if there is an effect of surface
passivation. If the active sites on the birnessite mineral were
preoccupied by the presence of the sorbed cations, there is the
possibility of a decrease in the sorption of selenium in the system.
The cations investigated were Ca2+ (CaCl2, Fisher Bioreagents), Mn2+

(MnCl2, 99+%, Thermo Scientific), and Na+ (NaCl, Certified ACS,
Fisher Chemical). To prepare the sorbed birnessites for use in selenium
experiments, the minerals were suspended in a 50 mg L−1 solution of
each cation. These mineral suspensions were allowed to spin for
3 weeks, prior to separating the supernatant and analyzing using
ICP-MS. The minerals were rinsed using 10 mL of ultra-pure water,
before sequestering the supernatant for analysis, to monitor for any
cation loss during the washing phase.

Significant extents of sorption was observed for all cations on
both birnessite minerals, as summarized in Supplementary Table S1.
However, there was no statistical difference in the sorption of SeO3

2−

between the cation sorbed and plain birnessite minerals, as
summarized in Table 2 and in Supplementary Figures S3, S4.
This is attributed to there being two different active sites on the
surface of birnessite minerals, each with a different localized charge.
Having a positively charged edge site allows SeO3

2− to readily sorb.
On the other hand, the Ca2+, Mn2+, and Na+ are sorbed onto the
negatively charged vacancy sites of the mineral.

Artificially elevated concentrations

Artificially elevated concentrations of SeO3
2− were also used to

investigate the concentration dependency of SeO3
2− when reacted

with both acid and “c-disordered”H+ birnessites. Similar to previous
experiments conducted at realistic concentrations of SeO3

2−, it was
seen that as the pH increased, the extent of sorption decreased with
acid birnessite while remaining unchanged with the “c-disordered”

H+ birnessite (Figure 4). The percent of SeO3
2− sorbed under the

varying pH values for both minerals at elevated concentrations has
been summarized below in Table 3. Even throughout the
experiments with an elevated initial SeO3

2− concentration, there
was minimal observed oxidation to SeO4

2−. The only exception to
this trend was with acid birnessite at pH 5, where there was a 12% ±
1 formation and release of SeO4

2− during the reaction.
However, it is important to note that the formation of SeO4

2− does
not begin to appear until a hundred hours into the experiment at
artificially elevated concentrations (Figure 4), depending on both the
mineral and the pH. Conversely, the experiments using
environmentally realistic concentrations (Figure 3) reach equilibrium
within 5 h. This illustrates the elevated concentration reaction being a
slow sorptive and oxidative process. This can be further seen in
Supplementary Figures S2, S5, where the SeO3

2− reaction rates are
depicted for the disappearance of SeO3

2−. In these figures, it is observed
that the rate of sorption is much slower when using artificially elevated
concentrations of SeO3

2−. This difference of time frame and reactivity is
important to understand when devising remediation methods for
selenium contamination in the environment.

Conclusion

This study investigated selenium reactivity under
environmentally relevant conditions, focusing on the influence of
birnessite minerals, pH, and low SeO3

2− concentrations. Our results
demonstrate a significant divergence from previous studies
conducted at artificially high selenium levels, highlighting the
critical importance of using environmentally realistic
concentrations to accurately predict selenium behavior. We
found that sorption, rather than redox reactions, predominates in
the interaction between SeO3

2− and the two birnessite minerals
studied. This research underscores the need to consider the
specific mineralogy of birnessite and its impact on selenium
mobility when developing effective remediation strategies.
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