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ARTICLE INFO ABSTRACT

Editor: Karen Johannesson Naturally occurring selenium is usually found in shales, mostly in the form of reduced selenides or elemental

selenium metal. In contrast, downstream oxic waters and soils contain the oxidized forms of selenium as the

Keywords: oxyanions selenite (HSe03, Se03") and selenate (Se0% ). Whereas the oxidation of selenides to selenium oxy-
Selenium anions is possible in the presence of Oz, the actual mechanisms of oxidation, and selenate formation in particular,
Oxidation

are not fully understood. In this work, reactive oxygen species were evaluated for selenite oxidation within batch
Reactive oxygen species . . . . . —

: reactors at circumneutral pH. Complete selenite oxidation to selenate by ozone (03) and hypochlorite (OCI~, as a
Photochemistry

Ozone positive control) occurred within minutes and seconds, respectively. Partial oxidation of selenite to selenate by

hydrogen peroxide required two weeks reaction at 2 M H202. Hydroxyl radicals were generated by photo-
catalytic decomposition of H202 and oxidized selenite completely within six hours. Singlet oxygen, superoxide,

Stable oxygen isotopes

and peroxynitrite were not observed to oxidize selenite. By using selenite and H20 with varying 3'%0 isotopic
compositions in oxidation experiments, it was possible to infer the two different sources of O during selenate
formation. Selenate inherits three O from selenite and is suggested to acquire the fourth O via O transfer from the

oxidants studied here.

1. Introduction

The presence of selenium oxyanions in surface waters is caused by
weathering of selenium-rich minerals, release of selenium-laden indus-
trial wastes, or deposition of selenium-containing particulate emissions
(Stillings and Amacher, 2010; Lemly, 2004). In the subsurface in the
western United States, selenium is found within Cretaceous marine
sedimentary shales (Stillings and Amacher, 2010; Seiler et al, 1999;
Martens and Suarez, 1997; Kulp and Pratt, 2004; Presser and Swain,
1990), crude oil associated with these shales (Presser, 1994), and the
Phosphoria formation (Stillings and Amacher, 2010), mostly in the form
of reduced Se(-1I) selenides within substituted pyrite (FeSz), ferroselite
(FeSez), dzharkenite (FeSez) and organo-selenium compounds as well as
elemental Se’ metal. In contrast, it is the oxidized forms of sele- nium—
the oxyanions selenite (Se(IV), Se03%”), hydrogenselenite (Se (IV),

HSe03), and selenate (Se(VI), Se0%~) which are more thermody-
namically favorable under ambient atmospheric conditions—that are

found in downstream waters (Martens and Suarez, 1997) and soils

(Presser and Swain, 1990; Luoma and Presser, 2009) and refinery pro-
cessing waters from desalting operations (Lawson and Macy, 1995).
Dissolved selenium oxyanions can then be transported through surface
and subsurface waters, where they can pose health risks to humans and
ecosystems at elevated concentrations (Lemly, 2004; Luoma and Presser,
2009). Selenate is generally thought to form from reduced selenium by
oxidative dissolution, but the actual chemical processes responsible for
selenite, selenium, or selenide oxidation to selenate in natural settings
remains undetailed. Despite several laboratory studies exploring these
redox changes in selenium by oxidative weathering (Kulp and Pratt,
2004; Howard III, 1977; Masscheleyn et al., 1990; Strawn et al., 2002),
the mechanisms and conditions of how selenate acquires its oxygen
atoms are not fully understood.

Throughout the literature there are conflicting and incomplete an-
ecdotes of whether abiotic selenite oxidation to selenate by Oz can occur
at all, and those reporting selenate formation do so only under alkaline
pH with soil present, which could support other oxidants than O:
(Howard III, 1977; Masscheleyn et al, 1990; Lakin, 1961). Selenide-
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bearing iron minerals can be readily oxidized by O2 to elemental sele-
nium, which can oxidize much more slowly to selenite (Stillings and
Amacher, 2010; Howard III, 1977; Masscheleyn et al., 1990; Dowdle and
Oremland, 1998; Sarathchandra and Watkinson, 1981). Chemical sele-
nite oxidation by hydrogen peroxide is relatively fast in strongly acidic
medium (Hughes and Martin, 1955), but others report little (Liu et al.,
2019) to no (Albrecht et al., 1999) oxidation of selenite by H20; at pH 7
or above. Other oxidants capable of selenite oxidation and evaluated for
water treatment applications have included TiO2 photocatalysis (Grue-
bel et al.,, 1995), permanganate (Liu et al., 2019; Dikshitulu and Babu,
2009), hypochlorous acid (Liu et al.,, 2019; Boegel and Clifford, 1986),
hypobromous acid (Liu etal., 2019), monochloramine (Liu etal., 2019),
and ozone (03) (Liu et al., 2019). Manganese oxides, which are found in
subsurface environments, have been reported to slowly oxidize selenite
to selenate after surface adsorption and a reduction of Mn(IV) to Mn(II)
(Scott and Morgan, 1996). A small amount of biotic selenite oxidation
has been reported by a sulfite-oxidizing bacteria (Dowdle and Orem-
land, 1998) and a soil bacterium (Sarathchandra and Watkinson, 1981)
and has been speculated to occur fortuitously by non-specific sulfite-
oxidizing enzymes. More recently, an abiotic pathway for elemental
selenium oxidative dissolution was reported and involves microbially-
produced extracellular reactive sulfur species (sulfide, sulfite, and
thiosulfate) solubilizing selenium in Se-S oxyanions (Goff et al., 2019).

Nevertheless, there are other dissolved, natural oxidants that need

evaluation for which selenite oxidation, including photogenerated
reactive oxygen species (ROS). The primary objective of this work is to
test if dissolved ROS relevant to surface waters can oxidize selenite to
selenate. Photochemically-driven reduction of Oz occurs naturally in
surface waters, and sequential electron transfer produces highly reactive
intermediates superoxide (02), hydrogen peroxide (H202), and hy-
droxyl radicals (*OH). Oz reduction and ROS generation by light can be
facilitated by dissolved organic matter which gets photochemically
reduced and can reduce Oz to 0z, H202, and ®*OH (Garg et al., 2011;
Vaughan and Blough, 1998). Organic matter can also absorb light and in
an excited state react with ground state triplet oxygen to create singlet
oxygen (102) (Zepp et al,, 1977; Cory et al., 2009). Other routes of hy-
droxyl radical formation include photochemical cleavage of *OH from
H20:2 (Zellner et al., 1990), NO3 (Zellner et al., 1990; Jankowski et al.,
1999; Zafiriou and True, 1979), and NO2 (Zellner et al., 1990; Jan-
kowski et al,, 1999). The possible role of hydroxyl radicals in TiO:
photocatalysis of selenite to selenate (Gruebel et al, 1995) strongly
suggests hydroxyl radicals formed by other photogeneration pathways
could also serve as a natural selenite oxidant similar to oxidation of As
(1) to As(V) (Kim et al., 2014). Lastly, Os, already shown to be a facile
oxidant of selenite in the drinking water treatment context (Liu et al.,
2019), also has relevance to contaminant oxidation in natural systems.
03 can be formed when NOx and volatile organic compounds react with
sunlight (Ripperton et al, 1971) or by stratospheric intrusion to
cumulonimbus clouds (Winterrath et al,, 1999). Oz could potentially
encounter reduced selenium when soils, waters, or mineral formations
are exposed to the atmosphere. O3 diffusion to soils has been reported to
alter microbial community structure and function (Zhang et al,, 2019).
Ground-level ozone concentrations near industrial activity can exceed
100 ppbv (Sillman, 1999), and elevated ozone concentrations have been
observed in rural forests (Li et al., 2018) and rural petroleum processing
areas (Vijayaraghavan et al,, 2016). Ozone has been studied as a po-
tential oxidant of organoselenium in the context of atmospheric envi-
ronments (Rael et al, 1996), and ozone encounters with inorganic
selenium in clouds might be possible.

The secondary objective of this work is to understand the O transfer
mechanism of selenate formation, that is, after inheriting three O from
selenite, whether selenate acquires its fourth O from the oxidant by way
of direct O transfer or from ambient water. There is some evidence that
H2SeOs oxidation to H2SeOs involves a transfer of O from the oxidant
H20: accompanying electron transfer for selenic acid formation (Lune-
nok-Burmakina et al,, 1967). In a similar manner, enzymatic oxidation
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of nitrite to nitrate involves incorporation of one O from the oxidant O:
(DiSpirito and Hooper, 1986). In addition to providing useful insight to
the selenite oxidation mechanism, identifying the source of the fourth O
in Se0f™ has value in O stable isotope systematics in selenium redox
cycling. Specifically, because selenate-5'80 values are stable at envi-
ronmental temperatures and pH (Okumura and Okazaki, 1973a; Hall
and Alexander, 1940; Kaneko and Poulson, 2012), 5'80sc04 values could
be used to trace dissolved selenate origin and transport in water.
Different selenite oxidation processes might imprint different 580
values on selenate. Selenate inherits three O from selenite, and because
selenite O rapidly exchanges all its O with ambient H20 (Okumura and
Okazaki, 1973b), at least three O in selenate will be reflected by 518020
values. Or, if H20 is the source of the fourth O in selenate, 5 80se0s
might be dictated entirely by 880 of H.0 (plus some fractionation
caused by O transfer), which is based on latitude-dependent
precipitation.

Accordingly, batch reactor experiments were conducted to evaluate
different reactive oxygen species for their ability to oxidize selenite to
selenate. The O transfer mechanisms participating in selenate formation
are inferred by 180 tracing. The results are interpreted to identify which
ROS might be important in the redox cycling of selenium in nature and
to highlight influences on 880 values of selenate.

2. Materials and methods
2.1. Experiments

Deionized water (>18 MQ) and chemicals purchased at high purity
were used in all experiments. A summary of conditions for all batch
reactor experiments appears in Table S1 in the Appendix. Millimolar
concentrations of selenite were required for sample mass requirements
for isotopic measurements. Kinetic experiments that evaluated the rate
of selenite oxidation to selenate by chemical and photochemical oxi-
dants described below were carried out using a solution of ~1 mM
selenite buffered at pH 7.0 with 5 mM phosphate buffer in deionized
water unless otherwise noted. At this pH, selenite (pKaz 8.3) is present as

95% HSeO3 and 5% SeO%f, but are collectively referred to as selenite for
simplicity. Aqueous samples were taken over time and were either
analyzed for selenite and selenate concentrations immediately or stored
at 4 °C after cessation of the reaction by removing the samples from light
or quenching the reaction, such as by addition of 1 mM sulfite to samples
with dissolved ozone present.

Batch reactors with hydroxyl radicals as the primary oxidant were
performed via photochemical conversion of H202. Solutions of selenite
with 200 mM H20: were irradiated at 950 W with a Xe arc lamp (ozone-
free) (Oriel Instruments) and a 90° reflecting mirror for 8 h under
magnetic stirring. The distance between lamp and solution was 20 cm.
To prevent temperature rise as a result of light radiation, the experiment
was performed in a water jacketed reactor. Solution temperature was
monitored during the experiment and was kept at 20 + 1 °C. Dissolved
nitrate (200 mM) and nitrite (200 mM) were also separately tested
instead of H20: for photochemical generation of hydroxyl radicals.
Crystal violet was also tested as a positive control. Batch reactors with
H20: alone as the oxidant were conducted with selenite and 2 M Hz0:
and stored in the dark under static conditions.

The photochemical experiment that tested singlet oxygen as an
oxidant involved irradiating, under magnetic stirring, solutions of sele-
nite with rose Bengal (0.25 mM) as a photosensitizer. Rose Bengal is
expected to absorb light within ~500-600 nm to form an excited state
that transfers energy to ground-level (triplet) state 30 to form 'O..
Furfuryl alcohol was irradiated as a positive control.

Ozonation experiments were performed by bubbling ozone gas using
an ozone-insensitive stone diffuser through a solution of 0.1 mM tert-
butanol (as a hydroxyl radical scavenger) and selenite in a 50 ml glass
bottle for 20 min under magnetic stirring. In one experiment, equimolar
concentrations (10 mM) of selenite and sulfite were present to compare
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competitive ozonation rates. Ozone was produced using a Triogen ozone
generator fed with 99.999% 02 (Airgas). All ozone batch reactors were
performed in one setting after time for maximum ozone generation was
reached, in order to utilize the same ozone flow rate across all kinetic
experiments or all isotope tracing experiments.

The batch reactor with sodium hypochlorite as the oxidant was
conducted with 10 mM NaOCl in 1 mM selenite buffered at pH 7.0 with
5 mM MOPS buffer. Concentration timecourses were not measured in
our solutions of chlorine and selenite because selenite concentrations
decreased below detection limit before time to measurement.

Peroxynitrite and potassium superoxide were also separately tested
as a possible oxidant by addition of powder (10 mM) to a 1 mM selenite
solution buffered at pH 7.0 with 5 mM phosphate. These experiments
were performed at 4 °C due to the compound’s instability at room
temperature.

The experiments that measured 8'80scos values after reaction with
selected oxidants were conducted at higher initial selenite concentra-
tions (5 mM) without buffer to prevent interferences from phosphate on
31805e04 analysis or to prevent organic buffer parallel reactions, if any,
with ROS. The selenite solutions were prepared in deionized water with
varying 5180 values (4, 5, 10, 20, 30, and 35%o.) which were made by
addition of 97 atom% enriched 10 H»0 (Cambridge Isotope Labora-
tories, Inc.). The pH of these solutions was adjusted to 7.0, and selenite
was allowed to equilibrate with Hz0 at least overnight. Aqueous samples
for initial 5'%0m0 were taken prior to the addition of oxidants, and
aqueous samples for 88020 and 5'80se0s were taken at the end of the
reaction timecourse. Samples for 8180120 were stored in 2-ml crimp-
sealed glass vials, and samples for 8180sc04 were processed immedi-
ately without storage (Section 2.2). The solution pH was monitored
during reaction and maintained close to 7.0 using HCl and NaOH ti-
trants. Temporary pH deviation, if any, was less than 0.7 pH units.

2.2. Analytical methods

Dissolved selenite, selenate, sulfite, and sulfate concentrations were
quantified by anion chromatography with a Dionex DX-120 instrument
operating with a lonPac AS9-HC analytical column and a 11 mM NazCOs
eluent at 1.0 ml min~! flow rate (Schellenger et al., 2021). Dissolved
ozone concentrations were measured colorimetrically by method 4500-
03 B (Rice et al, 2012). Benzoic acid, its oxidation products (4-
hydroxybenzoic acid, 3-hydroxybenzoic acid, and 2,5-dihydroxybenzoic
acid), and furfuryl alcohol were measured by high pressure liquid
chromatography (HPLC, Agilent 1260 Infinity Quaternary LC) with a
C18 column, a 1.0 ml min~! flow rate, an eluent of 20% methanol with
80% 25 mM phosphate buffer at pH 2.1, and UV detection, from a
modified version of a previous method (Sanchez-Polo et al., 2005).
Crystal violet concentrations were measured spectrophotometrically at
590 nm by comparison to standard solutions of known concentration
(Corsaro, 1964).

8180 values of water were measured with a DELTAplusXP isotope
ratio mass spectrometer coupled to a Thermo-Finnigan Gasbench II
preparation and introduction system (Yale Analytical and Stable Iso-
topic Center, YASIC) (Larese-Casanova and Blake, 2013). Water samples
were injected to a 12 ml exetainer previously flushed with Helium and
0.3% CO2 gases and allowed to equilibrate at 25 °C for at least 24 h.
Headspace samples were introduced to mass spectrometer and detected
for the isotopic ratio of 180/160. The 880 values were calibrated to the
Vienna Standard Mean Ocean Water (VSMOW) scale using in-house
standard waters. Instrument accuracy to VSMOW scale was further
checked with periodic measurements of VSMOW2 (0%.) and SLAP2
(55.5%0) waters. Six replicates of each water sample were measured
and averaged, and the average of the standard deviations on H20 880
values was 0.1%o.

5180 measurements of selenite and selenate were performed after
processing aqueous samples according to a barium selenite or barium
selenate precipitation method (Larese-Casanova and Blake, 2013) which
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requires >1 mM of Se. For solutions containing both selenite and sele-
nate (i.e. after incomplete selenite oxidation), the dissolved selenite was
first removed by a Cez(SeOs3)s(s) precipitation method (Xia et al, 2020).
The BaSeOs() or BaSeOas(s) was collected, dried, and weighed to deter-
mine selenium recovery (typically 95-100%). 3180 values were
measured using a Thermo thermochemolysis elemental analyzer (TC/
EA) (reactor temperature 1450 °C and GC column temperature 95 °C)
and a Thermo Delta V mass spectrometer coupled via a Confolo IV
interface (Environmental Isotope System Lab, University of Delaware).
Approximately 300 mg of each BaSeOs3(s) or BaSeO4(s) sample was placed
in Costech pressed silver capsules and measured. Samples were cali-
brated to the VSMOW scale using an in-house barium selenate standard
of _10.3%o, an in-house silver phosphate standard of = 10%o, and IAEA-
601 benzoic acid with value 4 23.3%o. Across all time points, samples
were measured in triplicate and averaged, and the averaging of the
standard deviations on BaSeOs(s) or BaSeOa(s) 5180 values was 0.4%o.

3. Results and discussion
3.1. Evaluation of photogenerated reactive oxygen species

The reaction Kkinetics specific to our required experimental condi-
tions were first characterized to confirm the time to complete selenite

oxidation and to compare briefly the relative rates of selenite oxidation
by several different ROS. First, photogenerated *OH readily oxidized
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Fig. 1. Reaction timecourses for selenite oxidation to selenate at pH ~7 with
(a) 200 mM H20: + UV light, (b) 2 M H:02 alone, and (c) ozone.
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selenite to selenate at pH 7.0. When 200 mM H:0: was illuminated with
UV light, ~5 mM selenite was oxidized within 3 h to ~5 mM selenate
(Fig. 1a). Neither direct photolysis alone nor 200 mM H:0; alone within
control reactors were able to oxidize any selenite (Fig. S1 in the Ap-
pendix), leaving the photogenerated *OH as the likely oxidant, which
forms according to H202 4 /v — 2°0H. To further confirm the presence
of *OH created within our setup, a solution of 1 mM benzoic acid was
also illuminated at pH 7.0 and with either 200 mM H:0: or 200 mM
NO3, and the oxidation products 4-hydroxybenzoic acid, 3-hydroxyben-
zoic acid, and 2,5-dihydroxybenzoic acid were detected by HPLC, which
are typically formed by *OH addition to the benzene ring (Klein et al,,
1975).

The rate of selenite oxidation depended on the source of *OH. When
dissolved nitrite was illuminated, only 0.1 mM selenite was oxidized
within 3.5 h, and no observable selenite oxidation occurred when dis-
solved nitrate was present (Fig. S1). The faster rate with H20, compared
to nitrate and nitrite at the same concentrations could be due to two
°OH forming from H:0: instead of one and a possibly more facile or
faster -OH bond cleavage. The much higher selenite reactivity with H20:
is consistent with Hz0; having the greater *OH quantum yield (0.98,
compared to 0.07 for NOz and 0.02 for NO3), as measured by photolysis
at 308 nm and 298 K (Zellner et al,, 1990). The greater reaction rate of
H202 compared to NO3 and NO2 was also confirmed in our setup using
the organic probe compound crystal violet (Fig. S2). *OH were also
implicated as the oxidant (in addition to photogenerated holes) in
selenite oxidation during illumination of a semiconducting TiO: pho-
tocatalyst (Gruebel et al, 1995). Our results support the notion that
dissolved *OH alone formed from O bond cleavage from homogenous
solutes can also oxidize selenite fairly rapidly.

While 200 mM H:0: alone was not reactive to selenite, H20, alone at
10-fold higher concentrations (2 M) at pH 7.0 was able to oxidize only
0.6 mM selenite to selenate over four days (Fig. 1b). This observation is
consistent with no observed selenite oxidation at circumneutral pH and
low H20:2 concentrations (Albrecht et al,, 1999). The rate of oxidation by
H20: can be enhanced at low pH where selenious acid is the dominant
selenium species (Hughes and Martin, 1955).

Selenite transformation and selenate formation by *OH and by H:0:
alone could be modeled with a pseudo-first-order rate model with the
concentration profile equations C_Ce™Se" for selenite loss and
C;,,(I-e"‘SEV”) for selenate formation. Fig. S1 summarizes the fitted
data for all experimental replicates for several oxidants, and fitted co-
efficients appear in Table 1. The rate coefficients ks.;y and ks.»z apply to
these conditions where *OH or H:0: are at unlimited supply compared
to selenite and for circumneutral pH. The rate coefficients for selenite
loss ks.;y were similar and within a factor of 2 for the rate coefficients of
selenate formation ks Selenite oxidation with *OH from H.0; illu-
mination was repeated in triplicate, and similar rate coefficients were

Table 1

Reaction rate coefficients for selenite oxidation and selenate formation by *OH,
H202, and O3 oxidants at pH 7.0. Model fits appear in Fig. 1 and Fig. S1. Rate
coefficients are modeled values + one standard deviation on the model fit. Ex-

periments with H202 + UV were performed in triplicate, and experiments with
03 were performed in duplicate.

Oxidant Se(IV) rate R’ Se(VI) rate R’
coefficient coefficient
First-order K seqry (hr™) K serp (r™h)
reactions
H20; + UV 1 2.61 = 0.72 098  1.05 + 0.20 0.91
H202 + UV 2 1.35 = 0.31 0.96 0.80 = 0.07 091
H202 + UV 3 2.76 £ 0.46 0.95 1.56 = 0.12 0.85
H202 0.011 + 0.001 0.98 0.009 = 0.001 0.96
NO3 + UV 0.027 + 0.01 0.80 1.79 = 0.77 0.53
Zero-order ko&,(,y, (hrfl) kosg(w) (hrfl)
reactions
031 0.09 = 0.01 0.99 0.10 = 0.01 0.99
032 0.14 + 0.01 0.99 0.15 + 0.01 0.99
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observed, indicating good reproducibility. The rate coefficients for
H202 + UV were approximately 100-fold greater than the coefficients
for NO3 + UV or for H202 alone.

A second-order rate expression between H:0: and selenite was
recently reported, based on observations of H20: loss under constant
selenite concentrations (Liu et al, 2019). Their kinetic analysis gave a
second order rate coefficient 2.3 X 10 > M~ !s~!at pH 7.0, which for our
conditions (2 M H202, pH 7.0) would produce a predicted pseudo-first-
order kg of 0.2 h’l, a value that is about 20 times higher than our
measured value of 0.011 h™%,

Singlet oxygen was also explored for selenite oxidation, but no
selenate formation occurred (Fig. S1). 10, was generated photochemi-
cally by illuminating a photosensitizer, rose Bengal, with O2-saturated
water. The presence of 10, was first confirmed using the organic probe
compound furfuryl alcohol (Fig. S3) which is known to become oxidized
to furfural by o, (Haag et al., 1984). However, no selenite oxidation
was observed with rose Bengal illumination over 5 h. The superoxide
anion Oz was tested by addition of potassium superoxide powder to
selenite solution in a single trial, and no selenite oxidation was observed.
Although not photochemically generated, peroxynitrite (HOONO) has
been hypothesized to oxidize selenite to selenate under circumneutral
pH (Albrecht et al, 1999), but our experiment exposing selenite to
peroxynitrite also produced no selenite oxidation. Selenite does not
appear to be susceptible to oxidation by these ROS.

The observed kinetic rates indicate that among all possible photo-
generated oxidants in natural waters, *OH are the fastest oxidants for
selenite. In addition, H202, as opposed to NO3 and NOz, might be the
most likely photosensitizer for *OH formation in selenite oxidation.
H20: can form in surface waters by sunlight illumination, and concen-
trations up to several uM are possible (Cooper et al., 1988). *OH for-
mation from nitrate or nitrite might also be important if concentrations
are significantly higher than H:0.. Nitrate concentrations up to 1 mM
are possible in agriculture-impacted waters but more commonly in the 1
100 uM range (US EPA, 1987). While our results show H202 is more
photosensitive compared to nitrate at equimolar concentrations, nitrate
can be responsible for up to ~90% of *OH production in surface waters
(Hoigné et al., 1988; Mostofa et al., 2013)

3.2. Selenite oxidation by ozone

The kinetics of selenite oxidation by Oz was recently reported, based
on measurements of O3 loss under excess selenite concentrations (Liu
et al,, 2019). Here, O3 needed to be continuously bubbled into selenite
solution because the selenite concentration (1-5 mM) was above the
dissolved ozone saturation concentrations (about 150 uM at room
temperature under our synthesis conditions). After O3 saturation was
achieved in 20 min, selenite solution was added, and some initial sele-
nite oxidation to selenate occurred instantaneously due to the present
dissolved O3 which was immediately consumed (Fig. 1c). The selenite
removal and selenate formation was subsequently linear during further
ozone dissolution. The linear kinetic profile is a strong indication of
mass transfer limitations caused by ozone transfer via thin film diffusion
into water, and such behavior can be modeled with the zero-order re-
action rate law C=C,-k’seivt for selenite loss and C=C, K sevit for
selenate formation. Duplicate experiments produced similar values of
kosgly and kosgw (Table 1) for the range of linear concentrations (Fig. S1).
03 decomposition to ®OH, and therefore a creation of a second oxidant,
is not expected at pH 7.0 (Sotelo et al., 1987).

These measured reaction coefficient values are specific to our
gaseous O3 settings. To better estimate a reaction rate more intrinsic to
selenite and more relevant to environmental conditions, a second
experiment was performed adding Os to a solution containing both
selenite and sulfite at equimolar concentrations in order to compare
their relative rates. Selenite and sulfite concentrations decreased line-
arly over 10 min, and selenate and sulfate concentrations concomitantly
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increased linearly (Fig. S1). Sulfite was oxidized preferable compared to
selenite, with the zero-order rate coefficient for sulfite oxidation (46.2
h’l] being approximately 20-fold greater than that for selenite oxidation
(2.4 h’l). Selenite oxidation by Os in nature could thus be envisioned as
20-fold slower than sulfite oxidation. The second-order rate coefficients
for ozone oxidation of bisulfite (8.0 x 105M’1s’1] and sulfite (1.3
10° M1 sfl) have previously been recorded under acidic conditions (Liu
et al, 2001). The 20-fold lower slope for selenite compared to sulfite
species for oxidation by ozone here at pH 7.0 under mass transfer
limiting conditions may suggest that biselenite and selenite could have
second-order rate coefficients on the order of 10*M™1s tand 108 M™!
s7h respectively, although such values might be applicable only at
acidic pH. A recent report (Liu et al., 2019) provides a second-order rate
coefficient for selenite ozonation applicable to circumneutral pH as 513
M1 s’l, determined under excess selenite conditions at pH 7.0 but not
with continuous O3 gas bubbling and therefore without any mass
transfer limitation.

3.3. Selenate formation pathways

Because selenate will inherit three O from selenite, the control on
selenite 5'80 values was first addressed. The complete mixing of selenite
O with ambient H20 has been reported previously (Okumura and Oka-
zaki, 1973b), but these observations were noted at elevated tempera-
tures and extreme pH values (1 and 14). Complete O mixing between
selenite and H20 under our experimental conditions and prepared 5180
waters was first confirmed (Fig. 2). The slope of the correlation between
5180 of selenite and §'%0 of Hz0 is nearly 1, which shows 100% of O in
selenite (all three O atoms) is dictated by the 880 value of solvent
water. The intercept of the relationship (3.6) represents the fraction-
ation value Fseoznzo0 of 3.6%o0 for this exchange step at room
temperature.

It can thus be concluded that initial selenite prior to oxidation holds a
5180 value entirely determined by the solvent water at the ambient
temperature. Consequently, after oxidation to selenate, those three of
the four O atoms in selenate are inherited from selenite and must reflect
8180 of solvent water. The fourth O atom in selenate must be acquired
either from the oxidant or the solvent water as well. The 5!80 value of
selenate can then be described as

8" 0se0s = % 8" Osc03 + % 8"°05 + Fseou—se0s 1

where 5™0s.03 is the 520 value of selenite, 5180, represents the 5180
value of the unknown source, and Fseos-se03 is the O fractionation for the
oxidation step. Substituting the selenite-water O exchange equation
yields.

(
8" 0sc04 = % 8" Oppo + Fseos—io  + % 803 + Fseo—seo (2)

If the four)th O comes from H:0, 5180, becomes 81801-120, and Eq. (2)
becomes.

3050 560, = 0.935"°0 H,0 - 3.57 .
s .
R’ =0.999 -
é 20 L
2 .7
= .
o 7
3 10 -
COO Ls -
o -
0 o
.
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5"°0 H,0 (%o)

Fig. 2. Linear correlation between §'®0sco3 and 88020 after 24 h equilibra-
tion at room temperature.
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3" 0sc04 = 8" O + % Fseos _ino + Fseos _seos (3)

In this case, 5%0se04 is linearly dependent on 880wz, and Eq. (3)
can be expressed as a linear equation of '80se0s versus §'80m0 with a
slope of 1. If the fourth O is donated by the oxidant, 880, becomes
51800y, and Eq. (2) becomes.

8" 0sc04 = % 8" Opz0 + %48" Oox + % Fseos—120 + Fscoa—se03 (4)

In this case, Eq. (4) plotted as 8180504 versus 5'80y20 would have a
slope of 0.75. Therefore, the two reaction pathways could be distin-
guished by the slope value of either Egs. (3) or (4). The intercept of such
regression line would be a combination of the isotopic composition of
the oxidant, the temperature-dependent equilibrium O fractionation
between selenite and water, and the O fractionation for the oxidation
step which would also be oxidant-specific. To determine the origin of the
fourth O in selenate, selenite was oxidized in waters of varying 58020
values, and the subsequent 81805004 were measured and plotted against
8180120 values for slope calculation (1 or 0.75). Based on the evaluation
of reaction rates with ROS above, the oxidants chosen for pathway
analysis were H:0; [V, H202 alone, O3, and HOCl as a positive
control.

Photochemically-produced hydroxyl radicals were induced from
H20: in each of the six waters with added selenite, and the reaction was
allowed to proceed until complete selenate formation. The slope of 0.73
in Fig. 3a suggests the fourth O does not come from water and strongly
implies the fourth O comes from °*OH itself. With an increase in sele-
nium oxidation state from selenite to selenate and each O in *OH
capable of accepting one electron, the presumed reaction stoichiometry
at pH 7.0 is HSeO3 + 2°0H — SeOLZf H20 to satisfy the two electron,
one O transfer process. The O from one *OH is proposed to form a
double bond with selenium at the selenium lone pair of electrons to form
the tetrahedral SeOAZf (Fig. 4, reaction 1).

Selenite oxidation by H20: alone in varying 880 waters also resulted
in a slope of nearly 0.75 in Fig. 3b and implies one O transfers directly
from Hz02. A direct O transfer from H202 to biselenite and the resulting
intermediate is proposed (Fig. 4, reaction 2). However, the reaction of O
transfer from H:0: was first proposed between selenious acid and Hz02
at acidic conditions and could involve two different reaction in-
termediates (Hughes and Martin, 1955). The formation of perox-
yselenite (HOOSeOOH) was proposed to first occur by combining H20:
and SeO: (Fig. 4, reaction 3). SeO: is the dehydrated form of H.SeOs but
may be present only at acidic conditions and in low concentrations.
Peroxyselenite was proposed to react with either biselenite in a one O
transfer process (Fig. 4, reaction 4) or with SeO: in a two O transfer
process (reaction 5). The former would result in one O from H:02
incorporated into selenate and produce a slope of 0.75, but in the latter
selenate would inherit two O from H:02 and result in a slope of 0.5, an
option which must be eliminated as a possibility. Only reactions 2 and 4
are consistent with the relationship in Fig. 4, and with SeO: rare at pH
7.0, the direct O transfer reaction might be most likely.

Ozonation of selenite also resulted in a slope of 0.73 in Fig. 3¢ sug-
gestive of one O transfer from Os via a reaction intermediate described
in reaction 6. O3 is assumed to have its single 0-O bond (the one easiest
to break) oriented to biselenite’s lone pair of electrons, and the reso-
nance structure shown was presumed based on a favorable electrostatic
attraction. A direct O transfer from Oz to sulfite was also proposed to
form a similarly structured intermediate which was supported by ab
initio calculations (Liu et al, 2001). Reaction kinetics reported for
selenite ozonation were also described as consistent with this O transfer
process (Liu et al., 2019).

HOCI was also chosen as another homogeneous, one O oxidant not
produced from a separate compound like *OH from H20:. As with the
other oxidants studied here, the relationship between 8180se04 and
81801120 has a slope (0.78) close to the theoretical value (0.75) for one O
transfer, and so a direct O transfer process from HOCI is envisioned
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Fig. 3. Linear correlation between 8'80sc04 and 8'80u20 after selenite oxidation at pH ~7 by (a) 200 mM Hz0: + UV light, (b) 2 M H»0; alone, (c) ozone, and (d) 10

mM HOCL. Error bars are indicated but are typically smaller than the markers.

(reaction 7). However, this is in contrast to a hypothesized mechanism of
Cl* transfer to form ClSeO3 (Liu et al., 2019), which was based on the
proposed Cl* transfer from HOCI to sulfite to form CISO3 (Fogelman
et al., 1989). CISO3 was then suggested to react with two OH™ to form

SOLZf, Cl~, and H2O. If such a reaction occurred in our conditions, all
four O of selenate would arise from H:0, bearing a slope of 1.0 in Fig. 3d

which was not observed. In the same study, S0%~ was also proposed to
react directly with O in the deprotonated OCl™ due to Cl” being a
favorable leaving group. The isotopic relationship in Fig. 3d suggests
this pathway may be the only one occurring for selenite and because our
solution at pH 7.0 is 77% HOCI and 23% OCI, it is possible both HOCI
and OCl™ react with selenite via O transfer.

3.4. Environmental implications

Due to the O transferring from the oxidant during selenite oxidation,
the resulting selenate 5180 values appear to be specific to the oxidation
pathway. The intercepts of the linear regressions in Fig. 3 are all
different for each of the four oxidants, with a range of 0.16 to 17.6.
The intercept, here termed an overall O fractionation between selenate
and H20 (Foveran), represents the sum of the % 5800, % Fseo3.120, and
Fseo4-se0s values in Eq. (4). Foveran should be unique for the oxidant
which provides a specific 8800 and Fseosscos values, and  Foveral
should also be dependent on temperature which influences Fseo3-nzo,
and Fseo4-se03. The Fseosz-n20 value at 20 °C is about 3.6, based on the
interceptin Fig. 2. However, 81800y, Fseo3-nz0, and Fseosseos still need
to be determined for the environmentally relevant oxidants at envi-
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sure 880, for some oxidants such as *OH may not yet exist. Should
these values be obtained, a catalog of expected Foveran values for all
oxidants could be created, and these could be compared to a measured
Foverai (based on measured 38020 and §'80scos from natural waters)
to identify the most likely oxidant for selenite in natural settings. The
analytical challenges to harvesting enough selenate and measuring
81805004 from natural waters (Xia et al, 2020) also need to be overcome.

Selenate inheriting three O from H20 (through selenite mixing O

with H20) also implies that 8180sc04 in nature will be influenced by the
location and hydrologic characteristics of its host water. 3180120 values
of surface waters are influenced by 88020 values in precipitation,
which are determined by latitude, temperature, water vapor source, and
condensation elevation (Jouzel et al, 2013; Crawford et al, 2013).
Evaporation may also enrich 318020, particularly for closed lakes (Gat,
2010). Across the western United States for example, variations in
88020 can be up to 18%o (Henderson and Shuman, 2009). 5%0se0s
values might therefore be specific to individual lake sources when
comparing lakes over large distances or different climates. River systems
spanning broad latitude ranges, though, might produce 3'80sc04 values
as a result of mixing multiple selenate sources.

While this study examines four O-bearing oxidants, it is possible that
selenite oxidation by a non-O bearing oxidant might also exist in nature.
For example, microbial selenite oxidation might not involve an O-
bearing oxidant but instead an enzyme-mediated electron transfer and
an O incorporation from H:0. Little is known on the bacterial species
and the metabolic pathways responsible for selenite oxidation so far,
however. Selenite oxidation has been observed for energy derivation by
some sulfite-oxidizing bacteria (Dowdle and Oremland, 1998) and a soil
bacterium (Sarathchandra and Watkinson, 1981) and has been specu-
lated to occur fortuitously by non-specific sulfite-oxidizing enzymes. No
obligate selenite-oxidizing bacterium has yet been isolated. This class of
sulfite-oxidizing enzymes, in particular the well-studied sulfite-dehy-
drogenase, contains a Mo(VI) or Fe(Ill) centered group that couples O
from H:0 to sulfite while accepting two electrons from sulfite to form
sulfate (Bailey et al., 2008). It is expected that such enzymes as well as
other monooxygenases capable of selenium oxidation (Andrade et al,
2011) might also incorporate O from H20 into selenate. If such a process
wgre to congsal 5'80se04. values in nature, the relationship, between
0"%0se04 and o' °Onzo would be better described by a ?our O inheritance
from H:0 as in Eq. (3).

Additionally, chemical dissolution of elemental selenium by
microbially-produced sulfur metabolites could be a significant process in
reducing environments (Goff et al, 2019). While this process did not
result in selenate formation, subsequent oxidation processes of the
formed S-Se compounds now require evaluation as potential routes for
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Fig. 4. Proposed selenite oxidation pathways to selenate.

selenate formation. Chemical dissolution of elemental selenium is also
possible by hydroxyl radicals (Gao et al, 2002) and hydrogen peroxide
(Lu et al, 2017), and these reports suggest or confirm selenium oxyanion
formation. Selenate could possibly be formed directly from Se(0)
oxidation, and how these processes affect 5180 of selenate requires
evaluation. If dissolved selenite forms as an intermediate but oxidizes
before O exchange with water, 3180sc04 might not be influenced by
880420 and only by the oxidant 8180,

The results of this work contributes to the cycle of how 3'80sc04
values form and transform in nature. While 5'80sc04 values in recently
formed selenate should be influenced by 880 of host water and of ox-
idants under oxidizing conditions (exposed to atmosphere or light),
8180se04 values can also be enriched during selenate reduction by
biogeochemical processes (Schellenger and Larese-Casanova, 2013;
Schellenger et al,, 2015). The oxygen isotopic information derived from
our studies could be combined with selenium isotopic fractionation
values (Johnson et al,, 1999; Herbel et al., 2000; Johnson et al., 2000;
Herbel et al, 2002; Johnson and Bullen, 2003; Ellis et al, 2003; Clark
and Johnson, 2010; Schilling et al, 2011b; Schilling et al, 2011a;
Schilling et al., 2013; Mitchell et al., 2013; Schilling et al., 2015; Basu
etal, 2016; Xu et al, 2020) for interpreting selenium fate and transport
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in natural settings.

The kinetic experiments do provide some information on likely ki-
netic models that could describe these reactions and on which ROS are
even possible to oxidize selenite in water. However, our modelling does
not include terms for the oxidant concentration, unlike a recent report of
selenite oxidation with several other oxidants (Liu et al,, 2019). Steady
state hydroxyl radical concentrations in surface waters are in the range
of 107 t0 107 M (Minero et al.,, 2007; Page et al., 2014; Timko et al,
2014), whereas ours was not directly measured during photoproduction
but was likely several orders of magnitude higher due to the 200 mM
hydrogen peroxide or nitrate provided. Hydrogen peroxide concentra-
tions in surface and rainwaters have been reported in the 10 8t0 10> M
range (Cooper et al,, 1988; Cooper and Lean, 1989), whereas our ex-
periments included 0.2-2 M. Accordingly, the rates of selenite oxidation
to selenate in natural waters by hydroxyl radicals are likely much slower
than the rates reported here. With dissolved selenium concentrations in
surface waters closer to 10 °to 10~° M, a high relative amount of se-
lenium to ROS might require up to years for any significant selenite
conversion to selenate during daylight hours.

Selenite and selenate in surface waters might instead be sourced from
environments with greater abundance of oxidants. For one, the highly
oxidizing conditions of the atmosphere needs to be evaluated as a place
for oxyanion formation during atmospheric transport of selenium spe-
cies. Several industrial and natural sources contribute to atmospheric
selenium emissions annually (Cutter and Cutter, 2001; Mosher and
Duce, 1987). Rates are needed for oxidative, atmospheric trans-
formation of elemental selenium and inorganic selenides, similar to
organic selenides (Rael et al, 1996). Because atmospheric sulfite
oxidation by ozone and hydrogen peroxide is considered important
(Ermakov et al., 1997), corresponding reactions for atmospheric selenite
might be an order of magnitude slower. Subsequent wet deposition of Se
to terrestrial and aquatic environments (Lag and Steinnes, 1974) might
transport selenium as oxyanions.

4. Conclusions

Reactive oxygen species were evaluated for selenite oxidation to
selenate within batch reactors at circumneutral pH. Of the ROS tested,
® OH and H:20: could oxidize selenite, but no conclusive evidence for
superoxide, singlet oxygen, or peroxynitrite to oxidize selenite was
found. The photochemical generation of OH and subsequent oxidation
of selenite was much faster for H202 compared to nitrate or nitrite on an
equimolar basis. Selenite oxidation occurring in surface waters, if any,
may be part of natural photochemically-driven ROS production and
scavenging reactions. Rapid selenite oxidation was also observed with
03, and this process may be relevant in selenium redox cycling where
ozone occurs, i.e. in waters or water vapor in close contact with elevated
gaseous ozone concentrations.

Oxidation of selenite by *OH, H202, O3, and HOCl/OCl™ appears to
transfer one O from the oxidant to form selenate. This implies formed
selenate in surface waters will have site-specific and process-specific
8180 values that are controlled by the 3180 values of host water and
the oxidant. This information can be useful in tracing the source,
transport, and fate of selenate in natural waters.
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