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Immobilization of selenium oxyanions from water resources is a helpful strategy to mitigate exposure to Se at
concentrations toxic to human and ecosystem health. Pyroaurite-type minerals are layered double hydroxides
with high anion exchange capacity with relevance in subsurface environments and applicable to water treatment
technologies. Three types of Mg(Il)-Fe(Il) pyroaurites and Fe(II)-Fe(III) green rusts were evaluated in kinetic
studies to determine the influence of different interlayer anions on the uptake of dissolved selenate (Se07 ) and
selenite (HSeO3, Se03 ). Selenate and selenite uptake extents with pyroaurites were controlled by the identity of
the interlayer anion according to the order CI-> SO3 > CO%", as predicted by known interlayer anion prefer-
ences for LDH. The kinetics of Se uptake typically expressed a rapid initial anion exchange step followed by a
slow re-exchange back to solution due to competition with expelled interlayer anions. Excess dissolved interlayer
anions and high pH values exacerbated this reverse exchange of Se. The results suggest Se oxyanions taken up by
pyroaurites may not be firmly sequestered. Selenate uptake by redox-active green rust appears to be subject to
the same interlayer anion preference as non-redox active pyroaurite, suggesting that the ability of green rust to

reduce selenium oxyanions may be limited by the anion exchange process.

1. Introduction

Selenium (Se) is well-distributed in soils worldwide, and elevated Se
levels in seleniferous soils, sediments, and deposits can lead to Se
contamination of water resources. Dissolved Se occurs as the oxyanions
selenate (SeO?f), selenite (SeO%_), and hydrogenselenite (HSeOs3) (the
latter two herein collectively referred to as selenite due to their simul-
taneous presence at the pH values of study), and their toxicity to human
and ecosystem health has been established (Lemly, 2002; Lemly, 2004;
Painter, 1941). Se concentrations in groundwaters have been found as
high as 1 to 6 ppm (Cannon, 1964; Bailey, 2017; Deverel and Millard,
1988) which is far above the WHO maximum guideline value of 10 ppb.
To alleviate the problem of Se, water management strategies have
focused on promoting Se removal from water to other phases, such as via
uptake by plants (Terry et al., 2000; Hansen et al., 1998) in situ
reductive precipitation (Morrison et al., 2002; Williams et al., 2013),
volatilization to organoselenides (Hansen et al., 1998; Frankenberger
and Arshad, 2001), or adsorption to soil components (Hansen et al.,
1998; Ford et al., 2007). Water treatment or pollution control technol-
ogies also harness adsorption processes for Se removal (Kapoor et al.,

1995). Of relevance to both natural and engineered systems are reactive
iron minerals which are well-distributed in soils (Cornell and Schwert-
mann, 2003; Siebecker et al., 2018; Trolard et al., 1997) and can be
synthesized to target Se oxyanion sequestration (Tsuji, 2002; Holmes
and Gu, 2016).

Pyroaurite and pyroaurite-type minerals are iron-bearing layered
double hydroxides (LDH) utilized specifically for their capacity to
remove anionic pollutants from water (Goh et al., 2008). Pyroaurite
(MgHgFeIII (OH)g[CO3 o.5@2H-0]) is constructed of brucite-like sheets of
Mg(II)(OH), and Fe(IINOH3 octahedral sheets, and the layer positive
charge is offset by anions occupying the interlayer space along with H,O
(Mills and Christy, 2012). The pyroaurites can form with a variety of
different interlayer anions depending on the water chemistry of syn-
thesis or genesis (Bruun Hansen and Koch, 1995; Meng et al., 2004).
Because many of these interlayer anions are only weakly bound, the
anions are readily exchangeable with solution anions.

The anion exchange capacity of LDH, coupled with thermal stability
and high surface area, (Pigna et al., 2016; Sajid and Basheer, 2016)
makes these minerals attractive as a potential sorbent for environmen-
tally relevant contaminants. In general, LDH exhibit a preference for
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anions in the order of CO3~ > SO3™> OH > F > Cl™> Br > NO3
(Miyata, 1983), an order of highest to lowest charge density as well as
highest to lowest binding energies of these anions in the LDH (Li et al.,
2006). The ability of LDH to exchange anions of concern in water
pollution, including phosphate (Das et al., 2006; Xu et al., 2010; Radha
et al., 2005), arsenite and arsenate (Pigna et al., 2016; Xu et al., 2010;
You et al., 2001; Yang et al., 2005), chromate (Prasanna and Vishnu
Kamath, 2008; Das et al., 2004a; Zhang and Reardon, 2003) nitrate
(Sasai et al., 2012), and selenite and selenate (You et al., 2001; Yang
et al.,, 2005; Zhang and Reardon, 2003; Das et al., 2002) has been
investigated. Studies suggest that the effectiveness of LDH for adsorbing
these anions depends both on environmental conditions (particularly pH
and presence and type of competing anions) and on the specific
composition of the LDH itself (Goh et al., 2008). The mechanism of
exchange may also be influenced by the composition of the LDH sheets
(Xu et al., 2010; Radha et al., 2005).

The pyroaurite-type Fe(ID)-Fe(III) variety known commonly as green
rust has the capability to exchange and reduce anions including nitrate
(Hansen et al., 1996; Hansen et al., 2001), chromate (Skovbjerg et al.,
2006; Williams and Scherer, 2001), selenate (Schellenger and Larese-
Casanova, 2013; Johnson and Bullen, 2003), and hexavalent uranium
(O’Loughlin et al., 2003; Latta et al., 2015). The redox capability makes
green rust particularly attractive for removing contaminants from water
and more firmly immobilizing them through either reductive precipi-
tation (e.g. selenate to elemental selenium (Schellenger and Larese-
Casanova, 2013) or transformation to product compounds (e.g. nitrate
to ammonium (Hansen et al., 2001)), although its natural occurrence or
its engineered utilization can be problematic because green rust itself is
less stable than many of its LDH counterparts and rapidly oxidizes in
contact with air. Green rusts have been identified within water treat-
ment technologies featuring Fe(0) (Roh et al., 2000; Furukawa et al.,
2002). In nature, green rusts may appear as the mineral fougerite
(ideally, [Fe',Fe!'5(OH)1 2] [CO3] @3H20) within Fe(Il)-rich, saturated
soils (Trolard et al., 1997; Christiansen et al., 2009; Trolard et al., 2007;
Abdelmoula et al., 1998). Chloride green rust (Schellenger and Larese-
Casanova, 2013) and sulfate green rust (Johnson and Bullen, 2003)
have exhibited different selenate removal kinetic profiles, suggesting
interlayer anion identity may also have an influence over selenate up-
take, but the carbonate intercalated fougerite variety has not been
examined yet.

The LDH most frequently studied for uptake capacity of selenium
oxyanions are the Mg-Al (Tsuji, 2002; You et al., 2001; Yang et al., 2005;
Das et al., 2004b; Paikaray et al., 2013; Chubar and Szlachta, 2015) and
Zn-Al (You et al., 2001; Das et al., 2004a) varieties, and of the Mg(II)-Fe
(III) pyroaurites only the carbonate (Das et al., 2002) and sulfate (Pai-
karay et al., 2013) intercalated versions of Mg-Fe pyroaurites have been
examined. Se uptake kinetics have been shown for the carbonate form
only, which showed a 2 h approach to equilibrium uptake (Das et al.,
2002), and considering carbonate is the most strongly held intercalated
anion, other more loosely held anions such as chloride may hold more
promise for enhancing Se uptake rate and capacity. Hence, a compara-
tive study of Se uptake kinetics with Mg-Fe pyroaurites with different
interlayer anions would be helpful to identify the importance of the
interlayer exchange process, especially if different Mg-Fe pyroaurites
also hold different specific surface areas that also contribute to uptake
extents. Moreover, the interlayer exchange process might be more
complicated for Se retention than previously thought. Although rarely
documented, there is some evidence that Se oxyanions can be re-
exchanged back into solution shortly after uptake by Mg-Al LDH
(Yang et al., 2005). LDH are noted to readily exchange anions, and here
it is suspected that released interlayer anions may become competitors
to Se oxyanions. External competing anions have also been shown to
diminish the adsorption capacity of selenate and selenite (You et al.,
2001; Yang et al., 2005; Paikaray et al., 2013; Chubar and Szlachta,
2015), however competing anion influences on exchange (and re-
exchange) kinetics are hardly documented and require further study.
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The purpose of this study is to explore how the anion exchange and
re-exchange process influences Se uptake kinetics and how anion iden-
tity affects this process for pyroaurites intercalated with Cl-, SOF~, or
CO%’. The four objectives of this work are (i) to describe the dynamics of
the anion exchange and re-exchange process, (ii) to evaluate the best
pyroaurite mineral for removal of selenate and selenite, (iii), to deter-
mine the influence of external anions on the anion exchange and re-
exchange kinetics, and (iv) to determine the influence of interlayer
anion identity on selenate removal by green rusts. The dynamics of
selenate, selenite, and interlayer anion concentrations are tracked
within batch reactors, and the water chemistry influences on them are
evaluated.

2. Experimental methods
2.1. Mineral synthesis

All chemicals used were of analytical grade, 98-99% purity.
Pyroaurite intercalated with carbonate (COs-pyr), sulfate (SO4-pyr), or
chloride (Cl-pyr) were synthesized following a modified precipitation
method (Meng et al., 2004). A solution of ferric chloride (0.25 M) and
magnesium chloride (0.75 M) was added drop wise to a vigorously
mixed 250 mL solution containing sodium hydroxide (2 M) and the
sodium salt of either carbonate, sulfate, or chloride (0.4 M) until the
solution reached pH 9.5. The resulting dispersion of red-brown pre-
cipitates was heated for 6 h at 100 °C, after which the solids turned a tan
colour, then centrifuged at 10,000 rpm for 10 min to collect the solid.
The SO4-pyr and the COs-pyr were each redispersed in a 0.1 M solution
of their respective interlayer anion and stirred overnight to remove any
remaining interlayer chloride. The solids were washed repeatedly with
deionized water by centrifugation, and dried at 70 °C for 24 h. The dry
powders were ground with a mortar and pestle, sieved with a 45-pm
sieve, and stored dry in the anoxic chamber. The assumed chemical
formulas are  Mg'3Fe'(OH)g[Cl@2H,0], Mg sFe(OH)g[SO4
0.5@2H,0], and MgHgFeIH(OH)g[C03 0.5@2H20], based on the initial
Mg:Fe synthesis ratios and the suggested number of H,O for the C1I™ and
CO%_ forms (Anthony et al., 1997).

Carbonate green rust (CO3-GR) was synthesized by a modified
induced hydrolysis method (Taylor et al., 1985) in an anoxic chamber
(99%N5/1%H, atmosphere) to avoid contamination from atmospheric
carbon dioxide and oxygen. Solutions containing 132 mM FeCl,e4H>0
and 27 mM FeCl3e6H,0 in 120 mL deoxygenated water were titrated to
pH 8 using 1 M NayCO3 under magnetic stirring for 60 min. Solids were
filtered by vacuum filtration and appropriate masses were immediately
re-suspended in pH 8.0 buffer for batch reactors. Following a similar
method, sulfate green rust (SO4-GR) was synthesized within a 132 mM
FeSO407H>0 and 44 mM FeCl3e6H,0 solution in 120 mL deoxygenated
water that was titrated to pH 8.0 using 1 M NaOH followed by filtration.
Similarly, chloride green rust (Cl-GR) was prepared by titrating a solu-
tion containing 66 mM FeCl,e4H,0, 22 mM FeCl3e6H-0, and 0.5 M
NaCl in 120 mL deoxygenated water using 1 M NaOH to pH 8 followed
by filtration. All initial Fe(II) concentrations were greater than needed
for synthesis in order to keep excess dissolved Fe(II) present to suppress
Fe(II) dissolution from GR, thereby helping phase stability. The Fe(II):Fe
(III) ratios of the synthesized green rusts were measured colorimetricly
as approximately 3.3:1, 2.3:1, and 2.9:1 for CO3-GR, SO4-GR, and CI-GR,
respectively, and these values are similar to our prior reports (Schel-
lenger and Larese-Casanova, 2013; Larese-Casanova and Scherer, 2008).

2.2. Experiments

All experiments were conducted within the anoxic chamber. Solu-
tions were prepared using deionized water deoxygenated by autoclaving
and equilibration with the anoxic chamber atmosphere. Solution pH was
buffered with the Goods buffers 2- ethanesulfonic acid (MES) for pH 6.0,
3-(N-morpholino)propanesulfonic acid (MOPS) for pH 7.0, N-Tris
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(hydroxymethyl)methyl-3-aminopropanesulfonic acid (TAPS) for pH
8.0 and 9.0, and N-cyclohexyl-3-aminopropanesulfonic acid (CAPS) for
pH 10.0.

Pyroaurite and green rust batch reactors were conducted in poly-
ethylene bottles and homogenized with magnetic stirring. 30 mL solu-
tions of either selenate or selenite were prepared with 20 mM buffer and
sampled for initial dissolved selenium concentration. The uptake reac-
tion was initiated by addition of minerals during rapid stirring. 2 mL
samples were taken by syringe over the course of 24 h and filtered
through 0.2 pm syringe tip filters. Experimental variables for pyroaurite
experiments included mineral mass (0.3-1.6 g L’l), solution pH (6-10),
initial selenium concentration (0.025-10 mM), and competing anion
concentration (0-100 mM of either CI~ or SO‘Z;’). Most experiments were
conducted with 1.0 g L™! pyroaurite concentrations so that the initial
concentration of Se oxyanions (1.0 mM) was not limited by the con-
centration of available interlayer sites (3.06 mM, 1.56 mM, and 1.48 mM
for Cl-pyr, SO4-pyr, and COs-pyr, respectively). Green rust experiments
were conducted only with selenate, only at pH 8.0, and with either no
competing anion or with a 10 mM concentration of competing anion
(either C1°, SO%’, or CO%’).

2.3. Analytical Measurements

Mineral characterization was performed using X-Ray diffraction
(XRD) on a Rigaku Ultima IV diffractometer operated with Cu Ka radi-
ation (1.5406 A wavelength), detector slit size of 10 mm, 0.1 degrees per
step, and ~ 60 min scan time at room temperature. Single phase Cl-pyr
and COs-pyr were confirmed, but SO4-pyr may have some Cl-pyr im-
purity (Fig. S1 in the Appendix). Unit cell parameters (a and c) of the
synthesized and reacted pyroaurites are provided in Table S1 in the
Appendix, and these values are similar to those from standard reference
specimens. Green rust specimens were applied to support slides within
the anoxic chamber and coated with a thin layer of deoxygenated
glycerol to slow exposure to Oy during analysis. The specimens were
prepared immediately after synthesis, transported to the XRD within a
sealed container, and analyzed immediately. The identities of the three
synthesized green rusts were thereby confirmed (Fig. S2). BET specific
surface area (SSA) was measured with a Quantochrome Nova 2200e
analyzer. SSA values were 18.1 m? g1 for Cl-pyr, 14.6 m? g~! for SO4-
pyr, and 12.9 m? g~! for CO3-pyr. X-ray photoelectron spectroscopy
(XPS) measurements were performed with a Surface Science In-
struments SSX-100 ESCA Spectrometer (Cornell Center for Materials
Research Shared Facility). The Se3p region was scanned at high reso-
lution (instead of Se3d which overlaps the Fe3p region). All spectra were
calibrated to the Cls peak (present as C tape support) at 284.4 eV.

Dissolved selenate, selenite, sulfate, and chloride were quantified
using a Dionex DX-120 ion chromatograph with 11 mM NayCOg eluent
at a 1.2 mL min~! flow rate and either a Dionex Ion Pac AS22-fast col-
umn or a DionexIon Pac AS9-HC column. Dissolved carbonate concen-
trations were not measurable due to neutralization by the electrolytic
suppressor. Dissolved magnesium concentrations were measured using a
Bruker Aurora M90 inductively coupled mass spectrometer (supported
by Analytik Jena AG). Total Fe and Fe(II) concentrations in green rust
experiments were measured following the spectrophotometric phenan-
throline method (Schilt, 1969), using a HACH DR 2700 spectrometer at
510 nm detection wavelength.

3. Results and discussion
3.1. Selenium oxyanion uptake kinetics

A comparison of selenate and selenite uptake between three types of
pyroaurite was made to examine Se affinity as a function of pre-existing
interlayer anion. The experiments were prepared with three types of
pyroaurite (Cl-, SO4-, and COs-pyroaurite) at identical mineral concen-
tration (1 g L’l), pH (8), and selenium oxyanion concentration (1 mM)
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without the presence of competing anions in solution (Fig. 1). Both Cl-
pyr and SO4-pyr show a rapid uptake of selenate within the first five
minutes, followed by a longer equilibration period, during which a small
amount of the selenate is released from the solid phase back to the bulk
solution in a slowly increasing manner (Fig. 1a). A concomitant release
of chloride and sulfate to the dissolved phase was observed to mirror the
selenate uptake kinetics, which points to an interlayer anion exchange as
the primary uptake mechanism. We posit that over time the dissolved
phase develops a simultaneous presence of both selenate and the
exchanged interlayer anion and creates a competition that could force
Cl™ or SO~ to re-exchange back with intercalated selenate. No selenate
was taken up on COs-pyr after 24 h. For selenite, a similar rapid initial
uptake was also observed with Cl-pyr and SO4-pyr with simultaneous
Cl” and SO%_ release, respectively (Fig. 1b). Some selenite was gradually
taken up by CO3-pyr. Selenite re-exchange after its uptake was minor for
all three pyroaurites.

Unfortunately the kinetic behavior does not lend itself to modeling
with conventional models. Kinetics of Se oxyanion uptake on other Mg-
Fe pyroaurites in the literature are few (Das et al., 2002), but kinetic
profiles showing a rapid initial step is common for Se oxyanions on Mg-
Al LDH intercalated with either CO%’ or CI” (You et al., 2001; Yang
et al., 2005; Chubar and Szlachta, 2015). In only one other instance was
a Se re-exchange behavior apparent after its rapid uptake step, which
was for selenite on Mg-Al-CO3 at pH 5.4 (Yang et al., 2005), but no
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explanation for this non-monotonic uptake behavior was suggested. At
times, kinetic behavior was modeled with pseudo-second order kinetics,
which is appropriate for sorbate uptake onto a finite number of
adsorption sites (Chubar and Szlachta, 2015). Unfortunately, the Se re-
exchange observable in Fig. 1 and elsewhere precludes our use of this
model.
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At the same sorbent mass concentration, the extent of selenate and
selenite uptake followed the order of Cl-pyr > SO4-pyr > COs-pyr. This
order is the reverse order of interlayer anion preference by LDH, which
is governed by anion size and valence charge. The more weakly inter-
calated Cl™ is more readily exchanged for bivalent selenate and bivalent
selenite (selenite, with a pKa2 of 8.3, is ~30% SeO%’ at pH 8.0) which
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Fig. 2. Kinetics of selenium oxyanion uptake (filled markers) and interlayer anion release (open markers) under varied mineral mass concentrations (circles: 0.33 g
L1, squares: 0.67 g L™}, triangles: 1 g L', and diamonds: 1.67 g L™?) for Cl-Pyr (a-d) and SO,-Pyr (e-h) at pH 8.0.
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have greater charge densities compared to monovalent Cl™. The final
amount of Se oxyanions taken up by Cl-pyr was approximately two to
three times the amount taken up by SO4-pyr. Less uptake by SO4-pyr is
expected because, although sulfate and selenate are structurally similar,
sulfate is slightly smaller with slightly greater charge density and
therefore preferred over selenate. The utter lack of selenate exchange
with interlayer carbonate is consistent with LDH having the strongest
affinity for carbonate. One possible explanation for some exchange of
selenite, but not selenate, with CO3-pyr is that selenite, with one less O
and in a trigonal planar geometry, is smaller than tetrahedral selenate
and may therefore fit more easily into the spaces occupied by the small
planar carbonate (Sasai et al., 2012). This space constraint by carbonate
was also suggested to allow selenite uptake with a Mg-Al LDH with
interlayer carbonate, but not selenate or sulfate, which are too large to
replace carbonate in the interlayer (Tsuji, 2002).

Experiments with varied LDH concentrations were conducted in
order to verify exchange kinetics were reproducible and to gain insight
on the processes occurring during anion exchange. First, selenate and
selenite uptake kinetics on Cl-pyr and SO4-pyr again showed a rapid
initial uptake, followed by a gradual period of re-exchange, with an
accompanying interlayer anion release (Fig. 2). Accordingly, the
maximum amount of Se oxyanion taken up was observed within 20 min.
COs-pyr was not considered due to low uptake capacity and lack of
carbonate measurement. Higher pyroaurite mass concentrations resul-
ted in greater selenate and selenite uptake extent, as well as interlayer
anion release, due to the greater number of exchange sites provided (Lv
et al., 2009). Across all pyroaurite mass concentrations, Cl-pyr took up
selenate and selenite at similar extents and to greater extents compared
to uptake on SO4-pyr. SO4-pyr showed some improved performance for
selenite compared to selenate.

Second, the ratio of interlayer anion release to selenium oxyanion
uptake in our experiments in Fig. 2 provides further support for inter-
layer anion exchange in that a sufficient amount of anions exchanged for
each selenate or selenite taken up (Table 1). If the amount of anion
released to solution had been lower than the amount of selenium anion
removed from solution, that would indicate adsorption to surfaces
without exchange could be an important process. However, for nearly all
Cl-pyr and SO4-pyr mass concentrations, the amount of anions released
was greater than the charge balance required for the amount of selenium
taken up. At pH 8, the selenate oxyanion bears a — 2 charge, and based
on charge balance we expect an exchange of Cl™~ to selenate ratio of 2:1
and SO%’ to selenate ratio of 1:1. These expected ratios (1.3:1 and 0.7:1,
respectively) are slightly smaller for the Se(IV) oxyanions due to less
overall charge at pH 8 owing to Se(IV) existing as ~30% selenite (—2)
and ~ 70% biselenite (—1). The measured released anion:Se ratios being
greater than the expected ratios helps account for Se oxyanion uptake by
the interlayer exchange process.

In addition to Se oxyanion exchange into the interlayer, two other

Table 1

Measured ratios of dissolved interlayer anion released and selenium oxyanion
taken up after ~24 h reaction between either Cl-Pyr or SO4-Pyr and either
selenate or selenite at pH 8.0. Kinetic profiles are provided in Fig. 2 of the
manuscript.

Mass conc. (g L™1) Measured ratios of anion released/Se taken up

Cl/Se(VD) Cl/Se(1V) S04/Se(VI) SO4/Se(IV)
0.33 5.6 41.3 16.0 0.4
0.67 7.7 3.3 3.8 2.3
1 2.3 2.8 3.2 3.3
1.67 3.8 3.6 6.3 3.3
Expected ratios:" 2 1.3 1 0.7

@ Expected ratios are calculated based on the following assumptions. Two Cl~
or one SOZ~ should be released for every SeO3 " taken up to satisfy charge bal-
ance in the pyroaurites. The corresponding charge balances when selenite is
taken up are calculated based on selenite oxyanions as a mixture of 70% HSeO3
and 30% SeO%~ at pH 8.0.
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processes could be occurring during uptake. First, because more anion
release occurred than could be accounted for by Se exchanged, the
pyroaurites could spontaneously leak anions alone, despite prior
washing with DI water which should have removed any loosely held
anions prior to use. The ability of the pyroaurites to leak Cl~ and SOZ~
without exchange were tested in buffered 1.67 g L' dispersions of Cl-
pyr and SO4-pyr alone without selenium, and up to 0.7 and 1.7 mM of
Cl~ and SO3~ were released, respectively. This leakage could be due to
some inherent instability of the pyroaurites within solutions devoid of
interlayer anions. Second, a re-exchange, or rebounding, of Se back into
the dissolved phase could be occurring after interlayer anions are
released. To further test this, experiments were conducted to test the
ability of pyroaurite to retain previously intercalated selenate when
exposed to other anions. Cl-pyr had previously been reacted with an
excess of selenate to make SeOg4-Pyr. Batches of this pyroaurite were
then exposed to an excess of Cl ™, SO?(, or CO%’ over 24 h, and the ki-
netic profile of selenate release into solution is shown in Fig. S3. When
exposed to chloride little selenate is released from the pyroaurite
initially, and all selenate is re-exchanged into the interlayer by the time
the system reaches equilibrium. The presence of both CO%~ and SO% ",
however, causes the pyroaurites to exchange selenate permanently with
the competing anion. This result suggests that interlayer anions released
during Se oxyanion exchange can force a reverse exchange, particularly
if the accumulated anions surpass Se oxyanion dissolved concentrations.
Furthermore, despite the pyroaurites’ ability to bind selenate, subse-
quent exposure to certain competing anions would reduce the effec-
tiveness of this mineral as a long-term sequesterer of selenium.

The kinetic observations in Figs. 1 and 2 provide information that the
interlayer anion exchange process is the governing phase transfer re-
action for selenium oxyanions with pyroaurites. Solution-phase dual
anion exchange kinetics have also been traced for other LDH including
green rusts (Schellenger and Larese-Casanova, 2013; Ayala-Luis et al.,
2010) and Cl-pyr (Schellenger and Larese-Casanova, 2013). The
replacement of interlayer anions by selenate has also been confirmed in
other LDH using XRD by showing a marked increased d-value of the
interlayer when the larger selenate anions become intercalated, such as
with Fe(I)-Fe(II)-Cl green rust (Schellenger and Larese-Casanova,
2013), Mg(ID-AI(IID-Cl (You et al., 2001), and Mg(II)-Al(III)-CO3
(Chubar, 2014). Here for Cl-pyr, the replacement of interlayer chloride
ions with the larger tetrahedral selenate oxyanions was similarly
confirmed within XRD patterns which showed an increase in interlayer
space for part of the mineral phase (Fig. S1). The calculated unit cell
parameters a and c for this new SeOy4-pyr phase were similar to those
expected for tetrahedral sulfate intercalated SO4-pyr (Table S1). After
selenate uptake with SO4-pyr, there was no observable change in XRD
patterns, likely due to the similar sizes of sulfate and selenate. There was
also no observable difference in patterns before and after selenate up-
take for COs-pyr, but this is likely due to the small amount of selenate
uptake. There are previous reports of selenate uptake with Mg(II)-Fe
(II1)-SO4 or Mg(II)-Fe(III)-Cl giving only a subtle shift in interlayer space,
and their data was interpreted that adsorption to pyroaurite surfaces, in
addition to interlayer exchange, was were instead thought to play an
important role in selenate uptake (Paikaray et al., 2013). Others have
suggested adsorption to surface sites as a removal mechanisms of Se
oxyanions with LDH, based on observations of outer-sphere surface
complexes by X-ray absorption spectroscopy (Paikaray et al., 2013) or of
surface complexes by FTIR spectroscopy (Chubar and Szlachta, 2015;
Chubar, 2014). For our pyroaurites, the interlayer anion exchange back
to solution and the shifts in reflections for Cl-pyr indicate the interlayer
anion exchange process as the primary Se uptake process, although
surface adsorption cannot be ruled out as a possibility without spec-
troscopic measurements.

3.2. Selenium oxyanion uptake isotherms

The apparent greater uptake capacity of Cl-pyr over SO4-pyr on a
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mass basis could be due either to a greater ability to exchange Cl, to
greater surface area, or to both. To better define uptake capacity for
comparing the two pyroaurites, Se oxyanion uptake was evaluated with
uptake isotherms over a wider range of sorbent and sorbate conditions.
Isotherms for Cl-pyr and SO4-pyr for both Se oxyanions are shown in
Fig. 3. The data for Cl-pyr with both oxyanions are well described by the
Langmuir model:
_ Gmax KL C

U 1
=77 Kk.C M

where gmqy is the maximum uptake capacity, and Kj, is the uptake af-
finity coefficient. The Langmuir model assumes that the sorbent pos-
sesses a fixed number of homogeneous binding sites for the sorbate, each
of which may bind a single sorbate molecule independently. This is
appropriate for anion exchange reactions with LDH that have defined
interlayer sites, and has been applied previously for both selenium
oxyanions and other anions on LDH (Pigna et al., 2016; You et al., 2001;
Prasanna and Vishnu Kamath, 2008; Das et al., 2002; Das et al., 2004b;
Paikaray et al., 2013; Chubar and Szlachta, 2015). Table 2 summarizes
the fitted Langmuir isotherm parameters for Cl-pyr. Cl-pyr has a slightly
higher gmqx for selenate but a higher K}, for selenite. The gyq, value for
selenate (0.83 mmol g-1) is within range gpqx values reported for Mg(II)-
AI(IID)-CO3 (0.50-1.27 mmol g’l) (Chubar and Szlachta, 2015) and
greater than that of Mg(II)-Fe(III)-SO4 (0.55 mmol g’l) (Paikaray et al.,
2013). The gmax for selenite on Cl-pyr (0.63 mmol g™ 1) is also similar to
those for Mg(II)-Al(II)-CO3 (0.50-1.27 mmol gfl) (Chubar and
Szlachta, 2015), Mg(II)-Fe(II)-CO3 (0.37 mmol g™1) (Das et al., 2002),
and Mg(II)-Al(III)/Zr(III)-CO3 (0.53 mmol g’l) (Das et al., 2004a), but
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smaller than that for Mg(II)-Al(III)-Cl (1.52 mmol g’l) (You et al.,
2001).

The Freundlich model better described the isotherm behavior for Se
oxyanion uptake on SO4-pyr based on superior correlation coefficient
R values, with the equation

q =K, C" @)

where Kj; is related to the overall binding capacity of the sorbent, and n
describes the heterogeneity of the sorbent. The Freundlich model as-
sumes that an adsorbent has heterogeneous binding sites, that is, some
binding sites on an adsorbent are stronger than others and will be
occupied first.

SO4-pyr might hold a distribution of exchange sites here because the
interlayer prefers sulfate, selenate, and selenite to roughly similar ex-
tents, giving selenate and selenite difficulty in expelling sulfate in some
locations. Or, it is possible the released sulfate partially re-exchanges
with interlayer Se (Fig. 2) which suppresses the uptake process and in
fact slows the asymptotic approach to a Langmuir-type plateau (qmax)
which might occur at equilibrium-dissolved Se concentrations higher
than the range in Fig. 3. This could be an indication that SO4-pyr has the
potential for an overall higher uptake capacity than Cl-pyr for solutions
with very high Se concentrations (several mM). The Freundlich isotherm
shape has also been appropriate to describe selenate on Mg(II)-Fe(III)-
SO4 (Paikaray et al., 2013) and Mg(II)-Al(III)-CO3 (Yang et al., 2005).

Although it is not possible to directly compare parameters developed
from different isotherm models, some conclusions can be drawn using
single point calculations of predicted amounts taken up (q) at the same
equilibrium dissolved Se concentration (e.g., C = 0.1 mM) (Table 2),
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Fig. 3. Isotherms of selenium oxyanion uptake to Cl-Pyr (a, b) and SO4-Pyr (c, d) at pH 8.0. Data fitting for Cl-Pyr are with the Langmuir model, and fitting for SO4-

Pyr are with the Freundlich model.
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Table 2
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Summary of modeled isotherm coefficients for selenate and selenite uptake by Cl-Pyr and SO4-Pyr at pH 8.0.

Sorbent Sorbate Langmuir® Freundlich® Estimated g for C = 0.1 mM”
Gmax K; R? Kr n R? mmol g~! mmol m~2
Cl-Pyr Se03~ 0.83 2.76 0.97 0.53 0.38 0.59 0.18 0.010
Se03~ 0.63 8.30 0.99 0.55 0.18 0.23 0.29 0.016
SO4-Pyr Se03~ 6.51 0.02 0.01 0.17 0.93 0.94 0.02 0.001
Se0§7 1.28 0.31 0.52 0.30 0.38 0.82 0.13 0.009

2 Units for both the Langmuir and Freundlich model coefficients are based on equilibrium aqueous concentration C of mM and sorbed concentration g of mmol g~
b The estimated sorbed concentration g is calculated for an equilibrium aqueous concentration of 0.1 mM using the Langmuir model for Cl-Pyr and the Freundlich

model for SO4-Pyr.

which allows for quantitatively comparing uptake extent between the
two sorbents. These estimated single point g values at C = 0.1 mM reveal
that uptake extent for selenate and selenite is greater on Cl-pyr
compared to SO4-pyr on a mass sorbent basis. When these g values are
normalized to SSA, selenate is taken up 10-fold and selenite nearly 2-fold
greater on Cl-pyr compared to SO4-pyr. This indicates the greater per-
formance of Cl-pyr is not only due to the 24% greater SSA but also
mainly to a greater exchange capacity caused by the least preferred
interlayer anion. Selenite was also taken up to a greater extent than
selenate at this point for both sorbents, and this could be due to the
smaller size of selenite compared to selenate which might allow easier or
further access within crystallites.

To further check any preference among the Se oxyanions, uptake
kinetics were observed for the two pyroaurites with a simultaneous
exposure to equimolar (1 mM) selenate and selenite (Fig. S4). Once
more, a slight preference to selenite over selenate was observed for both
Cl-pyr and SO4-pyr. These results are not inconsistent with prior
modeled rates of selenate and selenite uptake onto Mg(II)-Al(III)-COs,
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which showed similar rates at ~0.12 mM Se concentrations (Chubar and
Szlachta, 2015).

3.3. Influence of competing anions

Because released interlayer anions appear to cause re-exchange of
previously taken up Se oxyanions, the influence of these anions now
initially present in solution was tested for competitive Se oxyanion up-
take. For Cl-pyr, selenate and selenite uptake was generally not sup-
pressed over the first ~20 min when chloride concentrations were up to
equimolar with initial Se (1 mM) (Fig. 4). However, 1 mM and 10 mM
Cl™ resulted in almost complete re-exchange of Se after 24 h, and 100
mM entirely inhibited Se uptake. These results are consistent with prior
observations that other dissolved anions start to inhibit Se uptake at
initial dissolved anion:Se ratios of about 10:1 (Yang et al., 2005).

Similarly, greater than 1 mM of sulfate also inhibited selenate uptake
on SO4-pyr. Interestingly, selenite exchange with SO4-pyr was far less
sensitive to additional dissolved SO~ compared to selenate. The
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Fig. 4. Kinetics of selenium oxyanion uptake with either CI-Pyr (a, b) or SO4-Pyr (1.0 g L™1) in the presence of varied initial competing anion concentration: 0 mM
(green triangles), 0.5 mM (blue circles), 1 mM (orange triangles), 10 mM (black diamonds), and 100 mM (red squares). (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)
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insensitivity of selenite to SO~ as a competing anion has been observed 3.4. Influence of pH

previously with Mg(II)-Al(III)-CO3 (Chubar and Szlachta, 2015). This

may be due to the ~30% selenite existing as divalent SeO%~ at pH 8.0 Solution pH was varied in order to establish the optimal pH range
which, being smaller than SO3~, has greater charge density than SOZ~ and to determine if OH™ are competitive anions that can cause Se oxy-
and could possibly be more resistant to re-exchange. Low concentrations anion re-exchange. Selenate and selenite uptake kinetics on Cl-pyr and
of sulfate had a more suppressing effect on selenate than chloride did, SO4-pyr showed the rapid initial uptake within the first 10 min followed
which is consistent with the interlayer preference for divalent anions by varying extents of re-exchange over 24 h depending on solution pH
(Miyata, 1983). Overall, Cl-pyr generally out-performed SO4-pyr and (Fig. 5a-d). pH 8.0 generally held the greatest extent of selenate and
can still be considered a useful exchange medium for Se oxyanions even selenite removal and showed the least re-exchange, although pH 7.0 also
at some high background electrolyte concentrations so long as exposure performed well for selenite on SO4-pyr. At times, nearly all selenate or
to Se is limited to the rapid initial uptake kinetic phase (< ~20 min). selenite was re-exchanged at pH 10. The inability for the LDH to retain

as much of the oxyanions at pH 10 is in agreement with previous ob-
servations that at higher pH more OH™ ions may compete with selenite
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Fig. 5. Kinetics of selenium oxyanion uptake with either Cl-Pyr (a, b), SO4-Pyr (c, d), or CO3-Pyr (e, f) (1.0 g L) at varied pH: pH 6.0 (green triangles), pH 7.0 (blue
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or Cl” for sites within LDH interlayers (You et al., 2001; Yang et al.,
2005; Lv et al., 2009). A possible explanation for the observed reduced
exchange capacity of Cl-pyr and SO4-pyr at lower pH is that the mineral
structure becomes less stable and begins to dissolve, reducing the ca-
pacity of interlayer sites and releasing competing interlayer anions. To
confirm pyroaurite dissolution with pH, measurements of dissolved
Mg>* were made after 24 h exposure of Cl-pyr with selenate and show an
increase in solution magnesium as pH decreases to 6.0 or 7.0 compared
to negligible at pH > 8.0 (Fig. S5). Others have reported metal cation
dissolution at lower pH from Mg(II)-Fe(III)-CO3 (Das et al., 2002), Mg
(ID-AI(IID-CI (You et al., 2001), Zn(II)-Al(III)-CI (You et al., 2001), Mg
(ID-AI(IID-CO3 (Yang et al., 2005), and Zn(ID)-Al(III)-NO3 (Lv et al.,
2009).

Similar to the uptake kinetics in Fig. 1, CO3-pyr showed almost no
reaction with selenate at any pH value, with nearly all sorbed selenate
rebounded by 24 h (Fig. 5e). Interestingly, selenite uptake on CO3-pyr
did improve with lower pH with a maximum removal at the lowest pH
6.0 and 7.0 (Fig. 5f). This trend was previously observed for selenite
with another Mg(Il)-Fe(III)-CO3, with the reason given that selenite
adsorption to surface sites governs uptake, and greater electrostatic
attraction occurs when the surfaces become more positive at lower pH
(Das et al., 2002). Whether selenite adsorbs on our COs3-pyr surface sites
is unconfirmed. Also, selenite exchange with interlayer carbonate was
not confirmed due to lack of dissolved carbonate measurement. Never-
theless, selenite might more readily exchange at lower pH if interlayer
CO%’ near edges protonates to HCO3 and H,CO3 at pH 6.0-7.0 and
would offer less resistance to exchange with HSeO3. Despite some up-
take of selenite by COs-pyr, greater selenite uptake was observed for Cl-
pyr at circumneutral pH.

3.5. Selenium oxyanion uptake with three green rusts

The kinetic observations, interlayer anion preference, and the anion
competition observations for the pyroaurites were extended to green
rusts, the Fe(II)-Fe(III) analog to Mg(II)-Fe(III) pyroaurites. Green rusts
are known to exchange their interlayer anions for selenate and slowly
reduce selenate to Se(0) via electron transfer from structural Fe(II), but
so far, only CI-GR (Schellenger and Larese-Casanova, 2013) and SO4-GR
(Johnson and Bullen, 2003) reaction with selenate have been reported,
and with vastly different Se uptake kinetics. For our solution conditions,
selenate uptake increased for the order CI-GR > SO4-GR > CO3-GR when
approximately the same amount of total Fe(Il) is present (~50 mM)
(Fig. 6). This order is the same as for the pyroaurites, which indicates
interlayer anion preference also governs selenate removal from water by
green rusts. A dried green rust with chloride interlayer was also found to
have the fastest removal kinetics, on a green rust mass basis, for chro-
mate (Bond and Fendorf, 2003).

The release of CI~ and SO~ followed selenate uptake for CI-GR and
S0O4-GR, respectively, confirming an interlayer exchange reaction. The
rapid selenate uptake and Cl™ release kinetics for Cl-GR were identical to
our previous work at higher (10 mM) selenate concentrations (Schel-
lenger and Larese-Casanova, 2013). Cl-GR does not display the gradual
re-exchange of selenate that characterized the equilibration of the Cl-Pyr
between 2 and 24 h, and instead slowly and continuously decreased,
likely due to intercalated selenate being reduced to Se(0) instead of
leaking out. The formation of Se(0) after selenate reaction with Cl-GR
was previously confirmed by XRD (Schellenger and Larese-Casanova,
2013). Here, Se(0) was also confirmed as the Se product after selenate
reaction with SO4-GR and CO3-GR by XPS (Fig. S6). For both GRs, two
peaks were identified as the Se(0) 3ps/2 (161.2 and 161.1 eV for SO4-GR
and CO3-GR, respectively) and the Se(0) 3p;,2 (166.9 and 166.8 eV)
doublet peaks, which have also been observed at or close to these
binding energies for Se(0) formed after reduction of selenate by zero-
valent iron (Gui et al., 2015; Sasaki et al., 2008). The Se(0) 3p1,2
peak, though, may overlap a signal of selenate adsorbed to mineral
surfaces, previously shown to occur at slightly lower binding energy
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Fig. 6. Kinetics of selenate uptake with either CI-GR (a), SO4-GR (b), or CO3-GR
(c) with either no competing anion (circles) or with 10 mM competing anion
added (identical to the intercalated anion of the present green rust) (squares).
Filled markers represent selenate, and open markers represent the competing or
released interlayer anion. Carbonate was not measured in (c). Solution pH was
8.0, and initial green rust concentrations were ~ 50 mM total Fe(II) for all batch
reactors. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

(166.26 eV) for selenate adsorbed onto iron oxides (Gui et al., 2015).
Here, the starting NaySeOy4 salt did produce a peak at 164.8 eV, which is
close to a reported value of 164.4 eV (Sartz et al., 1971). This confirmed
no peak overlapping the Se(0) 3ps,2 peak, supporting Se(0) formation
only after reduction by GR. Finally, the SO4-GR and COs3-GR solids after
reaction with selenate were digested with 1 M HCl at room temperature
which dissolved Fe but left a red precipitate indicative of Se(0).

On SO4-GR, selenate also exhibited the rapid initial uptake followed
by slower uptake kinetics, which is consistent with the Cl-pyr here but
different than the SO4-GR used in a prior work (Johnson and Bullen,
2003) that showed a zero-order or even first-order selenate removal over
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several hours. Possible reasons for their slower kinetics compared to
Fig. 6 are their use of lower selenate concentrations (<50 pM), lower GR
concentrations, and potential excess dissolved SO~ which might limit
selenate uptake.

Whether excess dissolved anions can interfere with selenate removal
by green rusts was also tested. The presence of 10 mM excess dissolved
Cl™ had only minor influence on selenate exchange rate and no effect on
the extent of selenate removal. A 10:1 ratio of Cl:Se03~ was not suf-
ficient to inhibit selenate uptake, but higher ratios might. Excess 10 mM
sulfate resulted in approximately 50% less uptake extent and allowed a
gradual reduction of selenate over time, but did not completely prevent
selenate uptake as occurred on SO4-pyr alone. CO3-GR showed little
uptake of selenate, whether excess carbonate was present or not. These
results with excess anions indicate that although the interlayer anion
exchange process for selenate can be slowed by excess anions, exposed
Fe(II) at GR surfaces are still capable of removing selenate in a second
removal process.

The identity of green rusts is controlled by the predominant anion
present during formation. Consequently, anoxic, Fe(II)-rich waters
enriched in sulfate or carbonate may form SO4-GR or CO3-GR, respec-
tively. The excess interlayer anions may diminish the ability to exchange
for selenate and could significantly slow selenate reduction by Fe(II) in
green rusts, perhaps limiting reactive sites to surfaces or edges rather
than interlayers. In nature, green rusts have been observed as the car-
bonate form, i.e. fougerite (Trolard et al., 1997; Christiansen et al.,
2009; Trolard et al., 2007; Abdelmoula et al., 1998), and the dissolved
CO3™ responsible for the mineral formation might impose a kinetic
limitation to Se oxyanion transformation, or to other metalloid oxy-
anions that rely on interlayer exchange with green rusts. If in situ gen-
eration of any green rust is possible in a water treatment application, the
chloride green rust form should be promoted. Water treatment tech-
nologies featuring Fe(II) hydroxides (Zingaro et al., 1997) would do well
to apply ferrous chloride salts to avoid stronger influences of sulfate.

4. Conclusions

Selenate and selenite uptake extent by pyroaurites is controlled by
the identity of the interlayer anion according to the order Cl-pyr > SO4-
pyr > COs-pyr which is the same order of least strongly to most strongly
held anion in the interlayer. Interlayer anion exchange was confirmed as
an important uptake mechanism for Cl-pyr and SO4-pyr. The chloride
pyroaurite form showed the greatest selenium oxyanion uptake extent
both on a mass basis and after considering surface area differences, and
should be considered as the preferred pyroaurite form for water treat-
ment applications. The SO4-pyr used here appears to have a greater
uptake capacity at high Se concentrations, but Cl-pyr has greater uptake
capacity at lower Se concentrations more relevant to environmental and
wastewater conditions. Future work should explore ways to make
interlayer sites more available to dissolved Se oxyanions, such as
creating nano-sized crystallites of Cl-pyr.

Optimal conditions for their use in treatment technologies can be
inferred from the kinetic study. Maximum Se uptake typically occurred
within 10 min, but retention was not permanent. Se oxyanion re-
exchange back to solution is a process that works against Se uptake
with pyroaurites, and it is thought to occur due to both the expelled
intercalated anions and excess anions initially present competing with
Se for interlayer sites. Here, Se re-exchange can be an overriding process
when the concentration of competing anions is greater than Se oxyanion
concentration and when pH is 9 or greater. Se uptake with chloride
pyroaurite is strongly pH dependent with the optimal solution pH at 8.0.
Se uptake kinetics can therefore be more complex than previously
realized, and new kinetic models are required to describe both uptake
and re-release. Exposure of pyroaurites to Se-laden waters should be
limited to the time of the initial rapid uptake step.

In subsurface environments where LDH form, the ambient anions
that initially populate interlayer sites might limit LDH uptake of Se
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oxyanions. The exchange reactions with green rust suggest that the same
factors that influence non-redox active LDH may also affect the ability of
green rust to exchange for selenate, which in turn impacts the ability of
the green rust to reduce and fully immobilize Se oxyanions. The car-
bonate form of green rust, so far the only green rust form found in na-
ture, showed minimal selenate removal from water.
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