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ABSTRACT

Selenium (Se) isotopes have recently emerged as a potential proxy for tracing biogeochemical processes and
reconstructing the evolution of global Se cycle in the oceans. However, little is known about Se isotope frac-
tionation mechanism during the sequestration of dissolved Se oxyanions by marine ferromanganese oxides that
are mainly composed of Fe and Mn (oxyhydr)oxides. Here we elucidate the molecular mechanism governing
equilibrium Se isotope fractionation during adsorption on 2-line ferrihydrite, by combining isotope ratio mea-
surements, extended X-ray absorption fine structure (EXAFS) analyses, and high level quantum chemical cal-
culations. Results show that Se isotopes can be fractionated 0.89%o (A% 765eaqueous_adsorbed) with enrichment of
lighter isotopes in the solid phase during the adsorption of Se(IV) on 2-line ferrihydrite, which is primarily driven
by the formation of bidentate-binuclear inner-sphere complexes. By contrast, little or no Se isotope fractionation
(<0.2%0) was observed during Se(VI) adsorption due to the outer-sphere complexation. In combination with
previous results, our findings would provide molecular-scale insights into Se isotope compositions in marine
ferromanganese oxides and lead to an improved understanding of Se biogeochemical cycle in the ocean. Our
study also has an implication for the systematical understanding of mechanisms governing isotope fractionations
of other metal oxyanions like Mo, which highlights the controls of their proton dissociation constants, electronic
configurations, and radius ratios. This would improve our understanding for isotope signatures of metals in the
dissolved species and the adsorbed sinks in modern and ancient environments.

1. Introduction

Selenium has six stable isotopes (74Se, 7656, 77Se, 7856, 80Se, and
825e) and its isotope systematics is complex, because it is a redox-

Selenium (Se) is of great environmental and biological interest as an
essential trace element for human beings (Rayman, 2008; Lenz and Lens,
2009). Nonetheless, Se becomes toxic at high concentrations, excessive
Se intake (>400 pg/d) would induce the occurrence of human Se
poisoning in seleniferous areas (Yang et al., 1983; Lenz and Lens, 2009;
Qin et al., 2013). Considerable efforts have been focused on the envi-
ronmental geochemistry of Se to clarify the distribution, speciation,
bioavailability, mobility, and fate of Se in the terrestrial environment (e.
g., Catalano et al., 2006; Rayman, 2008; Zhu et al., 2008; Qin et al.,
2012, 2013, 2017a,b; Schilling et al., 2015).

* Corresponding author.
E-mail address: qinhaibo@vip.gyig.ac.cn (H.-B. Qin).

https://doi.org/10.1016/j.gca.2023.09.009

Received 14 November 2022; Accepted 11 September 2023
Available online 15 September 2023

0016-7037/© 2023 Elsevier Ltd. All rights reserved.

sensitive element with multiple oxidation states (—II, 0, IV, and VI).
Selenium isotopes have recently emerged as a potential proxy for tracing
biogeochemical processes and reconstructing the evolution of global Se
cycle in modern and ancient environments (Johnson et al., 1999, 2000;
Mitchell et al., 2012, 2016; Zhu et al., 2014; Pogge von Strandmann
et al., 2015; Schilling et al., 2015; Stiieken et al., 2015; Stiieken, 2017;
Kipp et al., 2017; Konig et al., 2019). A mechanistic understanding of Se
isotope fractionation caused by different biogeochemical processes is
fundamental and critical for the application of Se isotope proxy.
Selenium isotope fractionation can be induced by various
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biogeochemical processes involving abiotic/biotic redox, adsorption,
equilibrium isotope exchange, assimilation and methylation (e.g.,
Johnson and Bullen, 2004; Stiieken, 2017). The abiotic and/or biotic
reduction of Se(VI) to Se(IV) and Se(IV) to Se(0) can impart a large Se
fractionation (Johnson et al., 1999; Herbel et al., 2000; Johnson and
Bullen, 2003; Schilling et al., 2020). Recent studies showed that a large
fractionation can be also caused by Se oxidation (Wasserman et al.,
2021; Dwivedi et al., 2022). By contrast, almost no fractionation is
observed for isotope equilibrium exchange reaction between aqueous Se
(IV) and Se(VI) (Tan et al., 2020). As for adsorption process, Se isotope
fractionation is generally <1%o (Johnson et al., 1999; Mitchell et al.,
2013; Xu et al., 2020, 2021). However, little is known about the mo-
lecular- and atomic-scale mechanisms driving Se isotope fractionation
during adsorption onto mineral surfaces.

In the modern seawater, Se dominantly occurs as dissolved Se(IV)
and Se(VI) species, both of them exhibit a typical nutrient behavior with
depletion in the photic zone and constant concentrations at depth
(Cutter and Cutter 2001; Stiieken, 2017; Chang et al., 2017). Se abun-
dance in seawater is very low, with 0.02-1.03 nM for Se(IV) and
0.13-1.48 nM for Se(VI) in the Eastern Tropical North Pacific Ocean
(Cutter and Bruland, 1984). Interestingly, a substantial amount of Se
oxyanions in seawater could be scavenged by marine ferromanganese
crusts and nodules, in which Se content is generally high (>0.5 mg/kg;
Takematsu et al., 1990; Rouxel et al., 2002; Koschinsky and Hein, 2003;
Hein and Koschinsky, 2014; Kashiwabara et al., 2014; Stiieken, 2017).
Stiieken (2017) suggested that the adsorption of Se(IV) onto ferroman-
ganese oxides (48%) is the major Se sink in the modern ocean, followed
by the partial oxyanion reduction and minor organic preservation in
suboxic regions of the open ocean (45%), organic deposition and nearly
quantitative oxyanion reduction in restricted euxinic basins (7%).
Accordingly, it could be expected that Se isotope fractionation occurring
between seawater and ferromanganese oxides has a profound influence
on the isotopic composition of Se in global modern seawater, as reported
previously for other elements like Mo (Barling and Anbar, 2004; Gold-
berg et al., 2009).

Iron (oxyhydr)oxides have a great affinity for Se oxyanions and act as
the important sink of Se in environments (Balistrieri and Chao, 1990;
Catalano et al., 2006; Harada and Takahashi, 2008; Qin et al., 2017a;
Stiieken, 2017). Mitchell et al. (2013) preliminarily reported Se isotope
fractionation behavior during adsorption on different Fe oxides (A%%/
76seaqueous»adsorbed < 1%o, with a mean of 0.2%o), but the equilibrium Se
isotope fractionation caused by adsorption is not assessed in detail
because aqueous Se has been fully removed within a short time (<1 h).
In fact, numerous studies have observed distinct isotope fractionation
behavior at different adsorption stages (particularly at the initial stage)
for many elements (such as Tl, Zn, and Ca) (Nielsen et al., 2013; Dong
and Wasylenki, 2016; Brazier et al., 2019). Recently, Xu et al. (2020)
investigated equilibrium Se isotope fractionation during the adsorption
of Se oxyanions on metal oxides for up to 96 h, showing that lighter
isotopes prefer to distribute to the mineral, with the fractionation of
0.87%o for crystalline hematite at pH 5. However, the dominant Fe
component in marine ferromanganese oxides is ferrihydrite (Hein and
Koschinsky, 2014; Yang et al., 2018; Qin et al., 2019), equilibrium Se
isotope fractionation at this mineral-water interface is largely unclear,
and the effect of such adsorption on the isotopic compositions of
seawater and ferromanganese sediments is still unknown. Thus, it is
critical to examine equilibrium Se isotope fractionation during the
immobilization by ferrihydrite and clarify the molecular mechanism for
improving our understanding on the global Se cycling.

To move beyond phenomenological exploration of different isotope
effects for some heavy elements (e.g., Cu, Zn, Ni, Mo, and W) during
adsorption, a number of studies have been performed to explore
molecular-scale mechanisms by first-principles density functional the-
ory (DFT) calculations and extended X-ray absorption fine structure
(EXAFS) analyses (Juillot et al., 2008; Li and Liu, 2010; Kashiwabara
et al.,, 2011, 2017; Wasylenki et al., 2011; Gou et al., 2018; Gueguen
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et al., 2018). It has been suggested that isotopic fractionations of ele-
ments caused by adsorption onto minerals are mainly driven by the
symmetry change in the adsorbed species (Kashiwabara et al., 2011,
2017; Gou et al., 2018; Tanaka et al., 2018). However, so far, the cor-
relation between Se isotope fractionation and coordination environ-
ments of adsorbed Se complexes on Fe (oxyhydr)oxides is still not
demonstrated, and the equilibrium fractionation factor has not been
estimated theoretically.

In the present study, we provided the assessment of the direction and
magnitude of equilibrium Se isotope fractionation during adsorption on
2-line ferrihydrite. Combining EXAFS analyses and high level quantum
chemical calculations with Se isotope measurements, we explored the
molecular-scale mechanism responsible for Se isotope fractionation
caused by adsorption process at the mineral-water interface of Fe
(oxyhydr)oxides. Furthermore, we proposed a general mechanism
driving isotopic fractionations of metal oxyanions that highlights the
change in local structures of the surface complexes at the molecular and
atomic levels, which may help understand their isotope signatures and
biogeochemical cycling in ancient and modern environments.

2. Experimental
2.1. Materials

The 2-line ferrihydrite was prepared following the procedures pro-
posed by Schwertmann and Cornell (2000). Briefly, Fe(NO3)3-9H50
(ACS reagent) was dissolved in Milli-Q water and then the pH was
adjusted to ~8.0 through the dropwise addition of 5.0 M KOH solution.
After aging overnight, the suspension was filtered using a 0.22 pm
polyethersulfone membrane filter and rinsed thoroughly with Milli-Q
water. The obtained solid phase was freeze dried and collected for
adsorption experiments. The synthetic 2-line ferrihydrite was identified
by X-ray diffraction (XRD), with the presence of two very broad peaks.
The Brunauer-Emmett-Teller surface area of this ferrihydrite was 330
m?/g. No Se was detected in this 2-line ferrihydrite after acid digestion.

The Se(IV) and Se(VI) stock solutions (6330 uM) were prepared by
dissolving NaySeO3 and KoSeO4 (Alfa Aesar) in Milli-Q water (18.2 MQ),
respectively. The §82/76ge values of Se(IV) and Se(VI) stock solution
were —1.18 £ 0.06%o (n = 12, 2SD) and 1.18 + 0.06%0 (n = 12, 2SD),
respectively. The ionic strength (IS) of fluids was adjusted by NaCl
(background electrolyte). All solutions were freshly prepared prior to
experiments. The labwares used in the adsorption and isotopic experi-
ments were carefully cleaned to avoid possible contamination.

2.2. Adsorption experiments

To evaluate the influence of common environmental factors on the
isotope fractionation between aqueous and adsorbed Se, three types of
Se adsorption experiments for 2-line ferrihydrite were carried out under
ambient conditions: (i) kinetic adsorption experiments, (ii) adsorption
edge experiments, and (iii) adsorption isotherm experiments.

All batch experiments were performed in 50 mL centrifuge tubes
filled with 2-line ferrihydrite suspension (solid/liquid ratio = 0.1 g/L)
and continuously stirred a reciprocal shaker at 120 rpm and room
temperature. The kinetic adsorption experiment (time-series) was per-
formed at pH 7 and 0.01 M NaCl over a time period of 96 h. The initial
concentration of Se(IV) and Se(VI) was set at 38.8 pM.

For the adsorption edge experiments (pH-dependent), suspensions
were equilibrated at different pH (4, 5, 6, 7, and 8) with a constant
starting Se(IV) concentration of 38.8 uM. These pH conditions were
selected because (i) they cover the pH ranges in natural system (e.g.,
seawater: 7.5-8.4, soil: 5-8) (Halevy and Bachan, 2017); and (ii) the
predominant Se(IV, HSeO3) and Se(VI, SeO‘Zf) species do not change
significantly across the pH range 4-8 based on the calculation by Visual
MINTEQ.3.1 (Gustafsson, 2018; Fig. S1). The applications of 0.01 M and
0.7 M NaCl (representing natural freshwater and seawater, respectively)
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were intended to investigate the effect of ionic strength on adsorption.
For adsorption isotherm experiments (concentration-control), suspen-
sions were equilibrated at fixed pH 7 and 0.01 M NaCl with different Se
(IV) initial concentrations (0.66-260 pM). These initial Se(IV) concen-
trations were selected because (i) the higher initial Se concentration
would avoid the full Se removal from solution during adsorption, which
allows us to determine Se isotope ratio in the liquid phase for revealing
Se isotope fractionation behavior; and (ii) the concentrations of Se
adsorbed on ferrihydrite (Se/Fe atomic ratio > 0.00004) cover the Se
content found in marine ferromanganese oxides (e.g., Se/Fe atomic
ratio ~ 0.00007; Kashiwabara et al., 2014). While adding Se, the sus-
pension was stirred vigorously to avoid the formation of Se precipitates
due to local oversaturation. These adsorption edge and isotherm ex-
periments were performed for 48 h, which is long enough to achieve the
steady-state as supported by the kinetic experiment. It should be noted
that pH-dependent and concentration-control experiments were not
performed for Se(VI) due to little or no isotope fractionation during
adsorption (Xu et al., 2020, 2021).

Over the course of all experiments, the pH buffers were not employed
in order to minimize undesired complexation and particle aggregation.
The pH was adjusted to desired values by adding < 20 pL. 0.1 M NaOH or
HCI solution as necessary. The solid and liquid phases were separated
after individual adsorption experiments. The supernatants were filtered
through a 0.22 pm polyethersulfone membrane filter, and then the
filtrate was stored in a HDPE tube for analysis. While the solid phase was
rinsed with MQ water to remove trace amounts of dissolved Se and then
dissolved in 5 M HClI for further analysis.

2.3. Se concentration analysis

Concentration of Se was determined by hydride generation atomic
fluorescence spectrometry (HG-AFS) following the method described in
our previous studies (Qin et al., 2012). As for the Se(IV) adsorption
experiments, Se content in the filtrate was determined directly by HG-
AFS after diluting a small aliquot of filtrate with 0.75 M HCI. In the
case of Se(VI), the filtrate was reduced to Se(IV) in 5 M HCI at 95-100 °C
for 1 h, then the final solution was diluted for HG-AFS analysis. The
relative standard deviation (RSD) for Se analysis was <5%. The Se
surface coverage was calculated from the difference in concentrations
between the initial and equilibrium solutions by considering the BET-Ny
surface area of 2-line ferrihydrite and the solid/liquid ratio.

2.4. Sample purification and Se isotope measurement by MC-ICP-MS

Sample purification procedures were performed according to those
proposed by Xu et al. (2020). In brief, the 74Se-”’Se double spike was
added to the sample containing ~100 ng Se in a 15 mL PFA beaker, and
the ratio of spike to sample (77Sespike/788esample) was close to 2 for
minimizing errors during data reduction. After equilibration overnight,
the PFA beaker was placed on a hot plate at 90 °C to evaporate the
sample to incipient dryness. Then, 1.0 mL of 0.03 M potassium persul-
fate (K2S20g) was added into the beaker and heated at 130 °C for >2 h.
The obtained sample solution was loaded onto the column containing
1.0 mL anion exchange resin (AG1-X8, 100-200 mesh), and then washed
with MQ water and 0.1 M HCI. Finally, Se(VI) was recovered from the
resin with 5.0 M HCL. After the Se(VI) solution was reduced to Se(IV) by
heating at 95-100 °C for 1 h, the sample solution was diluted to 2.0 +
0.1 M HClI for Se isotope measurement.

Selenium isotopes were determined using the Nu Plasma II MC-ICP-
MS (Nu Instrument, UK) at the State Key Laboratory of Environmental
Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences.
Sample solution was introduced into the plasma through a hydride
generator, in which the gaseous HySe was produced through the reaction
of sample and a mixture of 0.3% NaBH,4 and 0.4% NaOH solution. All of
the Se isotope signals (7*se, 7%se, 77Se, 78Se, 8%Se, and ¥2Se) were
determined simultaneously using the Faraday cups at the low resolution
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mode. An iterative data reduction routine was used to correct in-
terferences and obtain Se isotopic ratio. Details of Se isotope measure-
ments and interference corrections are described in previous studies
(Tan et al., 2020; Xu et al., 2020, 2021).

The Se isotopic composition was reported relative to NIST SRM3149
in the delta notation:

8527686 — [(¥7Segmote/¥ S equnara) — 11 x 1000

®

where 8%/ 76Sesample and 8%/7%Segandarq are the 82/70Se ratio in the sample
and the standard SRM 3149, respectively. During the analysis, the SRM
3149 solution was determined every 3-5 samples to monitor the sta-
bility of the instrument. The §%%/7%Se value of SRM 3149 was 0.00 +
0.10%o (2SD, n = 150) during a 3-years period, whereas that of an in-
house MH495 reference solution was —3.44 4+ 0.11%o (2SD, n = 45),
which are highly comparable to those reported in other studies (Stiieken
et al., 2013, 2015; Schilling et al., 2020; Labidi et al., 2018). Thus, the
accuracy and precision of the analytical procedures for Se isotope are
reliable in this study.

The Se isotopic compositions of all aqueous phases obtained by
filtration were directly measured by MC-ICP-MS in this study. The Se
isotopic ratios of adsorbed samples can be obtained by either direct
measurement or mass balance calculation. However, the isotope signa-
ture of the solid phase during analysis might be compromised by the
presence of dissolved ions (Barling and Anbar, 2004; Balistrieri et al.,
2008). Although dissolved ions can be removed by water washing, it is
likely that some of adsorbed species via weak electrostatic force (e.g.,
outer-sphere complexes) may be also removed during rinse. In the pre-
sent study, Se isotope composition of the adsorbed sample was estimated
by mass balance calculations to avoid possible Se loss and better
compare Se isotope results from each individual experiment, consid-
ering that Se(VI) is predominantly adsorbed on minerals via weak outer-
sphere complexation (Harada and Takahashi, 2008; Kikuchi et al.,
2019). In fact, this method has been widely employed to investigate
isotope composition and fractionation of other elements (Ge, Ga, Cu, Zn,
and K) during adsorption (Pokrovsky et al., 2014; Balistrieri et al., 2008;
Yuan et al., 2018; Wasylenki et al., 2020; Li et al., 2021).

Here, the 5%%/7%Se values of the adsorbed phases were calculated
based on mass balance equation as follows:

82/76 82/76 82/76
8 Seadsorbed = (8 Sestock — O Seaqueous x (1 = O/t

@

where §%%/7%Segock, 85%7%Seadsorbed, and 8% 76Seaque(,us represent the
5%2/76ge value in the stock solution, solid phase, and liquid phase,
respectively; f and 1-f are the fraction of Se adsorbed and Se remaining in
solution, respectively.

Furthermore, we also measured 5%/ 765eadsorbed values in several Se
(IV) adsorbed samples to check the isotope mass balance. The isotopic
offset between the measured and calculated values is less than the
analytical uncertainty (0.1%o). The sum of isotopic values for aqueous
and measured adsorbed Se was equal to Se(IV) stock solution within the
uncertainty. This suggests that 522/75Se values in both liquid and solid
phases reported here are highly reliable.

The equilibrium isotope fractionation caused by adsorption was
calculated as the difference in the §%2/7Se values between aqueous and
adsorbed Se, A8%/ 76Seaqueous_adsorbed is defined as:

3

82/76, 82/76 82/76
A Seaqucous-adsorbcd =3 Seaqucous -0 Seadsorbed

The estimated uncertainties on the calculated A% 768eaqueous_adsorbed
stemmed from (i) the uncertainty on the fraction of Se adsorbed, and (ii)
the analytical uncertainty on the isotopic composition of the initial Se
solution and Se isotopic ratio of each individual experiment.

Rayleigh and Equilibrium fractionation models are used to describe
Se isotopic fractionation between aqueous (88% 768eaqueous) and adsor-
bed phases (8%%/75Seagsorbed). The Rayleigh model considers that one
phase can be continuously removed from the system, while the equi-
librium model assumes continuous, reversible isotope exchange as the
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reaction continues in closed systems. The two models are described
based on the following equations:
Rayleigh model:

S82/76 Cagueons = (1000 + S82/76 Esmk) x (1 _ f)(1%a,,uwms,)rm) ~1000 4
Equilibrium model:
582/765€s ock — 1000 X f X (1 = Gagueous—adsorbed)
682/7ﬁseaqueaus = - ik (5)

1 +f - (f X aaqucnu:—adsorb@d)

where aqueous-adsorbed is the fractionation factor, 5%2/75Seg0ck is the
measured 5%%/7 value of initial aqueous Se(IV) (—1.18 + 0.06%o), and f
denotes the fraction of Se adsorbed on ferrihydrite (i.e., (1 — f) is the
proportion of Se remaining in solution).

2.5. XAFS measurement and data analysis

The ferrihydrite adsorption experiments were run in parallel batches
in order to obtain enough solid materials for X-ray absorption fine
structure (XAFS) measurement. The solid phase at different reaction
time (1, 5, and 24 h) was obtained by filtering the suspensions using a
0.22 pm membrane filter, and then sealed into a polyethylene bag after
quick rinse with MQ water.

Selenium K-edge XAFS spectra of adsorbed samples were collected at
the BL14W1 beamline of the Shanghai Synchrotron Radiation Facility
(SSRF, Shanghai, China) and the 1W1B beamline of the Beijing Syn-
chrotron Radiation Facility (BSRF, Beijing, China). The X-rays were
monochromatized with a pair of Si(1 1 1) crystals and focused with a
bent cylindrical mirror. The samples were placed at an angle of 45° from
the incident beam to record the XAFS spectra in fluorescence mode using
a Ge solid-state detector (SSD) at room temperature under ambient
conditions. Energy calibration was performed using a NaHSeOs3 refer-
ence compound by defining the energy of 12.654 keV at the maximum
peak of white line. Repeated scans were performed to improve the
spectra quality, and no radiation damage was observed for the adsorbed
samples during data acquisition.

The XAFS spectra were analyzed using REX2000 software (Rigaku
Co. Ltd.) and FEFF 7.02 (Zabinsky et al., 1995). The background of XAFS
spectra was removed by a spline smoothing method. For EXAFS analysis,
the ks)((k) oscillation was extracted and then Fourier transformed to
obtain radial structural function (RSF). The RSF was inversely trans-
formed for spectral simulation by a curve-fitting method. Theoretical
phase shifts and backscattering amplitude functions for the Se-O and
Se-Fe shells were extracted from the structures of Fe,0(Se!VO3), and
Fez(SeVIO4)3 (Giester and Wildner, 1991; Giester, 1996). The quality of
the fitting was given by the goodness of fit parameter, R factor, defined
as:

R=" (k%K) = Kxea ()}’ /> {kxas(k)} (6)
where yca1(k) and yops(k) are the calculated and experimental absorption
coefficients at a given wavenumber (k), respectively. Details of the XAFS
analysis are similar to those described in our previous studies (Qin et al.,
2019, 2021).

2.6. Computational methods

2.6.1. Models

In this study, the HSeO3 was selected as the dissolved species for Se
(IV), because it is the predominant species under neutral circumstances
(Fig. S1). For aqueous phase calculations, the cubic cell containing 60
water molecules and HSeO3 were built, and then one Na atom was
added in the cell to keep the charge balance. The lattice constants were
setasa=b=c=12.46 10\, so that the external pressure approaches zero
kbar, and the density is approximately equal to 1 g/cm?>,

For the surface adsorption calculations, the unit cell of ferrihydrite
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was optimized and the lattice constants were calculated to be a = b =
5.95A, ¢ =9.32 A, & = B = 90° and y = 120°, which is consistent with
previous studies (Pinney et al., 2009; Chappell et al., 2017). We con-
structed a 2 x 2 supercell (contains 112 atoms) and cleaved its (1 -1 0)
and (1 0 0) faces to study the adsorption of HSeO3 on ferrihydrite. The
size of the supercell is 11.91 A x 9.32 A x 24.60 A, with a vacuum layer
height of approximately 15 A. The H atoms were added to Fe atoms on
the bottom to maintain charge neutrality in the surface models. The (1
-1 0) surface was chosen in this study because it is the most stable
surface and one of the most commonly observed facets on ferrihydrite
nanoparticles (Hiemstra, 2013). In addition, the (1 0 0) face was also
chosen because it is a representative of edge termination of platy crystals
of ferrihydrite, which enable the formation of surface complexes for ions
(Ona-Nguema et al., 2005; Kubicki et al., 2018; Sassi et al., 2021).

In order to reduce the computational complex, the implicit solvation
model was adopted implemented in VASPsol to simulate an aqueous
environment (Mathew et al., 2014). The effect of solvation on the
aqueous and surface species was modelled by inclusion of twelve explicit
water molecules near each adsorbate. With the exception of the Fe atoms
bonded to the adsorbate, the exposed Fe atoms are fully saturated with
chemically adsorbed water. Note that isotope fractionation is a rela-
tively local effect, the fractionations are closely related to the local
structures of the interested atom. A solute molecule with surrounding
twelve water molecules is sufficient to simulate the local structures of
the Se(IV) in the solutions.

2.6.2. Computational details

All the density-functional theory (DFT) calculations were performed
using VASP with the generalized gradient approximation (GGA)-Per-
dew-Burke-Ernzerhof (PBE) functional (Perdew et al., 1996). The DFT-
D3 method was applied to treat van der Waals dispersion forces
(Grimme et al., 2010). The first-principles molecular dynamics (FPMD)
simulations were performed in NVT ensemble with a time step of 0.5 fs
and total time of 50 ps. The temperatures were controlled by a Nosé
thermostat and were set to be 298.15 K. For structural optimization, the
cutoff was set to be 600 eV. The Brillouin zones were sampled witha 1 x
1 x 1 and 3 x 3 x 1 k-point grid for aqueous phase and surface
adsorption calculations, and the convergence criterion of force was set
to be 102 eV/A and —0.05 eV/A, respectively. The GGA + U method
was used to treat 3d iron electrons with the Hubbard U formulation at 4
eV (Chappell et al., 2017). The magnetic moment for Fe was set referring
to stable ferrimagnetic ordering for ferrihydrite (Pinney et al., 2009).
The density functional perturbation theory (DFPT) implemented in
PHONOPY (Togo and Tanaka, 2015) was applied to calculate phonon
frequencies. While for the surface adsorption calculations, the vibra-
tional frequencies of relevant atoms were calculated using finite differ-
ences method.

The equilibrium isotope fractionation factor (@) between the sub-
stances of A (aqueous Se solution) and B (adsorbed Se) was expressed as:

)

The reduced partition function ratio (RPFR) of each species was
estimated using the following equation (Bigeleisen and Mayer, 1947;
Urey, 1947):

a4_p = RPFR(A)/RPFR(B)

Y outexp(— ) [1 - exp(—

RPFR = H"’BXP( ﬁ)[ exp( u,f” ®
; u,-exp( - 7’)[1 -exp(—u;)]

where y; is related to the ith vibrational frequency (v;) with ui = %; and

h, k and T are the Planck’s constant, Boltzmann constant and tempera-
ture, respectively. The temperature (T) was assumed to 298.15 K during
calculations. N is the harmonic vibrational modes of molecules (N equals
to 3n-5 for linear molecules, or 3n-6 for non-linear polyatomic mole-
cules). The asterisk indicates the substance with heavier isotope (ste),
while the one without asterisk refers to the lighter isotope (76Se). The
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magnitude of equilibrium isotope fractionation (A4.g) was expressed as:

As_p = 1000 x Infay_p) 9

3. Results
3.1. Se adsorption on 2-line ferrihydrite

The results for Se adsorption on 2-line ferrihydrite are summarized in
Tables 1 and S1. The adsorption was very rapid at the early stage, and
then gradually increased with time and reached a constant value after
24 h for both of Se(IV) and Se(VI) species (Figs. 1A and 3A). The surface
coverages of Se(IV) and Se(VI) were about 0.09 and 0.05 pmol/rn2 after
48 h reaction at pH 7, respectively. With increasing pH from 4 to 8, Se
(IV) adsorption decreased gradually, with the surface coverage
decreasing from 0.12 to 0.04 pmol/m?. There was no significant dif-
ference in surface coverages between 0.01 M and 0.7 M NaCl, indicating
that the ionic strength has a negligible influence on Se(IV) adsorption on
2-line ferrihydrite (Fig. 1B). This ionic strength-independent behavior
likely suggests that the inner-sphere complexation is the predominant
adsorption mechanism for Se(IV) on ferrihydrite at the examined pH
ranges (Hayes et al., 1987). In addition, with incremental initial Se(IV)
concentration ranging from 2.6 to 260 pM, the adsorption rate decreased
gradually up to 32.6%, but the surface coverage increased up to 0.26
prnol/m2 (Fig. 1Q).

3.2. Se isotopic behavior during adsorption on 2-line ferrihydrite

The Se isotopic compositions of aqueous and adsorbed phases in
different adsorption experiments are provided in Tables 1 and S1. In the
time series experiments, the first-order observation is that the lighter Se
isotope was preferentially partitioned to the solid phase, while the Se
remaining in aqueous solution becomes isotopically heavier after the
adsorption onto 2-line ferrihydrite. In the case of Se(IV), the Se isotopic
composition in the aqueous phases %% 76Seaqueous) rapidly increased
from —1.20%o and converged to a constant (~0.5%o) during the first 24
h, while the §%%/76Se,dsorbed Of the solid phases ranged from —1.73%o to
—1.5%0 (Fig. 2 and Table 1). From 24 h to 96 h, no significant change was
observed for the aqueous and solid phases in the Se(IV) system. Frac-
tionation between dissolved and sorbed Se(IV), A%%/ 768eaqueous,adsorbed
was ~0.90%.. By contrast, the 5%/ 765eaqueouS value (1.18-1.27%o)
changed insignificantly relative to Se(VI) stock solution (1.18 + 0.06%o)
throughout the Se(VI) adsorption experiment, with little or no Se isotope
fractionation (A%%/ 76Seaqueous_adsorbed < 0.2%o) (Fig. 3B and Table S1).
This observation indicates that the isotope equilibrium is probably
achieved after ~24 h for the adsorption of both Se(IV) and Se(VI) on 2-
line ferrihydrite.

In pH-dependent experiments for Se(IV), fractionation between dis-
solved and sorbed Se was 0.88 + 0.11%o at pH 7. Similar fractionation
magnitude was found at pH ranging from 4 to 8, with the A8/ 76Seaqueous,
adsorbed Of 0.85-0.94%o (Table 1). In concentration-control experiments,
the Se isotopic composition of aqueous phases varied from —0.91 +
0.10%o to —0.31 + 0.09%o (Table 1). Although the isotopic compositions
of dissolved Se varied widely at different initial Se(IV) concentrations,
Se fractionations between the aqueous and adsorbed phases were near-
identical, with A8% 765eaqueous_adsorbed ranging from 0.82 + 0.19%. to
0.93 £ 0.12%o (Fig. 4 and Table 1). This can be explained by variations
in adsorption percent following the same isotopic fractionation mech-
anism, as reported in previous studies (e.g., Li et al., 2021).

3.3. Se K-edge XAFS analyses

3.3.1. Se K-edge XANES

Fig. 5 shows the X-ray absorption near edge structure (XANES)
spectra of Se-adsorbed samples prepared at different reaction times. The
peak energies of the XANES spectra for Se(IV)-adsorbed materials were
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essentially identical to that of aqueous Se(IV) solution, irrespective of
the adsorption time. Likewise, the Se(VI)-adsorbed samples also
exhibited similar XANES spectra to that of Se(VI) solution. These ob-
servations clearly indicate that the oxidation state of Se does not change
during the adsorption of either Se(IV) or Se(VI) on Fe (oxyhydr)oxides
under our experimental conditions.

3.3.2. Se K-edge EXAFS

The k3x(k) spectra of Se K-edge EXAFS for Se(IV)-adsorbed materials
obtained at different adsorption time were similar to each other, but
disparate from that for aqueous Se(IV) solution (Fig. 6A). This difference
became more obvious in their RSFs (Fig. 6B), where Se(IV)-adsorbed
samples exhibited distant peaks at R + AR = 2.8 A (phase shift not
corrected) apart from the pronounced peaks at R + AR = 1.2 A (phase
shift not corrected), indicating the existence of scattering signals from Fe
atoms for Se(IV)-adsorbed materials. The curve-fitting analysis showed
that the second peak is assigned to the Se-Fe shell with the interatomic
distance of 3.33 A for ferrihydrite, whereas the first peak corresponds to
the Se-O shell at 1.70 A (Table 2). On the contrary, the ksx(k) spectra for
Se(VI)-adsorbed materials prepared at different reaction time were
essentially identical to that for Se(VI) solution (Fig. 7A). This implies
that Se(VI) seems to be adsorbed on ferrihydrite via hydrated species,
with the distance of the Se-O shell (the first prominent peak in the RSFs)
at 1.65 A (Fig. 7B and Table 2). These results are in good agreement with
the structural parameters reported by previous studies (Harada and
Takahashi, 2008; Kikuchi et al., 2019). Therefore, the EXAFS analyses
suggest that the adsorption mechanism does not change with the reac-
tion time. Specifically, Se(IV) is predominantly adsorbed on Fe (oxy-
hydr)oxides with the formation of the inner-sphere complexes, while the
outer-sphere complexation is the main attachment mode for Se(VI)
adsorption.

3.4. First-principles calculations of equilibrium Se isotope fractionation

To further assess the structural properties of aqueous HSeOs, the
partial radial distribution functions (PRDF) between Se and O (O atom in
HSeO3) were calculated. As shown in Fig. S2, only one peak are
observed for the Se-O pair, indicating the high stability of Se-O
bonding. We extracted 21 snapshots (see Fig. 8A as an illustration) from
the 50 ps FPMD trajectories in every 1 ps and reoptimized their con-
figurations. Based on those optimal configurations, we further per-
formed phonon frequency calculations for obtaining the reduced
partition function ratios (10°Inp) at 298.15 K. The results are presented
in Fig. 8B, one can see that the calculated values of 10%Inp are 20.6-21.1,
however, their cumulative averages in the time domains converge
almost to a constant value (20.85). Our results are similar to the case of
aqueous Mg2+ performed by Wang et al. (2019) and aqueous Br™~ per-
formed by Gao and Liu (2021).

To obtain the reduced partition function ratios (RPFR) for surface
adsorption, the vibration frequencies of the atoms associated with
HSeO3 at 298.15 K need to be calculated. Before the RPFR (103lnﬁ)
calculations, we preliminarily assessed the effect of the calculated region
of surface models on vibration frequencies (Fig. S3). Using the optimized
model, the HSeO3 was bound to two corners of two adjacent Fe octa-
hedrons, the average lengths of the Se-O bond were 1.76 A and 1.74 A
(Rse_0), and the average interatomic distances between Se and two Fe
atoms were 3.37 A and 3.21 A (Rse_re) for surface complexes at the (1
0 0) and (1 -1 0) faces of ferrihydrite, respectively (Fig. 8C). The 1031n[3
values for surface complexes at the (1 0 0) and (1 -1 0) surfaces of
ferrihydrite were calculated to be 18.87 and 21.79, respectively. The
fractionation factors between aqueous HSeOs and the bidentate-
binuclear Se complexes formed at the (1 0 0) and (1 -1 0) faces of fer-
rihydrite were theoretically calculated to be 1.94%. and —0.98%,
respectively. This clearly indicates that Se(IV) isotope fractionation is
dependent on the facet where the adsorption is occurring. However, it
should be noted that the adsorption experiment on bulk powders of a
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Fig. 2. The Se isotope value (6%%7%Se) in the liquid and adsorbed phase as a function of time for Se(IV) adsorption on ferrihydrite.

mineral probably lead to a mixture of multiple surface complexes
(Kubicki et al., 2012). Similarly, we assumed that the experimental
isotope fractionation is the mixture of isotope fractionations caused by
Se adsorption at the (1 0 0) and (1 -1 0) faces of ferrihydrite. The
contribution of (1 0 0) and (1 -1 0) faces were estimated to be ~64% and
~36%, based on the observed isotope fractionation (~0.89%o) during
adsorption experiments.

4. Discussion
4.1. Se isotope fractionation caused by adsorption

Fig. 9 shows that the equilibrium fractionation model fits our
experimental data better than the Rayleigh model, with the aagueous-
adsorbed Of 1.00089 + 0.00005%o. These experimental results strongly
indicate that Se isotopes are substantially fractionated during Se(IV)
adsorption on 2-line ferrihydrite, likely resulting from the adequate
isotopic exchange with the preferential enrichment of lighter Se isotopes
in the solid phase. This equilibrium fractionation is consistent with other
elements (such as Mo and W) on the mineral surfaces reported in pre-
vious studies (Barling and Anbar, 2004; Wasylenki et al., 2008, 2011,
2020; Kashiwabara et al., 2017).

In our study, we observed that the §%%/7Se values obtained at the
initial stage (low adsorption in Fig. 10) fall on the Rayleigh fractionation
line, although other 8%%/7°Se results from the kinetic experiment
(duration of 96 h) appeared to follow the equilibrium fractionation. In
fact, numerous studies have observed that a short-lived kinetic pattern
occurs at the initial adsorption stage for elements such as Tl, Zn, and Ca
(Nielsen et al., 2013; Dong and Wasylenki, 2016; Brazier et al., 2019),
and then rapidly diminishes when the equilibrium is reached. Consid-
ering the similar adsorption mechanism at different reaction times
revealed by our EXAFS results, one can conclude that the large frac-
tionation at the initial stage of Se(IV) adsorption by 2-line ferrihydrite
(or hematite; Xu et al., 2020) is likely govern by the kinetic effect rather
than other reaction mechanisms, but an isotopic equilibrium can be
eventually attained over time (after ~24 h). The observation that the
initial stage of Rayleigh fractionation line and Equilibrium fractionation
line seems coincident might be due to the overprint of subsequent

30

isotope equilibrium, despite initially fast kinetic isotope fractionation.
However, the Se isotope fractionation caused by kinetic effect appears to
be only evident on short timescales (hours). It seems more likely that
isotope fractionation caused by adsorption is close to equilibrium frac-
tionation in nature particularly for marine environment (Little et al.,
2014). This is because the residence time of Se in the ocean is thought to
be 10* years (<26,000 years; Large et al., 2015), and the growth of
ferromanganese crusts and nodules is extremely slow (1-5 mm/Ma)
(Koschinsky and Hein, 2003; Hein and Koschinsky, 2014).

4.2. Molecular mechanism for Se isotope fractionation caused by
adsorption

By Se K-edge XANES analyses, we clearly exclude the occurrence of
Se reduction or oxidation reaction in our adsorption experiments, which
is rational due to the fact that the Fe2+/Fe(0H)3 boundary is located at a
lower Eh level than that of Se(IV)/Se(VI) shown in the Eh-pH diagram
(Fig. S4, Brookins, 1988). This allows us to explore the mechanism of Se
isotope fractionation caused by adsorption on Fe (oxyhydr)oxides.

4.2.1. Dominant adsorbed surface complexes

Our EXAFS data suggest that the SeFe interatomic distance is 3.33 A
for Se(IV)-adsorbed ferrihydrite, which is similar to previous studies (e.
g., Kikuchi et al., 2019). It is noteworthy that spectroscopic measure-
ments are performed on the entire solid, which means that the infor-
mation obtained from EXAFS analysis could be the mixture of each
complexes formed at single surface of minerals. Considering that Se(IV)
can be adsorbed at the (1 0 0) and (1 -1 0) faces (~64% and ~36%), we
can calculate the average length of the Se-Fe bond for Se(IV) adsorption
on ferrihydrite was 3.32 A, based on the Se-Fe interatomic distances in
the bidentate-binuclear (ZC) complexes at the (1 0 0) and (1 -1 0) faces
(3.37 A and 3.21 A, respectively, predicted by DFT calculations). This
consistence in the Se-Fe interatomic distances obtained from EXAFS
analysis (3.33 A) and DFT calculations (3.32 A) clearly suggests that Se
(IV) adsorption could occur at the (1 0 0) facet in addition to dominant
(1 -1 0) facet of ferrihydrite with the formation of bidentate-binuclear
inner-sphere complexes.

For Se(VI), the EXAFS results indicate that Se(VI) is mainly adsorbed
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Table 1
Chemical and isotopic results of Se(IV) adsorption on ferrihydrite.
Experiments Time pH IS [Selinitial  Adsorption  Coverage 852 2sd §%%/ 2sd A3%758e,queous- 2sd
7ﬁseaqueous 7éseadsorbed adsorbed
(h) ™) (pM) (%) (pmol/ %o %o %0 %o %o %o
m?)
Adsorption kinetic 0.17 7 0.01 38.8 35.1 0.041 —0.82 0.08 —-1.85 0.23 1.03 0.24
experiment
Time-series set 0.5 7 0.01 38.8 42.6 0.050 -0.79 0.07 -1.71 0.17 0.92 0.18
1 7 0.01 38.8 52.5 0.062 —0.53 0.12 -1.74 0.16 1.18 0.20
3 7 0.01 38.8 56.0 0.066 —0.51 0.07 -1.71 0.12 1.20 0.14
5 7 0.01 38.8 63.1 0.074 —0.35 0.08 -1.66 0.11 1.31 0.13
12 7 0.01 38.8 68.3 0.080 —0.40 0.08 —-1.54 0.10 1.15 0.12
24 7 0.01 38.8 76.0 0.091 —0.41 0.09 —1.41 0.08 0.99 0.12
36 7 0.01 38.8 75.9 0.089 —0.53 0.12 -1.39 0.09 0.86 0.15
48 7 0.01 38.8 76.4 0.090 —0.47 0.09 -1.40 0.08 0.93 0.12
60 7 0.01 38.8 75.4 0.089 —-0.49 0.08 —1.40 0.08 0.91 0.12
96 7 0.01 38.8 77.3 0.091 —0.50 0.11 —1.38 0.08 0.88 0.14
Adsorption edge experiment 48 4 0.01 38.8 99.7 0.117 —-0.24 0.09 —-1.18 0.06 0.94 0.11
pH-dependent set 48 5 0.01 38.8 97.3 0.115 —-0.30 0.08 -1.20 0.06 0.90 0.10
48 6 0.01 38.8 91.2 0.107 —0.41 0.12 -1.26 0.07 0.85 0.14
48 7 0.01 38.8 77.3 0.091 —-0.50 0.08 —1.38 0.08 0.88 0.11
48 8 0.01 38.8 69.3 0.082 —0.59 0.11 —-1.44 0.10 0.86 0.15
48 4 0.7 38.8 97.1 0.114
48 5 0.7 38.8 97.2 0.114
48 6 0.7 38.8 89.3 0.105
48 7 0.7 38.8 75.4 0.089 —-0.49 0.08 -1.40 0.08 0.91 0.12
48 8 0.7 38.8 71.7 0.084 —0.51 0.12 —-1.44 0.10 0.93 0.15
Adsorption isotherm 48 7 0.01 0.7 99.3 0.002
experiment
Concentration-control set 48 7 0.01 2.6 99.7 0.008
48 7 0.01 6.6 99.6 0.020
48 7 0.01 13.0 98.0 0.039 —0.31 0.09 —1.20 0.06 0.89 0.11
48 7 0.01 25.2 83.5 0.064 —0.41 0.11 —-1.33 0.08 0.92 0.13
48 7 0.01 38.8 73.7 0.087 —0.55 0.08 -1.41 0.09 0.86 0.12
48 7 0.01 77.7 60.9 0.143 —0.66 0.12 —1.51 0.13 0.85 0.17
48 7 0.01 260.2 35.0 0.276 —0.86 0.10 -1.77 0.25 0.91 0.27
48 7 0.7 2.6 98.2 0.008
48 7 0.7 6.6 99.5 0.020
48 7 0.7 13.0 99.8 0.039
48 7 0.7 38.8 82.8 0.097 —0.41 0.09 —1.34 0.08 0.93 0.12
48 7 0.7 130.1 44.5 0.175 —0.81 0.08 -1.64 0.17 0.82 0.19
48 7 0.7 260.2 32.6 0.257 —-0.91 0.10 -1.74 0.28 0.83 0.29
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Fig. 3. The surface coverage (A) and aqueous Se isotope composition (B) during Se(VI) adsorption on ferrihydrite.

on 2-line ferrihydrite with the formation of outer-sphere complexes
(Fig. 7). Nevertheless, it should be noted that EXAFS is not very sensitive
to species comprising roughly 5-10% or less of the total adsorbed spe-
cies (Foster et al., 2003). That is, if the ratio of inner-sphere complex is
very small or negligible compared with predominant outer-sphere
complex on ferrihydrite, the contribution of inner-sphere complex
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may not be reflected by EXAFS analysis. In fact, it remains somewhat
debated regarding the adsorption mechanism (inner-sphere or outer-
sphere complexation) for Se(VI) on Fe (oxyhydr)oxides (Manceau and
Charlet, 1994; Peak and Sparks, 2002; Harada and Takahashi, 2008).
The spectroscopic and theoretical studies have given the coherent result
that the outer-sphere complexation is the predominant mechanism
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Fig. 5. Se K-edge XANES spectra of adsorbed samples. Blue and red dash lines
denote the peak energy of Se(IV) and Se(VI) species, respectively.

except for the systems under acidic and high ionic strength conditions
(Wijnja and Schulthess, 2000; Fukushi and Sverjensky, 2007; Harada
and Takahashi, 2008; Kikuchi et al., 2019). Our experiments were
mainly performed under neutral conditions similar to natural environ-
ments, which implies the dominant formation of outer-sphere complexes
on the surface of 2-line ferrihydrite, as theoretically predicted by the
proton dissociation constants (Qin et al., 2017a). Provided that there is a
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small amount of Se(VI) inner-sphere complex that cannot be clearly
distinguished by EXAFS analysis, but it is not necessary to discuss Se
isotope fractionation during Se(VI) adsorption considering its negligible
contribution.

4.2.2. Se isotope fractionation controlled by the structure of surface
complexes

As a classic rule governing stable isotopic fractionation of an
element, heavy isotopes are preferentially enriched in the component
with stiffer bonding environments (e.g., lower coordination numbers,
shorter bond lengths, and highly covalent bonds) when two substances
are in equilibrium (Bigeleisen and Mayer, 1947; Schauble, 2004). Our
results regarding heavier Se isotopes remaining in the solution during
the adsorption on Fe (oxyhydr)oxides likely suggest a stronger and
stiffer bonding environment in the aqueous phase compared with the
adsorbed Se complexes. This follows the general trend for anionic metal
species (e.g., WO3~ and MoOZ ") that lighter isotopes are inclined to be
distributed to the adsorbed phases on the mineral surfaces (Goldberg
et al., 2009; Wasylenki et al., 2011; Kashiwabara et al., 2017).

Given that the oxidation state of Se does not change in our systems,
several possible mechanisms are proposed to be responsible for isotope
fractionation caused by adsorption. One possible mechanism is the effect
of protonation/deprotonation of metal species in solution and on the
mineral surface. Nonetheless, this effect appears to be limited, as the
dominant dissolved HSeO3 and SeO3~ species can be extensively present
at a wide pH range (Fig. S1). Additionally, the first-principles calcula-
tions showed that Se isotope fractionation between aqueous SeO%~ and
HSeOg3 is very small (Li and Liu, 2011), which is not sufficient to explain
the larger fractionation during Se(IV) adsorption on Fe (oxyhydr)oxides.

Another possible mechanism is the change of the interatomic dis-
tance between the element and its nearest neighbor O atoms, which
primarily controls the vibrational frequencies and thus equilibrium
isotope fractionation of an element between the aqueous phase and solid
phase (Bigeleisen and Mayer, 1947; Schauble, 2004). It has been
demonstrated that a larger Zn isotope fractionation for ferrihydrite than
goethite is attributed to the degree of change in the Zn-O bond length
caused by adsorption (Juillot et al., 2008; Gou et al., 2018). In com-
parison with aqueous Zn solution (Rzp o = 2.11 10\), the interatomic
distance of the Zn-O bond in Zn-adsorbed ferrihydrite (Rzn_o = 1.96 [o\)
becomes much shorter than that in Zn-adsorbed goethite (Rz, o = 2.06
A). Likewise, Nakada et al. (2013) reported that the isotope fraction-
ations of Nd and Sm are also governed by the shorter REE-O distances in
the adsorbed species on 5-MnOs, relative to their aqua ions. However, in
the case of Se, the Se-O bond length is indistinguishable between the
solution and the adsorbed phase (i.e., ferrihydrite) from our EXAFS re-
sults (Table 2). Hence, Se isotope fractionation during adsorption on Fe
(oxyhydr)oxides is not primarily driven by the change of the Se-O bond
length.

A third possible mechanism is that the attachment mode and the
structure of surface complexes on the minerals govern the isotopic
fractionation of an element. It has been suggested that adsorption re-
action with outer-sphere complexation does not induce a large isotopic
fractionation, because the local structure of the element does not change
by the adsorption reaction (Lemarchand et al., 2007; Kashiwabara et al.,
2011; Takahashi et al., 2015). Lemarchand et al. (2007) reported a small
boron isotope fractionation due to the formation of outer-sphere com-
plexes on the birnessite surface. Kashiwabara et al. (2011) indicated that
Mo isotopes cannot be fractionated largely by the outer-sphere
complexation during adsorption on ferrihydrite. For Se(VI), a small or
negligible Se isotope fractionation (<0.2%c) can be ascribed by the
attachment mode of the outer-sphere complexation during adsorption
on ferrihydrite, hematite, and clay minerals, as revealed by this work
and our earlier studies (Xu et al., 2020, 2021).

However, the formation of inner-sphere complexes on the mineral
surfaces generally leads to a relatively large isotope fractionation, as
reported for the adsorption of boron on goethite (Lemarchand et al.,
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Fig. 6. Se K-edge EXAFS spectra of Se(IV) adsorbed samples (A: k3-weighted x(k) spectra; B: RSFs (phase shift not corrected)). Solid lines are spectra obtained by

experiments, and dash lines are calculated spectra by the curve-fitting analysis.

Table 2
Structural parameters of EXAFS spectra for adsorbed samples.
Sample Shell CN R (A) AEq(eV) o2 (A% R factor
(%)
Se(1V) Se-O 3.4 1.69 8.2(7) 0.006 0.88
solution 6) (€8] (€8]
Se(IV)-Fh-1 Se-O 3.2 1.70 9.7 (4) 0.003 0.69
h? 6) @® (€Y]
Se-Fe 1.8 3.33 0.012
(€D)] (2 3)
Se(IV)-Fh-5h  Se-O 3.4 1.70 8.9 (5) 0.003 0.91
6) @ (€9]
Se-Fe 1.6 3.33 0.012
@ (2 3)
Se(IV)-Fh-24 Se-O 3.3 1.70 9.4 (6) 0.003 0.70
h 6) ® (€Y]
Se-Fe 1.8 3.33 0.013
(€Y] 2 ©)]
Se(VI) Se-O 4.1 1.65 8.6 (8) 0.001 0.81
solution @ 1 @™
Se(VD)-Fh-1h  Se-O 3.9 1.65 8.7 (9) 0.001 1.19
6) @® @
Se(VD)-Fh-5h  Se-O 3.7 1.65 8.2(7) 0.001 0.90
6) @ (€Y]
Se(VID)-Fh-24 Se-O 3.8 1.65 8.3(8) 0.001 0.98
h 6) @® @

CN, coordination number; R, interatomic distance; AE,, threshold Eq shift; and

62, Debye-Waller factor.

The uncertainties in the last digit for CN, R, AE,, and o2 are listed in parentheses.
@ Se adsorption on ferrihydrite (Fh) at different time.

2007) and Mo on manganese oxides (Kashiwabara et al., 2011). Our
results from EXAFS analysis and DFT calculations clearly suggest that Se
(IV) predominantly forms bidentate-binuclear corner-sharing (ZC) inner-
sphere complexes on the surface of 2-line ferrihydrite, which is expected
to induce a substantial Se isotope fractionation. Despite no change in the
Se-O bond length as discussed in the foregoing EXAFS results, the for-
mation of the 2C complexes could lead to symmetry distortion of Se(TV).
On the basis of the Se-O bond lengths (1.70 A) obtained by EXAFS
analysis and the distance (Ro_o = 2.60 /0\) between two O atoms at the Fe
(oxyhydr)oxide surface yielded by the formation of the 2C complex
(Manceau, 1995; Pokrovsky et al., 2014), the O-Se-O angle in the
adsorbed Se(IV) complex would decrease to 100° relative to that in
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aqueous Se(IV) species (trigonal pyramidal structure, 107°). This
distortion in the O-Se-O angle can decrease the stability of the first
coordination sphere (Se-0) in the adsorbed Se, resulting in a substantial
enrichment of lighter Se isotopes in the solid phase. This is confirmed by
the DFT calculations, showing that theoretical Se(IV) isotope fraction-
ation factor yielded by the formation of the 2C complex at the (1 0 0) and
(1 -1 0) faces of ferrihydrite. This consistency strongly suggests that the
small structural distortion caused by the bidentate-binuclear inner-
sphere complexation is primarily responsible for equilibrium Se isotope
fractionation during Se(IV) adsorption on ferrihydrite (Fig. 11), as
demonstrated for Ge isotope fractionation mechanism during the
adsorption on goethite (Li and Liu, 2010; Pokrovsky et al., 2014).

4.3. Implication for Se isotope fractionation in natural ferromanganese
oxides

Our study demonstrates isotope fractionation behavior and molec-
ular mechanism during Se oxyanions adsorption on 2-line ferrihydrite,
which has implications in term of the understanding of Se isotopic
composition in marine ferromanganese oxides and reconstructing the
global Se cycling in the ocean. Particularly, this study is relevant to
hydrogenetic ferromanganese oxides, which can scavenge directly trace
elements (including Se) from those dissolved in seawater (Hein and
Koschinsky, 2014; Takahashi et al., 2015).

Marine ferromanganese oxide, as an important Se sink, may recover
a lot of seawater Se (48%) by the adsorption of Se(IV) (Stiicken, 2017).
Koschinsky and Hein, (2003) reported that Se is mainly associated with
Fe (oxyhydr)oxide fraction in hydrogenetic samples by a sequential
leaching method. Nonetheless, Se speciation and distribution in marine
ferromanganese oxides has not been directly determined due to low Se
content and strong interference from other elements (particularly Fe and
Mn) during measurement by synchrotron-based techniques (e.g., p-XRF
and XAFS). We rationally supposed here that Se in hydrogenetic sample
is predominantly present as Se(IV) adsorbed by ferrihydrite with the
formation of bidentate-binuclear inner-sphere complexes. This is
because (i) hydrogenetic ferromanganese crusts and nodules generally
have a higher Fe/Mn ratio, and ferrihydrite is the predominant Fe
component (Goldberg et al., 2009; Hein and Koschinsky, 2014; Qin
et al., 2019); (ii) Se has a high sorption affinity for ferrihydrite than
other constituent minerals such as Mn oxides (Balistrieri and Chao 1990;
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Fig. 7. Se K-edge EXAFS spectra of Se(VI) adsorbed samples (A: k3-weighted x(k) spectra; B: RSFs (phase shift not corrected)). Solid lines are spectra obtained by
experiments, and dash lines are calculated spectra by the curve-fitting analysis.
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Harada and Takahashi, 2008); and (iii) despite the presence of both Se
(VI) and Se(IV) species in the ocean, the affinity of Se(IV) for Fe oxides is
much higher in comparison with Se(VI), which is ascribed by the fact Se
(IV) can be strongly adsorbed on minerals via the inner-sphere
complexation, but Se(VI) forms weak outer-sphere complexes.
Although the oxidation of Se(IV) by synthetic Mn oxides has been
observed at low pH (Scott and Morgan, 1996; Dwivedi et al., 2022),
similar studies also reported incomplete (Banerjee and Nesbitt, 2000) or
no Se(IV) oxidation (Balistrieri and Chao, 1990, Foster et al., 2003;
Pettine et al., 2013; Xu et al., 2020). XPS and EXAFS results indicated
that the formation of Mn(III) can inhibit or slow Se(IV) oxidation
(Banerjee and Nesbitt, 2000; Foster et al., 2003), and the continued
reaction may passivate the Mn oxide surface (Frierdich and Catalano,
2012). These results indicate that this oxidation of Se(IV) by Mn oxides
should be very slow and limited in particular at higher pHs. Further-
more, natural minerals may not be as oxidizing as synthetic phases,
which may increase the retention of Se(IV) species due to greater
adsorption to Fe and Mn oxides for Se(IV) than Se(VI) (Frierdich and
Catalano, 2012). Indeed, Se(IV) has been found to be the predominant
Se species in natural cave ferromanganese oxides (Frierdich and Cata-
lano, 2012). Similarly, in the marine environment at the relatively high
pH, Se(VI) oxidized from Se(IV) by Mn oxides can be very small. Thus, Se
is expected to be predominantly associated with ferrihydrite in the form
of Se(IV) in hydrogenetic ferromanganese oxides, while Se(VI) or other
Se species could be much smaller. In view of this, we hypothesize here
that Se isotope fractionations in hydrogenetic ferromanganese oxides
and seawater are primarily controlled by Se(IV) adsorption on
ferrihydrite.

Rouxel et al. (2002) firstly reported Se isotopic composition in one
Mn nodule (NOD-P-1, USGS standard) from the Pacific Ocean, with the
5%2/76ge value of 0.36 + 0.20%.. They suggested that Se isotopic
composition of ferromanganese nodules may approximate that of
seawater. Recently, Chang et al. (2017) developed a method for the
determination of Se isotopes in seawater and directly determined Se
isotopic composition of inorganic Se in seawater from Northwestern
Pacific Ocean (with the §%%7°Se ranging from 0.41%o to 1.59%), indi-
cating that Se isotopic composition of Mn nodules cannot approximate
the overall Se isotopic composition of seawater but only near the ocean

Se(VI)

—____
—

A 82/7GSe(VI)aqueous—adsorhed <0.2%0

Outer-sphere
complexation

Fig. 11. A schematic diagram showing the molecular-scale mechanism for Se isotope fractionation caused by Se(IV) and Se(VI) adsorption on ferrihydrite.
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floor. Assuming dissolved Se isotope composition of seawater in the
location of NOD-P-1 is close to those in the ocean floor in Northwestern
Pacific Ocean (~0.41%o) reported by Chang et al. (2017), it likely that
lighter Se isotopes are slightly enriched in ferromanganese nodules
relative to seawater. This could be supported by our experimental results
that lighter Se isotopes are preferentially distributed to the solid phase
(ferrihydrite) during adsorption. Nevertheless, the magnitude of frac-
tionation (~0.05%o) between seawater and the ferromanganese sample
(Rouxel et al., 2002) appears to be smaller than those obtained from Se
(IV) adsorption experiment (~0.89%c). One possibility is that the
experiment conditions may be different from complex marine environ-
ment. Some environmental factor (e.g., co-existing ions) that may result
in a change in Se isotope fractionation should be also considered and
checked in future. Another possible explanation is that the syn-deposi-
tional and post-depositional alterations may have an effect on Se isotope
composition in ferromanganese oxides. Gueguen et al. (2016) have
proposed that Ni isotope variations in different ferromanganese crusts
may be influenced by post-depositional processes depending on the
growth history and geological settings. The third explanation is that Se
isotope fractionation in ferromanganese oxides may be also affected by
the adsorption and oxidation of Mn oxides apart from ferrihydrite. It has
been indicated that Se could be also immobilized by Mn oxides espe-
cially when minor Fe (oxyhydr)oxide is available in ferromanganese
sediments (Koschinsky and Hein, 2003). This means that some of Se may
be also entrapped by Mn oxides in the NOD-P-1, since this sample is the
mixed type of hydrogenetic and diagenetic, with a relatively lower Fe
content (Fe/Mn = 0.20) (Flanagan and Gottfried, 1980; Hein and
Koschinsky, 2014). Although Se isotope fractionations have been
observed for Se(IV) adsorption and oxidation by Mn oxides at low pHs
(pH < 5.5; Xu et al., 2020; Dwivedi et al., 2022), Mn oxide adsorption
could not cause a strong Se isotope fractionation in the pH range of the
ocean (i.e., no Se fractionation at pH 8; Xu et al., 2020), which is
significantly disparate from Mo isotope that is very sensitive to Mn ox-
ides (Kashiwabara et al., 2011; Wasylenki et al., 2011). This probably
suggests that Se isotope fractionation is relatively small to seawater for
the ferromanganese oxides containing more Mn minerals. Further
detailed studies of Se isotope compositions in different type of ferro-
manganese oxides (i.e., hydrogenetic, diagenetic, and hydrothermal
type) and deep seawater are required to clarify the relationship between
the 8%2/76Se in ferromanganese oxides and seawater.

Taking into account a substantial fractionation during Se(IV)
adsorption observed in this study, Se isotope fractionation caused by
various biogeochemical processes like adsorption should be considered
to deduce the Se isotope information in ancient seawater from ferro-
manganese oxides. In combination with mineralogy and molecular
speciation information of Se in ferromanganese oxides, Se isotope
fractionation behavior during adsorption revealed here would lead to
the potential application of Se isotope systematics as a proxy of the
evolution of Se in the ocean. However, this proxy should be cautiously
applied in the Precambrian when the ocean was strongly stratified and
some Se may have been produced by reduction in the water column
(Stiieken et al., 2015; Stiieken, 2017). Because the reduction of Se can
cause much larger fractionation by either abiotic or biotic processes
(Herbel et al., 2000; Stiieken, 2017; Schilling et al., 2020), probably
superimposing the Se isotope signal caused by adsorption.

4.4. Implication for isotope fractionations of metal oxyanions caused by
adsorption

This study elucidates the molecular mechanism driving Se isotope
fractionation during Se(IV) and Se(VI) oxyanions adsorption on Fe
(oxyhydr)oxides, which also has a significant implication for the un-
derstanding of isotope fractionation mechanism for other metal oxy-
anions during adsorption. That is, different magnitude of isotope
fractionations for metal oxyanions can be systematically understood by
their local structure of the surface complex formed on the solid phase. As
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shown in Fig. 12, the extent of equilibrium isotope fractionation of metal
oxyanions could be preliminarily assessed by the identification of
attachment modes (i.e., inner-sphere or outer-sphere complexation) on
the mineral surfaces. Specifically, metal oxyanions (e.g., S(VI), Se(VI),
and Cr(VI)) that are adsorbed on the mineral surfaces with the formation
of outer-sphere complexes induce a small or negligible isotope frac-
tionation, which can be attributed to no change in their coordination
environments by the adsorption reaction. By contrast, a larger frac-
tionation is observed for metal oxyanions (e.g., Ge(IV), Si(IV), and Mo
(IV)) forming inner-sphere complexes, in which their local structures
have changed compared with dissolved oxyanions. The attachment
mode for metal oxyanions by minerals can be identified by EXAFS
analysis (Kashiwabara et al., 2011, 2017; Takahashi et al., 2015; Qin
et al., 2017a) and/or predicted by the proton dissociation constants
(pKy) of their conjugate acid (Qin et al., 2017a). Generally, the oxy-
anions with the average pK, values larger than that of Hy WO, are in-
clined to be adsorbed on the mineral surface via the inner-sphere
complexation, whereas those having lower average pK, values tend to
form outer-sphere complexes.

It has been indicated recently that the occurrence of geometrical
change from tetrahedral (Td) to octahedral (Oh) during adsorption is
correlated to the radius ratio (p = Tcation/Tanion, Where reation and Tanion
are the ionic radius of the cation and 0%, respectively) of the metal
oxyanion, as the maximum coordination number of an ion generally
increases with increasing ionic radius (Tanaka et al., 2018). In general,
the d® and d'° ions with large ligands tend to exhibit Td geometry
(Huheey, 1983; Tanaka et al., 2018). For example, dissolved Cr(VI), Mo
(VI), and W(VI) species show the Td coordination structures because of
their d° electron configuration, and the d'° metal oxyanions such as Ge
(IV), Se(VI), and Se(IV) also exhibit the Td or trigonal pyramidal (Tp)
geometry. The threshold value of the radius ratio (p) for the formation of
the Oh geometry from the Td geometry is 0.414, which is derived from
the close-packed crystal structure of binary compounds (Rohrer, 2001,
Tanaka et al., 2018).

Fig. 12 summarizes the correlation between the radius ratio (p) and
isotope fractionation factor for some metal oxyanions. The radius ratios
of S(VI) (0.230), Se(VI) (0.333), and Cr(VI) (0.349) are significantly
lower than the threshold p value (0.414), implying that it is unlikely to
adopt the Oh geometry for these Td oxyanions during adsorption.
Accordingly, a small or negligible isotope fractionations are observed for
these metal oxyanions, which is also consistent with the foregoing pre-
diction from their binding mode of outer-sphere complexation.

By contrast, the Mo(VI) oxyanion that has a greater radius ratio
(0.468) than the boundary (0.414) shows a substantial Mo isotope
fractionation during adsorption on Fe and Mn (oxyhydr)oxides. It has
been suggested recently that the Td MoOZ~ species with vacant Mo 4d°
orbital can accept electron donations from the -0~ /-OH groups on the
surface of Mn oxide to form the surface complex with highly distorted
Oh geometry, causing a larger Mo isotope fractionation (Tanaka et al.,
2018). Kashiwabara et al. (2011) demonstrated the magnitude of Mo
fractionation (°®°*Mo) is closely linked to the proportion of the Oh
species in the surface complexes on different minerals, with the sys-
tematic tendency of ferrihydrite (0.37%0 amu~!, 0% Oh) < goethite
(0.47%o amu ™, 54% Oh) < hematite (0.73%c amu ™', 86% Oh) < 6-MnO,
(0.97%o amu !, 100% Oh). Surprisingly, W isotope fractionation is not
so large as those for Mo and V, although the greater radius ratio of WO~
(0.476) allows the formation of the Oh surface complexes. This
discrepancy can be explained by different distortion extent of Oh com-
plexes at the mineral surface. Indeed, previous EXAFS results suggested
a highly distorted Oh symmetry for adsorbed Mo complexes relative to
W, with a clear split in the Mo-O shell for Mo-adsorbed materials but
only a single broad W-O shell for W-adsorbed samples (Kashiwabara
et al.,, 2011, 2013).

For Se(IV) and Ge(IV) oxyanions with the p values close to the
threshold (Se(IV): 0.397; Ge(IV): 0.421), the two anionic species with
fully occupied d'° orbits prefer to maintain the trigonal or Td geometry
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Fig. 12. A summary plot of the correlation between the radius ratio (p) and isotope fractionation of metal oxyanions during adsorption on different minerals (Blue
and orange shadows represent outer-sphere and inner-sphere complexation, respectively). a: S(VI) adsorption on goethite (3*/32S; Van Stempvoort et al., 1990). b:
Aqueous monosilicic acid (H,4Si0%) adsorption on ferrihydrite and goethite (2%/28Si; Delstanche et al., 2009). ¢: Se(VI) adsorption on ferrihydrite from this study (¢
76Se), while Se(VI) adsorption on hematite and Al oxides is cited from Xu et al. (2020). d: Cr(VI) adsorption on goethite (°*/52Cr; Ellis et al., 2004) e: Se(IV) adsorption
on ferrihydrite from this study (8% 76Se), while Se(IV) adsorption on hematite, Mn and Al oxides is cited from Xu et al. (2020). f: Ge(IV) adsorption on goethite (G4
70Ge; Pokrovsky et al., 2014). g: Mo(VI) adsorption on Fe (oxyhydr)oxides (98/95M0; Goldberg et al., 2009) and Mn oxides (98/95Mo; Barling and Anbar, 2004). h: W
(VI) adsorption on ferrihydrite and Mn oxide (1887 183Mo; Kashiwabara et al., 2017).

at the mineral surfaces during adsorption. However, the formation of the
2¢C complexes can lead to the change in the O-Se/Ge-O angle and thus the
distortion of the Td/Tp geometry. This distortion can induce a sub-
stantial isotope fractionation during adsorption on Fe (oxyhydr)oxides,
as discussed in detail in the foregoing Section 4.2 and a previous study
(Pokrovsky et al., 2014). The larger isotope fractionation for Ge(IV)
(0.42%o amu’l, 74/70Ge) than Se(IV) (0.15%o amu’l, 82/76ge) is likely
due to the higher distortion for Ge(IV) bidentate-binuclear complex,
with a greater change in the O-Ge-O angle (14.5°, Pokrovsky et al.,
2014) than the O-Se-O angle (7°, this study) after adsorption reaction.

Herein, we propose a new insight into the systematical understand-
ing of mechanisms governing equilibrium isotope fractionations of
metal oxyanions caused by adsorption, on the basis of their proton
dissociation constant, electronic configuration, and radius ratio. The
systematical tendency for the isotope fractionation of metal oxyanions
during adsorption can be summarized as follows: (i) formation of outer-
sphere complexes causes a small or insignificant isotope fractionation;
(ii) the magnitude of isotope fractionations for the oxyanions forming
inner-sphere complexes is primarily controlled by the distortion degree
in the Td/Tp structure of the surface complexes relative to aqueous
species; and (iii) much larger isotope fractionations can be observed for
the oxyanions whose structure can change from Td to Oh geometry.
Considering the mixture of specific phases in natural samples, this
molecular-scale knowledge regarding isotopic fractionation between
dissolved oxyanions and the adsorbed sinks has important implications
with regard to the interpretation of natural isotope signatures of metal
oxyanions in modern and ancient environments.

5. Conclusions
This study clarifies the molecular mechanism responsible for equi-

librium Se isotope fractionation during adsorption on 2-line ferrihydrite
by combining experimental measurements, DFT calculations, and
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EXAFS analyses. Se isotopes can be substantially fractionated during Se
(IV) adsorption on Fe (oxyhydr)oxides with lighter Se isotopes being
preferentially distributed to the solid phase, which is driven by the
formation of distorted bidentate-binuclear inner-sphere complexes. By
contrast, adsorption of Se(VI) causes a small or negligible Se isotope
fractionation due to the outer-sphere complexation. Our results would
provide molecular-scale insights into the application of Se isotope as a
potential paleo-oceanographic proxy. Furthermore, the findings pre-
sented here have significant implications for the systematical under-
standing of mechanisms controlling equilibrium isotopic fractionations
of other metal oxyanions during adsorption, which may help interpret
isotope signatures of metal oxyanions in the dissolved species and the
adsorbed sinks in natural environments.
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