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Abstract

Adsorption plays an important role in the biogeochemical cycling of selenium (Se) in natural environments and Se isotope
fractionation during adsorption is a significant but poorly studied part of Se isotope system. This paper examined Se(IV) and
Se(VI) adsorption onto four naturally occurring metal oxides (hematite, manganese dioxide (b-MnO2), and a and c-alumina
oxides) and revealed Se isotope fractionation as a function of the absorbents used, Se species adsorbed, exposure time, and
pH. The results show that Se(IV)/(VI) adsorption was initially rapid and was accompanied with kinetic isotope fractionations
as large as 3‰, but slowed down as adsorption equilibrium was approached, eventually approaching isotopic equilibrium.
The Se(IV) adsorption onto the studied metal oxides took at least 12 h to reach adsorption equilibrium, longer than Se
(VI) adsorption (<60 min). At adsorption equilibrium, Se(IV) adsorption onto Fe and Mn oxides induces significant isotope
fractionation, with lighter Se isotopes preferentially adsorbed, whereas Se(IV) adsorption onto Al oxides causes only small
fractionation: D82/76Sedissolved-adsorbed = d82/76Sedissolved � d82/76Seadsorbed is 0.87 ± 0.12 ‰ for hematite, 1.24 ± 0.05 ‰ for
b-MnO2, 0.08 ± 0.10 ‰ for a-alumina, and 0.05 ± 0.09 ‰ for c-alumina at pH 5. In contrast to Se(IV) adsorption, Se(VI)
adsorption does not induce detectable Se isotope fractionation. The contrasting Se isotope fractionation between Se(IV)
and Se(VI) adsorption is likely related to the mechanism of adsorption onto metal oxides, which causes a structural difference
between dissolved and adsorbed Se(IV)/Se(VI). In addition, pH had a strong influence on Se isotope fractionation during Se
(IV) adsorption onto b-MnO2: D

82/76Sedissolved-adsorbed varied from 1.24‰ to �0.08‰ as pH increased from 5 to 8. However,
there was little pH effect on Se isotope fractionation during adsorption onto Fe (consistently at 0.7–0.9‰) and Al oxide (con-
sistently at �0‰). Our findings show that, beside abiotic and biotic reduction, Se(IV) adsorption onto Fe-Mn oxides is poten-
tially another important process that can induce Se isotope fractionation in Earth’s surface environments. This moves an
important step toward correctly reconstructing the Se isotopic composition of seawater using Fe-Mn nodules or crusts.
� 2020 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Selenium (Se) is a micronutrient and trace element that
has drawn increasing attention due to not only its essential
function in human and animals, but also is toxicity at high
concentrations (WHO, 1987; Rayman, 2000). Selenium iso-
topes can serve as a useful proxy to track Se sources and
redox processes, as well as to reconstruct the evolution of
the biogeochemical Se cycle (Johnson et al., 1999, 2000;
Rouxel et al., 2002, Mitchell et al., 2012; Zhu et al., 2014;
Stüeken et al., 2015b, c; Pogge von Strandmann et al., 2015).

As a group VI element in the periodic table, Se is a
redox-sensitive element. In natural environments, Se has
four stable oxidation states: -II (selenide), 0 (elemental
Se), IV (Se(IV), selenite/hydroselenite, SeO3

2�/HSeO3
�),

and VI (selenate, SeO4
2�) (Elrashidi et al., 1987; Johnson

et al., 1999; Seby et al., 2001; Johnson and Bullen, 2004).
Selenides can be found in soils, sediments, ore deposits,
and organic Se compounds formed by assimilatory biolog-
ical reduction of inorganic Se (Simon et al., 1997; Liu et al.,
2000; Johnson, 2004; Johnson and Bullen, 2004; Zhu et al.,
2004, 2012). Elemental Se is scarcely soluble (Johnson,
2004; Zhu et al., 2004, 2012), but it can be oxidized to
bioavailable forms via hydrolyzation and microbial oxida-
tion (McNeal and Balistrieri, 1989; Dowdle and
Oremland, 1998). Selenite and hydroselenite are soluble,
but adsorb strongly onto metal oxides, clay minerals, and
organic matter. Selenate is highly soluble, mobile, bioavail-
able and without strong adsorption onto metal oxides com-
pared to selenite (Balistrieri and Chao, 1990; Ellis et al.,
2003; Johnson, 2004; Johnson and Bullen, 2004).

Because of the complex geochemistry of Se, Se isotope sys-
tematics are still not fully understood. Previous studies mainly
focused on Se isotope fractionation during redox processes,
with a range of �14.20 to 11.37‰ (Johnson et al., 1999;
Rouxel et al., 2002; Herbel et al., 2002; Zhu et al., 2014);
much less research has been done to investigate Se isotope
fractionations related to other processes such as adsorption.
Johnson et al. (1999) and Mitchell et al. (2013) found
�0.8‰ Se isotope fractionation during adsorption of Se
(IV)/Se (VI) onto iron oxides, with a wider range of adsor-
bents yet to be investigated. With the utilization of Se double
spikes from the early 2000s (Johnson et al., 1999, 2000;
Johnson and Bullen, 2003), one can now distinguish small
Se isotope fractionations potentially induced by many
previously unstudied processes. Insights about Se isotope
fractionation during adsorption can be drawn from
molybdenum (Mo) isotope fractionation. Barling and
Anbar (2004) found that MoO4

2� adsorption onto manganese
oxide (MnO2) induces 3.00 ± 0.15‰ fractionation, expressed
as D98Modissolved-adsorbed = d98Modissolved � d98Moadsorbed.
Goldberg et al. (2009) also observed that MoO4

2� adsorption
onto hydrous ferric oxide (HFO), goethite, and hematite
caused significant isotope fractionations of 1.11 ± 0.15‰,
1.40 ± 0.48‰, and 2.19 ± 0.54‰, respectively. Considering
similar ionic charge and molecular structures between Mo
and Se oxyanions, Se oxyanion adsorption onto various
absorbents, in the absence of redox reactions, may also result
in distinguishable differences in Se isotopic compositions
between adsorbed and dissolved phases.
Iron (Fe) and manganese (Mn) oxides are common in
soils, sediments, and they are the major components of
oceanic ferromanganese crusts and nodules (Bekker et al.,
2010; Marcus et al., 2015) that could serve as good archives
of seawater Se isotope composition through the Cenozoic.
The common and representative Fe and Mn oxides are
hematite and MnO2, which have large surface areas and
strong affinity to anions and cations (Saeki and
Matsumoto, 1994; Pokrovsky et al., 2005). Both Se(VI)
and Se(IV) can be adsorbed onto hematite, but the affinity
for Se(VI) is much weaker than that for Se(IV) (Duc et al.,
2006). This is likely due to the fact that Se (IV) adsorbed
onto hematite mostly forms inner sphere complexes while
Se(VI) tends to form outer-sphere complexes (Hayes
et al., 1987a, b; Catalano et al., 2006b). Recent studies
showed that different surface complexations can cause dif-
ferent isotope fractionations for B, Ni, Zn, Cd, Ge, Mo
and W systems (Lemarchand et al., 2005, 2007;
Pokrovsky et al., 2005, 2014; Kashiwabara et al., 2009,
2011, 2017; Li and Liu, 2010; Wasylenki et al., 2008,
2011, 2014; Gueguen et al., 2018). Therefore, we hypothe-
size that different adsorption mechanisms would result in
different Se isotope fractionations. In contrast, Se(IV) is
only adsorbed onto MnO2 through inner-sphere complexa-
tion mechanisms (Balistrieri and Chao, 1990; Foster et al.,
2003). To date, no data have been reported for Se isotope
fractionation during Se(IV) and Se(VI) adsorption onto
Mn oxides.

Aluminum (Al) oxides and hydroxides are widely dis-
tributed in soils, sediments and rocks. Peak (2006) and
co-workers (Peak et al., 2006) carried out a series of exper-
iments to reveal the adsorption mechanism of Se oxyanions
onto different Al oxides and other minerals containing Al
oxides. Based on X-ray Absorption Fine Structure (XAFS)
data, they found that Se(IV) formed a mixture of outer-
sphere and inner-sphere corner-sharing complexes on
hydrous Al oxide, while Se(VI) formed inner-sphere
mono-dentate complex on Al oxide at pH 4.5 and above.
Although the mechanism for adsorption of Se oxyanions
onto Al oxides have been explored in detail (Peak, 2006;
Peak et al., 2006), the Se isotope fractionation during
adsorption onto Al oxides has not yet been reported.

In this paper, we report an experimental investigation of
Se isotope fractionation during adsorption onto hematite
(a-Fe2O3), two aluminum oxides (a-Al2O3 and c-Al2O3)
and manganese dioxide (b-MnO2; pyrolusite). The objec-
tives are to investigate: (1) the magnitude of Se isotope frac-
tionations between Se in solution and Se adsorbed onto Fe,
Mn and Al oxides; and (2) the factors affecting Se isotope
fractionation during adsorption (Se speciation, adsorbents,
and pH); (3) possible fractionation mechanisms and the
implications for using the Se isotope system to reconstruct
paleo-seawater and to track Se pollutants.

2. MATERIALS AND METHODS

2.1. Mineral and Se solution preparation

Hematite (a-Fe2O3), aluminum oxides (a-Al2O3 and c-
Al2O3), and manganese oxide (b-MnO2) were purchased
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from Alfa Aesar China (Shanghai, China). Before the
adsorption experiments, metal oxides were pre-processed
to eliminate possible Fe (II) that might be present in oxides,
because Fe (II) can reduce Se oxyanions and induce >1‰
Se isotope fractionation (Johnson and Bullen, 2003). To
eliminate Fe (II), metal oxides were placed in ceramic cru-
cibles and baked inside a muffle furnace at 300 �C for
24 h, which can transform Fe (II) to Fe (III) but without
phase-transition of original metal oxides. Finally, all metal
oxides were determined via XRD to confirm there was no
structural change. Surface areas were subsequently mea-
sured by the multipoint BET (Brunauer–Emmett–Teller)
method. The surface area was 23.6 m2/g for hematite,
2.2 m2/g for b-MnO2, 10.6 m2/g for a-Al2O3, 33.6 m2/g
for c-Al2O3 and 20.6 m2/g for the mixture of hematite
and b-MnO2.

The Se stock solutions were prepared by dissolving
sodium Se(IV) (Na2SeO3) and sodium Se(VI) (Na2SeO4)
salts obtained from Alfa Aesar China in O2-free (N2

purged) ultrapure water (18.2 MX). Then 0.1 mol/L HCl
and NaOH were used to adjust the pH of the Se stock solu-
tion to be 5, 6, 7, and 8. pH-adjusted stock solutions were
purged with high purity N2 for 20 min to remove dissolved
oxygen and carbon dioxide. Stock solutions as well as
experimental samples were stored at 4 �C until Se concen-
trations were measured by hydride generation atomic fluo-
rescence spectrometry (HG-AFS).

2.2. Adsorption experiment

The matrix for all of the adsorption experiments was
0.1 mol/L NaCl (GR). The metal oxides were added into
the 0.1 mol/L NaCl solution to form 1.5 g/L suspensions
(except for MnO2, which was 3 g/L). For the time series
experiments, the pH of the suspension solution was
adjusted to 5.0 with 0.1 M HCl and NaOH. The suspension
pH was re-adjusted 30 min after mixing and the suspension
solution was purged with ultrapure nitrogen gas for 15 min.
The serum bottles (125 mL) were crimp-sealed and placed
on a shaker at 120 rpm and 22 ± 2 �C. The Na2SeO3 or
Na2SeO4 solution was injected into the serum bottles to
start each experiment. Initial Se concentrations were
selected based on the adsorption capacity of the metal oxi-
des. The initial Se concentrations for Se(IV) adsorption on
hematite, MnO2, a-Al2O3, and c-Al2O3 were 10, 1.25, 2.0,
and 2.5 mg/L, respectively. For Se(VI) adsorption, the ini-
tial Se concentration was fixed at 1.0 mg/L.

At each sampling time, 2 mL suspension was taken from
each experimental bottle using a syringe, filtered through a
0.22 lm polysulfone membrane filter, and stored in high
density polyethylene (HDPE) conical centrifuge tubes.
Meanwhile, the same volume of N2 gas (i.e., 2 mL) was
injected into each bottle. The solid phase materials were
washed for 3–5 times using O2-free ultrapure water to
remove dissolved Se remaining on the metal oxides, then
dissolved in 5 mol/L HCl and stored at 4 �C. Samples were
collected at 0, 1, 4, 7, 10, 20, 30 min, and 1 hour, and then 3,
6, 12, 24, 48, and 72 h.

Because pH strongly affects the adsorption process
(Hayes et al., 1987a, b; Peak, 2006), a series of different
pH experiments were carried out at pH = 5, 6, 7, and 8 to
cover the pH range of river water, seawater, and soil
(Barling and Anbar, 2004). Previous studies have shown
that the adsorption equilibrium on Fe, Mn and Al oxides
can be reached in 24 h (Balistrieri and Chao, 1990; Kuan
et al., 1998; Johnson et al., 1999; Catalano et al., 2006b;
Peak, 2006; Duc et al., 2006; Mitchell et al., 2013). To
ensure isotopic equilibrium was reached, several samples
were also taken after 3 days, following procedures as
described above.

In addition, hematite and MnO2 were also mixed at a
Fe-Mn mass ratio of 1:1 to simulate the oxides commonly
found in sediments and evaluate the effect of ternary sys-
tems on Se isotope fractionation. This experiment was car-
ried out following the same procedures described above,
except that the initial Se(IV) concentration was fixed at
5 mg/L.

2.3. Sample preparation and separation

2.3.1. Se concentration analysis

Concentrations of total Se were measured by Atomic
Fluorescence Spectroscopy (AFS) equipped with a continu-
ous flow hydride generator (HG) system and a boosted dis-
charge hollow cathode Se lamp. A mixture of 0.2% sodium
hydroxide (NaOH) and 1.5% potassium borohydride
(KBH4) (m/m) was used as the reduction reagent (Zhu
et al., 2008, 2014). Calibration standards were prepared in
6% HCl (v/v) with concentrations ranging from 2 to
20 mg/L. The relative standard deviation (RSD) of the Se
standard solution measurements was approximately 5%.
Because the hydride generation method only measures Se
in the form of Se(IV), for the Se(IV) adsorption experi-
ments, Se concentrations were determined directly by
HG-AFS after diluting a small aliquot (100 lL of the fil-
trate samples) with 6% HCl. For the Se(VI) adsorption
experiments, Se(VI) was converted to Se(IV) prior to mea-
surement. 100 lL aliquot samples were added to 25 mL
borosilicate glass tubes with Teflon-lined caps filled with
3 mL 5 mol/L HCl. The solution was then heated at 100 �
C for about 55 min, diluted to 6% HCl with ultrapure-
water, and cooled prior to Se measurement with HG-AFS
or HG-MC-ICPMS (Zhu et al., 2008, 2014).

To determine if Se(IV) was transformed to Se(VI) during
Se(IV) adsorption onto metal oxides, two 0.1 mL aliquots
were sampled after 360 h. One aliquot was mixed with 6%
HCl for direct Se analysis, and the other was added to
5 mol/L HCl and heated for 55 min to reduce Se(VI) to
Se(IV) prior to the chemical analysis. No significant differ-
ence between the two analyses was observed, indicating that
no Se(VI) was formed during the experiments.

2.3.2. Purification of Se

Anion exchange resin column AG1-X8 (100–200 mesh)
was used to separate Se from the solute matrix components,
including interfering elements such as Fe. Before the sample
purification, a double isotope spike containing 74Se and
77Se with a known 77Se/74Se ratio was added to, and equi-
librated with samples to correct for the isotopic fractiona-
tion occurring during Se purification and mass
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spectrometry (Johnson et al., 1999; Zhu et al., 2008, 2014).
The ratio of spike to sample (77Sespike/

78Sesample) was 2
according to an earlier study by Zhu et al. (2008). Detailed
purification procedures were modified from Ellis et al.
(2003) and Zhu et al. (2008, 2014). Briefly, samples contain-
ing �100 ng Se were added into 15 mL PFA beakers, mixed
with double spike in 1 mL concentrated nitric acid, and
allowed to equilibrate over night. The PFA beakers were
then placed on a hot plate at 90 �C to evaporate samples
to incipient dryness. Then 1 mL 0.03 mol/L potassium per-
sulfate (K2S2O8) was added into the beaker followed by
heating on a plate at 130 �C for 2 h with caps closed, to con-
vert all Se to Se(VI). Meanwhile, the anion exchange resin
AG1-X8 was washed with 10 mL 6 mol/L HCl, and then
rinsed with ultrapure water until the pH of the leachate
from the resin became neutral. The resin columns were
loaded with sample solutions, and were washed with
5 mL ultrapure water and 5 mL 0.1 mol/L HCl to remove
possible interference elements As and Ge. Finally, Selenium
(VI) was released from the resin with 5 ml 5 mol/L HCl and
collected into 25 mL borosilicate glass tubes. The concen-
trated HCl (�0.7 mL) was then added into the tubes to
ensure the solution contained 5 mol/L HCl. The tubes were
then capped and heated to convert Se(VI) to Se(IV) as
described above. After samples were cooled, high purity
N2 was used to purge through the sample solutions for
10–15 min to remove possible volatile Br species. The sam-
ple solutions were then diluted to attain a final HCl concen-
tration of 2.0 ± 0.1 mol/L for Se isotope measurement.
2.4. Mass spectrometry and Se isotopes analysis

Selenium isotope analysis was carried out on a Multi-
collector Inductively Coupled Plasma Mass Spectrometer
(MC-ICP-MS) (Nu Plasma II, North Wales, UK) housed
in the State Key Lab of Environmental Geochemistry at
Institute of Geochemistry, Chinese Academy of Sciences,
Guiyang, China. The MC-ICP-MS was equipped with 16
Faraday cups and 5 ion counters. Hydride generation was
used as the sample introduction method: Se was introduced
into the MC-ICP-MS as SeH2 via an on-line continuous-
flow hydride generator (HG). In this study, a mixture of
0.3% NaBH4 and 0.4% NaOH was used as the reductant
(Zhu et al., 2008). The sample and the reductant solutions
were introduced into the HG system at a flow rate of
0.70 mL/min and 0.35 mL/min, respectively.

Selenium has six stable isotopes in nature, 74Se, 76Se,
77Se, 78Se, 80Se and 82Se with abundances 0.889%,
9.366%, 7.635%, 23.772%, 49.607%, and 8.731%, respec-
tively. The 6 stable Se isotopes were simultaneously mea-
sured using the Faraday cups of H8, H6, H2, Ax, L2 and
L4, respectively. Accuracy can be compromised by the pres-
ence of As and Br that form polyatomic interferences with
H+, and Ge that is a direct isobaric interference. To moni-
tor and correct these interferences, 73Ge, 75As, and 79Br
were monitored via the ion counter IC2 and the Faraday
cups of L4 and H4, respectively. To correct the interfer-
ences and obtain the ratios of 82Se/76Se, 82Se/78Se and
78Se/76Se, an iterative calculation routine was used to
reduce data for each measurement cycle following a
previous algorithm (Clark and Johnson, 2008; Zhu et al.,
2008, 2014).

The Se isotope analysis quality control included a Se
isotope standard reference material (NIST SRM 3149,
d82/76SeSRM3149 = 0.00 ± 0.10 ‰) and an inter-laboratory
quality control standard MH495 (d82/76SeMH495-

SRM3149 = �3.44 ± 0.10‰) obtained from the Department
of Geology, University of Illinois at Urbana-Champaign,
Illinois, USA (Johnson et al., 1999, 2000; Zhu et al.,
2008, 2014). Samples were introduced into the hydride gen-
erator at a concentration of 5–7 lg/L to produce 1.5–2.5 V
78Se, which was a compromise between good counting
statistics (high concentration) and easy washing of the sam-
ple introduction system (low concentration). To achieve
normal and stable background signals and to avoid mem-
ory effects between samples, the hydride generator was
rinsed with c.a. 2 mol/L HCl until a stable baseline signal
was obtained. Prior to each sample measurement, on-
mass baseline was measured and subtracted from the inten-
sities obtained for each sample measurement cycle, prior to
the data reduction calculations. In addition, NIST SRM
3149 was measured approximately every 3–5 samples to
monitor the stability of the instrument. All isotopic ratios
are expressed using the standard delta notation (Eq. (1)):
per mil (‰) deviation of sample 82/76Se ratio from the NIST
SRM 3149 standard:

d82=76Se ¼ 82=76Sesample=
82=76Sestandard

� �
� 1

h i
� 1000 ð1Þ

The long-term d82/76Se value of NIST SRM 3149 that
measured based on 2-standard deviation was 0.00
± 0.10‰ (n = 96, 2SD) during a 24-month period. The
d82/76Se of the secondary standard and Se stock solutions
were measured to be �3.45 ± 0.10‰ (n = 45, 2SD) for
MH495, �1.18 ± 0.12‰ (n = 12, 2SD) for Na2SeO3, and
�0.50 ± 0.10‰ (n = 12, 2SD) for Na2SeO4.

The d82/76Se of the adsorbed Se (for the MnO2 and the
mixture of Fe and Mn oxides experiments) can be calcu-
lated using the mass balance equation (Eq. (2)):

d82=76Seadsorbed ¼ d82=76Sestock � d82=76Sedissolved � f
� �

= 1� fð Þ
ð2Þ

where d82/76Seadsorbed, d
82/76Sestock, and d82/76Sedissolved rep-

resent the d82/76Se of the adsorbed Se, stock solution and Se
remaining in solution, and f was the fraction of Se retained
in solution. The errors of calculated d82/76Seadsorbed is
<0.2‰ (2SD). The equilibrium isotope fractionation during
adsorption can be expressed as the difference in d82/76Se
between adsorbed and dissolved Se at isotopic equilibrium:

D82=76Sedissolved�adsorbed � d82=76Sedissolved � d82=76Seadsorbed ð3Þ
3. RESULTS

3.1. The adsorption behavior of Se oxyanions

In order to quantify these experimental observations, we
calculated the amount of Se oxyanions adsorbed onto metal
oxides in milligram (mg) per gram (g) using the mass bal-
ance equation:
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Qt ¼ ðC0 � CtÞ � V =m ð4Þ

where Qt (mg/g) is the adsorbed Se concentration at time t
(h), C0 (mg/L) and Ct (mg/L) are Se dissolved concentra-
tions at 0 h and t hour, respectively, V is the volume of solu-
tion (L) and m is the mass (g) of the adsorbents.
Fig. 1. Se (IV) (left) and Se (VI) (right) adsorption onto Fe, Mn and Al o
symbol represents % Se adsorbed onto MnO2. (For interpretation of the
web version of this article.)
Fe and Al oxides rapidly adsorbed Se(VI) and adsorp-
tion equilibrium was reached within 60 min (Fig. 1B, 1F
and 1H). In contrast, b-MnO2 didn’t adsorb Se(VI) signif-
icantly. In comparison with Se(VI), adsorption of Se(IV)
onto all four selected metal oxides (hematite, manganese
oxides, alumina) took at least 12 h to reach the adsorption
xides as a function of time at pH = 5. a: a-Al2O3; c: c-Al2O3. Green
references to color in this figure legend, the reader is referred to the



126 W. Xu et al. /Geochimica et Cosmochimica Acta 272 (2020) 121–136
equilibrium (Fig. 1A, C, E and G). In Se(IV) adsorption
experiments, the adsorption capacity (Qt at adsorption
equilibrium) decreased in the order of hematite
(4.68 mg/g) > Fe-Mn oxides mixture (2.36 mg/g) >
c-alumina (1.20 mg/g) > a-alumina (0.75 mg/g) > b-MnO2

(0.27 mg/g). For Se(VI) adsorption experiments, the
adsorption capacity order was hematite (0.38 mg/g) >
c-alumina (0.20 mg/g) > Fe-Mn oxides mixture (0.17 mg/
g) > a-alumina (0.15 mg/g) > b-MnO2 (�0 mg/g) (Fig. 1).
In terms of surface area, the adsorption capacities of Se
(IV) and Se(VI) were 198 and 16 lg/m2 for hematite, 123
and 0 lg/m2 for b-MnO2, 71 and 14 lg/m2 for a-alumina,
and 36 and 6 lg/m2 for c-alumina, respectively.

3.2. Se isotope fractionation during adsorption

The measured d82/76Se values of dissolved and adsorbed
Se as a function of time are shown in Fig. 2. Note that the
d82/76Se values of Se adsorbed onto Mn oxides and Fe-Mn
oxides were calculated based on mass balance.

In hematite adsorption experiments, lighter Se isotopes
were preferentially adsorbed, enriching heavier Se isotopes
in the solutions (Fig. 2A and B; Tables 1 and 2). It is clear
that transient kinetic effects occurred in the first 30 min of
the experiments, but isotopic values stabilized after about
24 h, suggesting that isotopic equilibrium had been
attained. For example, adsorption of Se(IV) induced
�3‰ fractionation during the first initial 30 min, but the
fractionation decreased to only 0.94‰ after 24 h, and even-
tually stabilized at around 0.87 ± 0.12‰ (Fig. 2A). The iso-
topic fractionation was not pH-dependent for hematite.
Although the amount of adsorbed Se(IV) decreased with
increasing pH, the D82/76Sedissolved-adsorbed did not vary sig-
nificantly, ranging from 0.67‰ to 0.88‰ (Table 2). Based
on average d82/76Se values after isotopic equilibrium was
attained the experiments yielded D82/76Sedissolved-adsorbed
values of 0.87 ± 0.12‰ (2SD) for Se(IV), and
0.22 ± 0.06‰ (2SD) for Se(VI) at pH = 5.

During Se (VI) adsorption onto b-MnO2 (Fig. 2D), the
d82/76Se value of the dissolved Se was close to the stock
solution throughout the experiment, consistent with the
observation that there was no adsorption as shown in
Fig. 1D. In the experiment with Se(IV) and b-MnO2

(Fig. 2C), the d82/76Se of the dissolved Se increased initially
from �1.18‰ to �0.03‰, but decreased to �0.34‰ as it
reached adsorption equilibrium. The final D82/76Sedissolved-
adsorbed was 1.24‰, indicating that the lighter Se isotopes
were preferentially adsorbed onto b-MnO2. However,
pH had a great effect on Se isotope fractionation
during Se(IV) adsorption onto b-MnO2, with the
D82/76Sedissolved-adsorbed decreasing strongly from 1.24‰ at
pH 5 to �0.08‰ at pH 8 (Table 2).

In the pH 5.0 experiments with Se(IV) and a- and c-
alumina, the d82/76Se values of the dissolved Se at adsorp-
tion equilibrium (after 48 hour) were �1.16 ± 0.05‰ and
�1.21 ± 0.05‰, respectively, equal to the stock solution,
within the analytical uncertainties (Fig. 2E and G). The
D82/76Sedissolved-adsorbed was 0.08 ± 0.10 ‰ for a-alumina
and 0.05 ± 0.09 ‰ for c-alumina, indicating that there
was little or no equilibrium isotope fractionation, despite
significant adsorptions (Fig. 1E). Similar results were
obtained at all pH values tested. However, a transient
kinetic effect was observed: The d82/76Se values of dissolved
Se(IV) increased from �1.18‰ to �0.05‰ in the initial 30
min and then decreased back to �1.13‰ after 24 h for a-
alumina, and from �1.18‰ to �0.33‰ in the initial 30
min then decreased to �1.23‰ after 24 h for c-alumina
(Fig. 2E and G). In the experiments with Se(VI) and a-
alumina and c-alumina, the d82/76Se values of dissolved Se
at equilibrium were not significantly different from the
stock solution, indicating that there was little or no Se iso-
tope fractionation. Also, the d82/76Se values of dissolved Se
(VI) didn’t change over time in the early stages of the
experiments.

In the experiment of Se adsorption onto mixed Fe-Mn
oxides, the d82/76Se values of dissolved Se changed over
time like the experiments of Se adsorption onto hematite
and MnO2 (Fig. 2 and J, Table 1). For Se(IV) adsorption,
the D82/76Sedissolved-adsorbed values was 1.15‰ at adsorption
equilibrium, falling in between hematite and b-MnO2

(Fig. 2I; Table 1). For Se(VI) adsorption, the d82/76Se values
were close to the starting solution value, and the
D82/76Sedissolved-adsorbed was < 0.10 ‰, indicating no signifi-
cant Se isotope fractionation (Fig. 2J; Table 1).

4. DISCUSSION

4.1. The adsorption mechanism of Se(IV) and Se(VI)

In this study, the maximum adsorption of Se (IV) onto
Fe, Mn, and Al oxides was significantly larger than that
of Se(VI). These observations are consistent with previous
studies and confirm that the selected four metal oxides have
stronger affinity to Se(IV) than Se(VI) (Hayes et al., 1987a,
b; Balistrieri and Chao, 1990; Zhang and Sparks, 1990;
Saeki and Matsumoto, 1994; Saeki et al., 1995; Peak,
2006; Rovira et al., 2008; Mitchell et al., 2013). Meanwhile,
the equilibration time of Se(IV) adsorption was longer than
that of Se(VI) adsorption (Fig. 1), especially during Se(IV)
adsorption onto hematite and Fe-Mn oxide. This suggests
that the mechanisms of Se(IV) and Se(VI) adsorption onto
these metal oxides are different. Previous studies suggested
that outer-sphere complexes should reach equilibrium
within a few minutes, whereas inner-sphere complexation
is expected to be much slower because old bonds are bro-
ken, and new ones are formed (Hayes et al., 1987a, b;
Zhang and Sparks, 1990; Foster et al., 2003; Catalano
et al., 2006b; Peak, 2006; Duc et al., 2006). These studies
proposed that metal oxides could form Me-OH functional
groups in contact with the solution and might have the fol-
lowing reactions with Se oxyanions:

(a) Se (IV) adsorption (outer-sphere)

Me-OH + 2Hþ + SeO3
2� � MeOH2

þ-(HSeO3)
� ð5Þ

(b) Se (IV) adsorption (inner-sphere)

Me-OH + Hþ + SeO3
2� � Me(SeO3)

� + H2O ð6Þ



Fig. 2. d82/76Se values of dissolved (green circle) and adsorbed (red circle) Se over time at pH = 5. Yellow diamonds represent calculated
d82/76Se values for Se adsorbed onto solids (measurements were not made). Adsorbed Se isotope data in D and J were not shown because lack
of isotope fractionation. Grey dashed lines represent the d82/76Se values of the stock solutions. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Table 1
Results for Se anions adsorption onto Fe, Mn, and Al oxides at pH 5.

Se valence Adsorbents f1 d82/76Sedissolved d82/76Seadsorbed Mass balance3 (‰) D82/76Se Uncertainty of D

Se(IV) a-Fe2O3 0.24 �0.52 �1.39 �1.17 0.87 0.12
b-MnO2 0.32 �0.32 �1.562 �1.16 1.24 0.05
a-Al2O3 0.44 �1.16 �1.22 �1.19 0.08 0.10
c-Al2O3 0.28 �1.24 �1.28 �1.27 0.05 0.09
Fe-Mn oxide 0.29 �0.37 �1.522 �1.19 1.15 0.02

Se(VI) a-Fe2O3 0.57 �0.39 �0.61 �0.48 0.22 0.06
b-MnO2 1.00 �0.47 – �0.47 – –
a-Al2O3 0.78 �0.47 �0.54 �0.49 0.08 0.09
c-Al2O3 0.73 �0.50 �0.53 �0.51 0.04 0.13
Fe-Mn oxide 0.81 �0.51 �0.472 �0.50 �0.03 0.32

1 Fraction of Se remaining in solution.
2 d82/76Sesolid is calculated by mass balance.
3 d82/76Se of the bulk experiment calculated as f(Se)*d82/76Sedissolved + (1-f(Se))*d82/76Seadsorbed. Should equal d82/76Se of the stock Se

solution.

Table 2
Results for Se(IV) sorption onto Fe, Mn, and Al oxides at different pH.

Adsorbents pHinitial pHfinal f1 d82/76Sedissolved d82/76Seadsorbed Mass balance3 (‰) D82/76Se Uncertainty of D

a-Fe2O3 5* 6.65 0.41 �0.66 �1.54 �1.17 0.87 0.12
6 6.76 0.52 �0.81 �1.58 �1.18 0.76 0.10
7 6.86 0.63 �0.93 �1.60 �1.19 0.67 0.09
8 6.78 0.73 �0.94 �1.81 �1.17 0.87 0.11

b-MnO2 5 6.12 0.32 �0.32 �1.562 �1.16 1.24 0.05
6 6.56 0.65 �0.93 �1.652 �1.18 0.72 0.10
7 6.84 0.79 �1.12 �1.392 �1.18 0.26 0.14
8 6.89 0.87 �1.19 �1.112 �1.18 �0.08 0.23

a-Al2O3 5 5.43 0.44 �1.16 �1.22 �1.19 0.08 0.10
6 6.12 0.55 �1.19 �1.17 �1.18 �0.02 0.08
7 6.74 0.73 �1.17 �1.20 �1.17 0.03 0.10
8 7.17 0.88 �1.17 �1.22 �1.18 0.05 0.12

c-Al2O3 5 5.65 0.28 �1.24 �1.28 �1.27 0.05 0.09
6 6.23 0.50 �1.15 �1.22 �1.19 0.07 0.10
7 6.83 0.67 �1.17 �1.20 �1.18 0.03 0.09
8 7.12 0.81 �1.19 �1.10 �1.17 �0.10 0.12

* Parallel experiment.
1 Fraction of Se remaining in solution.
2 d82/76Sesolid is calculated by mass balance.
3 d82/76Se of the bulk experiment calculated as f(Se)*d82/76Sedissolved + (1-f(Se))*d82/76Seadsorbed. Should equal d82/76Se of the stock Se

solution.
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Me-OH + 2Hþ + SeO3
2� � MeHSeO3 + H2O ð7Þ

(c) Se (VI) adsorption (outer-sphere)

Me-OH + Hþ + SeO4
2� � MeOH2

þ-(SeO4)
2� ð8Þ

Me-OH + 2Hþ + SeO4
2� � MeOH2

þ-(HSeO4)
� ð9Þ

(d) Se (VI) adsorption (inner-sphere)

Me-OH + Hþ + SeO4
2� � Me(SeO4)

� + H2O ð10Þ
A compilation of complex formation between Se oxyan-

ions and oxide surfaces (Table 3) reveals that Se (IV) unam-
biguously forms strong inner-sphere complexes, whereas no
definite conclusion has been reached regarding whether Se
(VI) forms inner or outer-sphere complexes, even for exper-
iments conducted at the same pH (Hayes et al., 1987a, b;
Manceau and Charlet, 1994). Therefore, the mechanism
of surface complex formation for Se (VI) seems compli-
cated, and many factors should be considered such as pH,
ionic strength and sample characteristics (wet or dry), etc.
Fortunately, Se isotope fractionation might shed some light
on the mechanism of Se (IV)/Se (VI) adsorption onto metal
oxides. At pH 5, large Se isotope fractionation occurred
during Se (IV) adsorption onto Fe and Mn oxides, whereas
little or were no isotope fractionation (at adsorption equi-
librium) was observed for Se (VI) adsorption onto Fe,
Mn, and Al oxides, and for Se(IV) adsorption to Al oxides
(Fig. 2). These results indicate that, at pH 5, inner-sphere
surface complexes are formed during Se (IV) adsorption
to Fe and Mn oxides, and outer-sphere surface complexes



Table 3
A summary of the complexes formation formed during Se oxyanions adsorption onto metal oxides.

Valences Adsorbents Types of surface complex Method Authors

Se(IV) Goethite inner-sphere TLM/EXAFS Hayes et al., 1987a, 1987b
HFO inner-sphere TLM Hayes et al., 1987a

inner-sphere, binuclear TLM Balistrieri and Chao, 1990
hematite inner-sphere (monodentate or bidentate) CCM Duc et al., 2006

inner-sphere XSW Catalano et al., 2006b
manganese dioxide inner-sphere, monodentate TLM Balistrieri and Chao, 1990
K-birnessite inner-sphere EXAFS Foster et al., 2003
d-MnO2 inner-sphere EXAFS Foster et al., 2003
hydrous aluminum
oxide

a mixture of outer and inner-sphere EXAFS Peak, 2006

Se(VI) Goethite outer-sphere TLM/EXAFS Hayes et al., 1987a, 1987b
inner-sphere EXAFS Manceau and Charlet, 1994
inner-sphere (predominantly), monodentate,
pH < 6

Raman and
ATR-FTIR

Wijnja and Schulthess, 2000

outer-sphere (predominantly), pH > 6
a mixture of outer and inner-sphere EXAFS and

ATR-FTIR
Peak and Sparks, 2002

HFO outer-sphere TLM Hayes et al., 1987a
inner-sphere EXAFS Manceau and Charlet, 1994
a mixture of outer and inner-sphere EXAFS and

ATR-FTIR
Peak and Sparks, 2002

outer-sphere, monodentate TLM Balistrieri and Chao, 1990
hematite inner-sphere EXAFS and

ATR-FTIR
Peak and Sparks, 2002

corundum (a-Al2O3) pH = 3.5, outer-sphere EXAFS Peak, 2006
pH � 4.5, inner-sphere monodentate

c-Al2O3 outer-sphere (predominantly), pH > 6 Raman and
ATR-FTIR

Wijnja and Schulthess, 2000

outer-sphere(major) + inner-sphere (small),
pH < 6

Note: amorphous iron oxyhydroxide (HFO), Extended X-ray absorption fine structure (EXAFS), X-ray standing wave (XSW), Constant
Capacitance Model (CCM), Triple layer model (TLM), Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR).
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are formed during Se(IV) adsorption onto Al oxides and
during Se (VI) adsorption onto Fe, Mn, and Al oxides.
As pH increases, however, the D82/76Sedissolved-adsorbed for
Se(IV) adsorption to b-MnO2 decreases to �0‰, suggesting
that, the formation of inner vs outer-sphere complexes
between Se (IV) and b-MnO2 depends on pH. For a- and
c-alumina, equilibrium Se isotope fractionation is consis-
tently near zero at all pH values, suggesting that outer-
sphere complexation is predominant.

4.2. The effect of Se speciation on Se adsorption and isotope

fractionation

Se(IV)(e.g., SeO3
2�, HSeO3

�) and Se(VI) (e.g., SeO4
2�)are

the predominant Se species in the aquatic environment
(Elrashidi et al., 1987; Johnson and Bullen, 2004). Se speci-
ation not only affects Se affinity to metal oxides, but also Se
isotope fractionation during adsorption of Se oxyanions
onto oxides (Figs. 1 and 2, Table 1). The isotope fraction-
ation at Se (IV) adsorption equilibrium was generally larger
than that at Se(VI) adsorption equilibrium. In addition, the
isotopic equilibrium was attained slowly (more than 12 h)
in the Se(IV) adsorption experiment than Se(VI) adsorption
experiments (less than 1 hour). Se(IV) has three Se-O bonds
arranged in a pyramidal oxyanion structure, whereas Se
(VI) has four Se-O bonds arranged in a tetrahedral oxyan-
ion structure (Peak, 2006). The Se-O bond length in Se(IV)
is �1.70 Å, while that of Se(VI) is �1.65 Å. Therefore, the
Se-O bond in Se(VI) is stronger than that in Se(IV) and the
first coordination shell of Se(VI) is more difficult to distort
or disrupt compared to that of Se(IV) (Foster et al. 2003;
Peak, 2006). As a result, the sorption of Se (VI) generally
induced little isotope fractionation (Johnson and Bullen,
2004) in comparison with Se (IV) whose first coordination
shell is more easily distorted. Changes in coordination have
been identified as the cause of isotope fractionation during
adsorption of several elements including Ge, Mo, W, and
Cd (Goldberg et al., 2009; Li and Liu, 2010; Kashiwabara
et al., 2011, 2017; Pokrovsky et al., 2014; Wasylenki
et al., 2014). Recently, Bryan et al. (2015) also proposed
that stronger and stiffer bonds generally cause smaller coor-
dination numbers, and slight distortion of the Zn coordina-
tion geometry in the adsorbed complex could drive a small
isotope effect. Therefore, coordination geometry of Se spe-
cies likely controls the extent of Se isotope fractionation
during adsorption.

In addition, the isotope fractionation may be related to
the formation of surface complexations. As discussed in
Section 4.1, Se (IV) prefers to form inner-sphere complexes
with Fe and Mn oxides, while Se (VI) tends to form outer-
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sphere complexes. Formation of inner sphere complexes
has been proposed as a driver of isotope fractionation
(Lemarchand et al., 2007; Li and Liu, 2010; Kashiwabara
et al., 2011; Pokrovsky et al., 2014). Lemarchand et al.
(2007) suggested that the boron isotope fractionation dur-
ing boric acid adsorption onto Fe and Mn oxides was
mainly attributed to the formation of inner-sphere com-
plexes. Li and Liu (2010) used the bidentate corner-
sharing surface complexes (inner-sphere) as the dominant
surface structures to predict the Ge isotope fractionation
(1.7‰) caused by Ge (Ge(OH)4 or GeO(OH)3

�) adsorption
onto Fe(III)-oxyhydroxide surfaces; Pokrovsky et al. (2014)
confirmed this prediction by experiment. Similarly,
Kashiwabara et al. (2011) pointed out that the main reason
for the significant Mo isotope fractionation during MoO4

2�

adsorption onto hematite and Mn oxides is that Mo dom-
inantly formed inner-sphere complexes (edge-sharing octa-
hedral) that were different from dissolved Mo species
forming outer-sphere complexes (corner-sharing tetrahe-
dral). Consequently, different Se species likely form differ-
ent surface complexes (inner-sphere vs. outer-sphere),
which further lead to different Se isotope fractionations.

4.3. The effect of adsorbents (Fe, Mn and Al oxides) on Se

adsorption and isotope fractionation

In our experiments, adsorbents not only had an influ-
ence on the amount of Se adsorbed (hematite > alu-
mina > manganese oxide) but also on Se isotope
fractionation, especially for Se(IV) (Figs. 1 and 2). This
may be related to the physicochemical properties of selected
metal oxides, such as the point of zero charge (PZC) and
the adsorption mechanism. Previous studies have shown
that the PZC is 4.2–6.9 for hematite, 1.5–2.8 for MnO2,
and 8–9.5 for alumina. Thus, hematite and alumina sur-
faces mainly have positive charges while MnO2 has negative
charges at pH 5–8 (Peak, 2006; Kashiwabara et al., 2011).
Se oxyanions have negative charges, and adsorption of
them by hematite and alumina is likely via electrostatic
attraction and surface complexation reaction, whereas
adsorption by MnO2 is mostly via surface complexation
reactions (Kashiwabara et al., 2011). This likely resulted
in Se adsorption capacity of MnO2 being weaker than
hematite and alumina (see Section 3.1).

Since Se(IV) adsorbed onto hematite and MnO2 mainly
formed inner-sphere complexes whereas Se(IV) adsorbed
onto Al oxides formed a mixture of outer-sphere (predom-
inant) and inner-sphere surface complexes (Table 3) (Duc
et al. 2003; Foster et al. 2003; Peak and Sparks, 2002;
Peak, 2006; Catalano et al., 2006b), the isotope fractiona-
tion of Se(IV) adsorbed by hematite (0.87‰) and MnO2

(1.24‰ at pH = 5) was larger than that of aluminum oxides
(0.08 ‰ for a-Al2O3 and 0.05‰ for c-Al2O3). These phe-
nomena have also been observed in isotope adsorption
experiments with other elements such as B, Zn, Mo, and
W (Pokrovsky et al., 2005; Lemarchand et al., 2005, 2007;
Juillot et al., 2008; Goldberg et al., 2009; Kashiwabara
et al. 2011, 2017). For instance, Kashiwabara et al. (2011)
proposed that the proportion of octahedral (Oh) in Mo sur-
face complexes (100% tetrahedron (Td) for ferrihydrite,
46% Td + 54% Oh for goethite, 14% Td + 86% Oh for
hematite and 100% Oh for Mn oxides) is positively corre-
lated with the magnitude of Mo isotope fractionation dur-
ing MoO4

2� adsorption onto Fe and Mn oxides: ferrihydrite
(1.11‰) < goethite (1.40‰) < hematite (2.19‰) < birnes-
site (2.70‰) (Barling and Anbar, 2004; Wasylenki et al.,
2008; Goldberg et al., 2009). This suggests that higher pro-
portion of Oh (i.e. more distortion of Mo in surface com-
plexes) leads to larger Mo isotope fractionation. In a
similar fashion, we infer that the proportion of inner-
sphere surface complex, or the magnitude of distortion in
Se surface complexes during Se(IV) adsorption onto Fe,
Mn, and Al oxides at pH 5 follows the descending order:
MnO2 > hematite > alumina.

Interestingly, Se(IV) adsorbed onto alumina didn’t cause
significant Se isotope fractionation at adsorption equilib-
rium, although the d82/76Se of dissolved Se greatly changed
during the initial period. One possible explanation for this
early isotope fractionation is due to an initial kinetic iso-
tope effects, which are subsequently overprinted by an equi-
librium isotope effects (isotope exchange between adsorbed
and dissolved Se) when adsorption reached equilibrium.
Previous studies have shown that alumina are amphoteric
compounds that may undergo hydrolysis or aging (Laiti
et al., 1998; Wijnja and Schulthess, 2000; Peak, 2006).
The hydroxyl-terminated alumina surface would be much
less reactive toward water and the outermost surface would
convert to a gibbsite/bayeritelike atomic arrangement,
essentially passivating the surface (Eng et al., 2000).
Catalano et al. (2006a) and Xu et al. (2018, 2019) revealed
that the additional layering in the interfacial water gradu-
ally decays toward disordered bulk water away from the
a-Al2O3 (0 1 2) surface. Hence, we conjectured that the final
structure of Se (IV) adsorbed onto alumina (surface com-
plexes) was similar to the structure of Se (IV) in solution
when the adsorption reached equilibrium, resulting in little
or no Se isotope fractionation.

4.4. The effect of pH on Se adsorption and isotope

fractionation

Our results show that pH plays an important role in
controlling the amount of Se(IV) adsorbed. Increasing pH
decreases Se(IV) adsorption for all oxides invested in this
study (Table 2), consistent with previous studies (Hayes,
et al., 1987a, b; Kuan et al., 1998; Peak, 2006). On the
one hand, the activity of hydroxide ion (OH�) increases
as pH increases, intensifying the competition for active sur-
face sites on oxides among OH� and SeO3

2� or HSeO3
�. On

the other hand, the protonation efficiency of oxide surface
decreases as pH increases (Duc et al., 2003, 2006). This
would cause the number of positive charges on oxide sur-
faces to decrease, and thus leads to less Se(IV) adsorbed
on the oxides via electrostatic attraction.

The pH effect on Se(IV) adsorption capacity is similar
for Fe, Mn and Al oxides, but the pH effect for Se isotope
fractionation varies for these oxides (Table 2). Since Se (VI)
dominantly exists in the form of SeO4

2� (close to 100%) at
pH � 3.5, pH should not have effects on Se(VI) protonation
and thus isotope fractionation. The D82/76Sedissolved-adsorbed
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is also nearly non-responsive to the change of pH (5–8) dur-
ing Se(IV) adsorption onto hematite and alumina (a- and c-
Al2O3). For Se(IV) adsorption to Mn oxide, however, the
D82/76Sedissolved-adsorbed decreased from 1.24‰ at pH 5 to
� 0.08‰ at pH 8. With a pKa close to 7, the Se speciation
in Se(IV) (e.g., Na2SeO3) solution should change signifi-
cantly from pH 5 to 8: Se(IV) switching from mostly proto-
nated (HSeO3

�, >95%) at pH = 6 to unprotonated (SeO3
2�,

�50%) at pH 8 (Brookins,1988; Seby et al., 2001; Scott,
1991). Moreover, Li and Liu (2011) calculated that the
equilibrium Se isotope fractionation between SeO3

2� and
HSeO3

� was only 0.5‰, with SeO3
2� being isotopically heav-

ier. Thus, protonation of Se(IV) (i.e., pH) alone cannot
explain the range of observed D82/76Sedissolved-adsorbed during
Se(IV) adsorption to MnO2. The surface properties affected
by pH must have led to the variation of Se isotope
fractionation.

In addition, Se isotope fractionation may be related to
Se oxidation occurring during Se(IV) adsorption onto b-
MnO2. However, we did not detect Se(VI) formation (de-
tection limit of <0.1 ng/L), consistent with the findings in
Balistrieri and Chao (1990). Studies have shown that the
coordination number of anion species (e.g., Se(IV), U
(VI)) adsorbed onto vernadite changed with pH; bidentate
complexes dominate at low pH whereas monodentate com-
plexes dominate at high pH (Foster et al., 2003; Wang et al.,
2013). Additionally, the crystal structure of birnessite
would change from hexagonal to triclinic with increasing
pH (Ling et al., 2015). Vernadite and birnessite have lay-
ered structures, compared to b-MnO2 that has a tunnel-
type structure. However, all three share a Mn-O octahedra
coordination (Post, 1999). This implies that these three min-
erals might have similar physicochemical properties. There-
fore, the variation of the physicochemical properties of b-
MnO2 or the structures of surface complexes as a function
of pH may contribute to the pH dependence of Se isotope
fractionation during Se(IV) adsorption onto b-MnO2. The
observed pH dependence is very drastic: from a strong iso-
topic fractionation (i.e. requiring a distorted inner-sphere
complex) at pH = 5.0, to a near-zero fractionation at
pH = 8.0. We suggest that the absence of fractionation at
pH 8 is caused by a change to either an outer-sphere
adsorption mechanism or a new inner sphere complex that
is less distorted than the lower-pH complex. Distinguishing
these two scenarios is beyond the scope of this study, but
could possibly be investigated by future EXAFS studies.

4.5. A model for Se isotope fractionation during adsorption

Mass dependent fractionation (MDF) could be due to
either equilibrium isotope exchange processes or kinetic
processes (e.g., Rayleigh model), or the combination of
both (Young et al., 2002; Wasylenki et al., 2008). Recent
studies reported that adsorption of Mo, W, Ge onto Fe
and Mn oxides followed the equilibrium fractionation
model and it was generally concluded that dissolved and
adsorbed ions reached isotopic equilibrium relatively
quickly (about 48 h) (Barling and Anbar, 2004; Wasylenki
et al., 2008; Goldberg et al., 2009; Li and Liu, 2011;
Kashiwabara et al., 2011, 2017). If Se isotope fractionation
during adsorption were due to kinetic effect, the d82/76Se
values should vary systematically as a function of the pro-
portion of Se retained in solution, following a Rayleigh dis-
tillation model. We plotted the d82/76Sedissolved values vs the
percentage of Se remaining in solution f (Fig. 3), and found
that the d82/76Sedissolved values appear to follow the Ray-
leigh trend in the initial period (<1 h) when the
forward reaction (adsorption) dominates. However, the
d82/76Sedissolved values deviated from the kinetic fractiona-
tion trend after a certain time point (1 h) when back-
reaction (desorption) increases, eventually approaching
the equilibrium fractionation line (Fig. 3).

This 2-step isotope fractionation was also observed for
Cr adsorption onto goethite and alumina (Ellis, 2003). It
was proposed that lighter isotopes preferentially diffuse
from solution onto the mineral surface at a faster rate dur-
ing the initial period, leading to an isotopically heavier solu-
tion. However, after a certain period (4 h or longer), the
system eventually reached isotopic equilibrium, with small
or no measurable isotope fractionation. In addition,
Wasylenki et al. (2014) reported that Cd isotope fractiona-
tion briefly followed a Rayleigh model when Cd2+ was
adsorbed onto birnessite at high ionic strength, but later
deviated from the Rayleigh model due to isotope exchange
between dissolved and adsorbed Cd. Therefore, we suggest
that Se(IV) adsorption process includes an initial kinetic
isotope fractionation step, followed by an equilibrium iso-
tope fractionation step. In natural environments where
the solution and solids may be in contact for several hours
or more, the Se isotope fractionation caused by adsorption
is best described using the equilibrium fractionation factor,
whereas in rapidly changing systems (e.g., near surface
zones subjected to major rainfall events) kinetic effects
could produce greater fractionations.

4.6. Implications

Selenium isotopes can play important roles in tracing
the migration of Se species, their biogeochemical cycling,
continental weathering processes and reconstructing Se spe-
ciation and biogeochemistry in the oceans (Johnson et al.,
1999, 2003; Herbel et al., 2000, 2002; Rouxel et al., 2002;
Wen and Carignan et al., 2011; Mitchell et al., 2012,
2016; Zhu et al., 2014; Pogge von Strandmann et al.,
2015; Stüeken et al., 2015a, 2017; Kipp et al., 2017). Previ-
ous studies have indicated that biological (e82/76Se is 1.4–
8‰ for Se(VI) to Se(IV) and 8–14‰ for Se(IV) to Se(0))
and abiotic reduction (8–18‰ and 9.8–20‰) usually cause
significant Se isotope fractionations (Rees and Thode,
1966; Johnson et al., 1999; Johnson, 2004; Herbel et al.,
2000; Ellis et al. 2003; Johnson and Bullen, 2003, Mitchell
et al. 2013). In this study, we observed that Se (VI) adsorp-
tion onto Fe oxides causes approximately 0.2‰ equilibrium
Se isotope fractionation, and insignificant fractionation
with adsorption onto Mn and Al (a/c) oxides. In contrast,
Se (IV) adsorption onto Fe and Mn oxides can induce up to
0.87‰ and 1.24‰ equilibrium Se isotope fractionations
(D82/76Sedissolved-adsorbed), respectively, but with transient
kinetic isotope fractionations ranging up to 3‰ (Fig. 2E).
Previous studies reported 0.5–0.8‰ Se isotope fractionation



Fig. 3. The relationship between d82/76Se and the fraction of Se(IV) remaining in solution (f). Green filled circles represent measured
d82/76Sedissolved; red square represents measured d82/76Seadsorbed, yellow filled square represents calculated d82/76Seadsorbed by mass balance.
Black dash lines represent the Rayleigh fractionation dissolved, grey dash lines represent the Rayleigh fractionation adsorbed, black lines
represent the closed system dissolved, grey lines represent closed system adsorbed. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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during adsorption of Se(IV) onto the goethite and Fe oxy-
hydroxides (HFO) (Johnson et al., 1999; Johnson, 2004;
Mitchell et al. 2013), which is comparable to our values
for hematite and d-MnO2. These results indicate that
adsorption of Se onto Fe and Mn oxides, especially Fe oxi-
des, together with Se reduction, plays significant roles in
controlling Se isotope fractionation in the epigenetic envi-
ronment. The varying Se isotopic fractionations obtained
so far for different processes could help disentangle biogeo-
chemical processes of Se and track its fate in natural
environments.

In ferromanganese nodules, Se concentration can be up
to 0.5 mg/kg (such as NOD-P-1), which is three orders of
magnitude higher than the average Se concentration in sea-
water Se (0.08 lg/L) (Cutter and Bruland, 1984; Rouxel
et al., 2002). Rouxel et al. (2002) reported an average
d82/76Se of 0.36‰ for the Fe-Mn-nodule (NOD-P-1) col-
lected at 4300 m in the Pacific Ocean. A recent study
showed that the d82/76SeP(Se(IV), Se(VI)) of Northwestern
Pacific Ocean seawater is 0.40 ± 0.05‰ (n = 4) under
800 m depth (Chang et al., 2017). Although Fe oxyhydrox-
ides and d-MnO2 are the main components of ferroman-
ganese nodules (Marcus et al., 2015), our experiments
with hematite is still applicable because similar
adsorption-related Se isotope fractionations between Fe
oxyhydroxide and hematite as discussed in above. Since
D82/76Sedissolved-adsorbed of Se (IV) adsorption onto MnO2

ocean pH (�8) is �0‰ (Table 2), meaning that MnO2-
related adsorption would not cause strong fractionation
in the pH range expected for the oceans over time since
the pH of seawater range from 6.5 to 8.2 over geological
history (pH of local environments may differ from this)
(Halevy and Bachan, 2017; Krissansen-Totton et al.,
2018). Consequently, Se isotope fractionation during ferro-
manganese nodule formation should be controlled by Se
adsorption to Fe oxides (D82/76Seseawater-adsorbed � 0.5–
0.8‰). However, there is no significant difference between
Northwestern Pacific seawater and NOD-P-1 (Rouxel
et al., 2002; Change et al., 2017). Lack of Se isotope
differences between modern seawater and nodules may
be due to the fact that the majority of Se in seawater
is Se(VI) and Se(VI) adsorption to both Mn and Fe
oxides induce little or no Se isotope fractionations
(Fig. 2B, D and J). Regardless of the underlying Se
isotope fractionation mechanism during Fe-Mn nodule/
crust formation, deep-sea ferromanganese nodules
appear to record the Se isotope composition of deep
seawater. More species-specific Se isotope composition
data of modern seawater and Fe-Mn nodule/crust are
needed to test this idea.



Fig. 4. A simple mass balance model illustrating the effects of Se adsorption onto Fe-Mn oxides on seawater d82/76Seadsorbed evolution (DISe
= Ʃ(Se(IV) + Se(VI)), which is the total dissolved inorganic Se in seawater). A. The Rayleigh model for adsorption of DISe by Fe-Mn Oxides;
B. The Rayleigh model for adsorption of Se(VI) in seawater by Fe-Mn Oxides.
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Several factors may have caused seawater d82/76Se to be
positive. First, Se (IV) is easily absorbed onto particulates,
which has two consequences: (1) leaving residual Se(IV) iso-
topically heavy, and (2) making Se(VI) the predominant
species in most rivers (Clark and Johnson, 2010; Chang,
2017) and thus the ocean, since rivers are the most impor-
tant input of Se to the ocean (Stüeken et al., 2017). In addi-
tion, partial oxidation of Se (IV) to Se (VI) also enriches
heavy isotopes in Se(VI) (Schilling et al., 2015). These two
effects lead to isotopically heavy dissolved Se in rivers and
the ocean. Indeed, the reported d82/76Se values of the
Yangtze River and Uncompahgre River are 1.29 ± 0.29‰
(n = 12) and 2.95 ± 0.23‰ (n = 9) (Clark and Johnson,
2010; Chang, 2017).

In order to explore the effect of Se adsorption onto Fe-
Mn oxide on sweater d82/76Se evolution, we constructed a
simple mass balance model (Fig. 4). Several assumptions
are made: (1) Se isotopes are at a steady state (only equilib-
rium isotope fractionation is considered); (2) seawater Se
(IV)/Se(VI) is 0.4 (Chang et al, 2017; Mason et al., 2018);
(3) seawater d82/76Se(IV) starts at �0.16‰ (Yierpan et al.,
2019) and seawater d82/76Se(total) starts at 0‰ (Fig. 4A);
(4) during Se adsorption to a mixture of Fe and Mn oxides,
D82/76Se(IV)dissolved-adsorbed = 0.8‰ and D82/76Se(VI)dissolved-
adsorbed = 0.2‰; (5) during adsorption the Se(IV)/Se(VI)
ratio gradually approaches zero with time (Fig. 4B).
According to the model, as the amount of adsorbed Se dou-
bles, seawater d82/76Se changes by 0.44‰ (f = 0.8 in
Fig. 4B). Therefore, during red bed and banded iron forma-
tion deposition, which primarily occurred between 3.0 Ga
and 2.5 Ga and right before the GOE (Bekker et al.,
2010; Gumsley et al., 2017), seawater d82/76Se could have
experienced positive excursions as recorded in offshore
shales (Kipp et al., 2017). Thus, the evolution of Se isotopes
in seawater should be re-examined given the influence of Se
adsorption onto iron and manganese oxides.

5. CONCLUSIONS

This study reports for the first time Se isotope fraction-
ation during adsorption of Se(VI) and Se(IV) onto alumina
and Mn oxide, and re-examines Se isotope fractionation
during Se(VI) and Se(IV) adsorption onto hematite. There
are significant Se isotopic fractionations during Se(IV)
adsorption onto Fe, Mn oxides, with lighter isotopes pref-
erentially adsorbed. At pH 5, Se(IV) adsorbed onto hema-
tite and MnO2 induces 0.87‰ and 1.24‰ fractionations,
respectively. For Se(VI) adsorption, however, Se isotope
fractionation was less than 0.2‰ for all oxides investigated.

By contrast, Se oxyanions adsorption onto alumina (a
and c-Al2O3) does not induce significant Se isotope frac-
tionation (<0.2‰) after isotopic equilibrium is approached,
despite transient kinetic effects that caused the d82/76Se of
dissolved Se to change greatly in the early stages of the
experiments. The large difference in isotopic fractionation
between the alumina and Fe or Mn oxides experiments
indicates that the magnitude of isotope fractionation is
related to the types of absorbent, and the structures of sur-
face complexes formed between Se and the oxide surfaces.

pH has a very small influence on Se isotope fractiona-
tion during Se(IV) adsorption onto hematite and alumina,
but has a great influence on Se(IV) adsorption onto
MnO2, with D82/76Sedissolved-adsorbed decreasing from 1.24‰
at pH 5 to �0.08 ‰ at pH 8. This is likely due to changes
in physicochemical properties of manganese oxide and/or
the structures of surface complexes as pH changes. These
results may help us interpret the Se isotope composition
in ferromanganese crusts as a proxy of the evolution of
Se isotopes in the oceans through time.
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