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ABSTRACT

Adsorption is an important geochemical process constraining the global cycling of selenium (Se) in the envi-
ronment. However, Se isotope fractionation during adsorption onto clay minerals has been rarely reported. In
this study, Se isotope fractionation during adsorption onto montmorillonite and kaolinite was investigated by a
combination of adsorption experiments and extended X-ray absorption fine structure (EXAFS) spectroscopy.
Results showed that a small adsorption and negligible isotope fractionation were observed during Se(VI)
adsorption on montmorillonite and kaolinite at pH 4.5. By contrast, Se isotope fractionations (A% 76sedissolved-
adsorbed) during the adsorption of Se(IV) on montmorillonite and kaolinite were < 0.23%o, suggesting that lighter
Se(IV) isotopes are preferentially adsorbed onto clay minerals. In addition, different effect of ionic strength on Se
(IV) isotope fractionation was found between kaolinite and montmorillonite, which is likely ascribed to distinct
surface charge and structure between the two clay minerals. These little or no Se isotope fractionations could be
related to the fact that Se oxyanions are mainly adsorbed on montmorillonite and kaolinite via the outer-sphere
complexation, as revealed by Se K-edge EXAFS analysis. The findings from this study would help further identify
and constrain the key geochemical processes causing Se isotope variations, providing a foundation to develop Se
isotope as a proxy for biogeochemical cycling of Se in the natural environment.

1. Introduction

Selenium has six stable isotopes: 74Se, 76Se, 77Se, 788e, 80ge and SZSe,
whose abundances are 0.889%, 9.366%, 7.635%, 23.772%, 49.607%

Selenium (Se) is a trace element with considerable concerns, since it
is an essential micronutrient for organisms at low concentrations, but it
becomes toxic at slightly higher concentrations (e.g., Zhu et al., 2008b;
Fordyce, 2013; Qin et al., 2013). Se can be found in -II, 0, IV, and VI
valences in natural settings (Elrashidi et al., 1987; Zhu et al., 2004,
2012; Qin et al., 2012a,2017a,2017b). In soils and water, the thermo-
dynamically favorable selenite [Se(IV)] and selenate [Se(VI)] oxyanions
can be present (e.g., Seby et al., 2001; Fordyce, 2013). The fate of dis-
solved Se(IV) and Se(VI) oxyanions in supergene systems is primarily
controlled by the interaction with mineral phases, such as adsorption
and incorporation process (Balistrieri and Chao, 1990; Francisco et al.,
2018).

and 8.731%, respectively. During the past two decades, multiple-
collector inductively coupled plasma mass spectrometry (MC-ICP-MS)
and analytical techniques (especially Se double spikes technique) have
been largely improved, which allows high-precision measurements of Se
isotopes in environmental and geological samples. Thus, stable isotope
geochemistry of Se represents a new tool to trace the fate of Se. Previous
studies have reported Se isotope compositions (55%/76Se = (82/76Sesample
/8% 76Sestandard — 1) x 1000) in various reservoirs, such as meteorites,
magmatic rocks, sedimentary rocks, soils, oceanic sediments, seawater,
ocean ferromanganese nodules and surface water, with a lager variation
from —14.20%o to +11.37%o (e.g., Johnson et al., 2000; Rouxel et al.,
2002; Clark and Johnson, 2010; Schilling et al., 2011; Zhu et al., 2014;

* Corresponding author at: State Key Laboratory of Environmental Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang 550081, China.

** Corresponding author.

E-mail addresses: qinhaibo@vip.gyig.ac.cn (H.-B. Qin), jmzhu@cugb.edu.cn (J.-M. Zhu).

https://doi.org/10.1016/j.clay.2021.106189

Received 19 January 2021; Received in revised form 29 April 2021; Accepted 7 June 2021

Available online 24 June 2021
0169-1317/© 2021 Elsevier B.V. All rights reserved.


mailto:qinhaibo@vip.gyig.ac.cn
mailto:jmzhu@cugb.edu.cn
www.sciencedirect.com/science/journal/01691317
https://www.elsevier.com/locate/clay
https://doi.org/10.1016/j.clay.2021.106189
https://doi.org/10.1016/j.clay.2021.106189
https://doi.org/10.1016/j.clay.2021.106189
http://crossmark.crossref.org/dialog/?doi=10.1016/j.clay.2021.106189&domain=pdf

W. Xu et al.

Chang et al., 2017). Furthermore, Se isotopes fractionations derived by
different biogeochemical processes have been investigated. Microbial or
abiotic reduction of Se oxyanions could yield significant isotope frac-
tionations (1.7-19%o), while other processes such as precipitation,
volatilization, oxidation, and adsorption may result in relatively small
(< 1.5%o) or no Se isotope fractionations (Johnson et al., 1999; Herbel
et al., 2000; Johnson and Bullen, 2003; Schilling et al., 2013; Mitchell
et al., 2013; Tan et al., 2020). Se isotopes are gradually becoming a
potential proxy for tracing biogeochemical processes and pollution
sources of Se, as well as the redox conditions of paleo-oceanography (e.
g., Johnson et al., 1999; Mitchell et al., 2012; Zhu et al., 2014; Pogge von
Strandmann et al., 2015; Stiieken et al., 2015; Kipp et al., 2017).

Selenium adsorption by many materials, including metal oxides (Fe,
Mn, and Al), clay minerals and organic matters, etc., plays an important
role in the global cycling of Se in the natural environment (e.g., Bar-
Yosef and Meek, 1987; Balistrieri and Chao, 1990; Qin et al.,
2012a,2017a). However, to date, limited knowledge is available for Se
isotope fractionations caused by adsorption. Only several studies have
investigated Se isotope fractionation behavior during the adsorption on
Fe, Mn, and Al oxides, and sulfides (Johnson et al., 1999; Mitchell et al.,
2013; Xu et al., 2020).

Clay minerals (e.g., montmorillonite and kaolinite) are widely
distributed in terrestrial environments and marine sediments. Mont-
morillonite and kaolinite are the main components of soils, which are
produced by continental weathering and pedogenesis. Previous re-
searchers have investigated the adsorption of heavy metal cations (Zn,
Cu, Ni, Cd, etc.), anions (Cr, As, Se, etc.), and radionuclides (e.g., 137¢s)
onto clay minerals due to large surface areas and good retention ability
(Manning and Goldberg, 1997; Chen et al., 1999; Gu et al., 2010; Qin
et al., 2012b; Fan et al., 2014; Zhu et al., 2016; Frank et al., 2019). The
reaction of clay mineral and ”°Se is also important to assess the mobility
and environmental risks of radionuclides because 7°Se is an important
235y fission product in the disposal of nuclear waste (e.g., Chen et al.,
1999). It has been found that Ca-kaolinite and Ca-montmorillonite could
adsorb Se(IV) up to 20-30 pg/g and 10-15 pg/g, respectively (Bar-Yosef
and Meek, 1987; Goldberg and Glaubig, 1988). Although several studies
have attempted to explore the mechanism of Se adsorption by clay
minerals through X-ray absorption fine structure (XAFS) spectroscopy
(e.g., Peak et al., 2006) and Triple Layer Mode (e.g., Goldberg, 2013),
little is known about the relationship between the adsorption mecha-
nism and isotope fractionation.

In this study, Se isotope fractionation during adsorption onto
montmorillonite and kaolinite was clarified by combining adsorption
experiments and XAFS spectroscopy. Moreover, the effects of pH and
ionic strength on Se adsorption and isotope fractionation were investi-
gated. The results would help further clarify the processes of Se adsorbed
onto clay minerals and thus improve the understanding of Se isotope
compositions in rocks, soils, sediments, and rivers in the supergene
environment.

2. Materials and methods
2.1. Preparation of clay minerals and Se solution

Kaolinite was purchased from Hunan Xiangshui clay Co., Ltd., and
montmorillonite was obtained from Inner Mongolia, China (Ma et al.,
2015). Montmorillonite and kaolinite were decarbonized, and NaCl
treated before the adsorption experiments. In brief, hydrogen peroxide
(30% H»03, superior purity) and 0.001 mol/L HCl were added to
eliminate the organic matter and carbonate, respectively (Wang et al.,
1999; Gu et al., 2010). Then, 0.5 mol/L NaCl to montmorillonite and 1
mol/L NaCl to the kaolinite were added and stirred for 12 h. At each
step, the clay minerals were washed with 18.2 MQ ultra-pure water for
at least three times, and centrifuged at 6000 rpm for 15 min. Finally, the
treated clays were freeze-dried and ground into a powder for adsorption
experiments. Negligible Se was detected in the tested clay minerals by
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HG-AFS method after acid digestion. The clay minerals were confirmed
by powder X-ray diffraction (XRD, smart lab, Cu-kal), and the XRD data
showed that the structures of clay minerals were not changed during
these modification (Fig. S1).

2.2. Adsorption experiments

In this study, three series (time, ionic strength, and pH) experiments
were performed to investigate the adsorption of Se(IV)/Se(VI) oxy-
anions onto clay minerals. Na;SeO3 and NaySeO4 solids were purchased
from Alfa Aesar (China). The solid Se reagents were dissolved in 18.2
MQ ultra-pure water to prepare a stock solution (500 mg/L), and sub-
packed into 100 mL HDPE bottles. The pH of Se solutions was
adjusted to designed values with 0.1 mol/L HCl or NaOH solution.

In the time-series experiment, 0.50 g montmorillonite and kaolinite
were added into 50 mL centrifuge tubes containing 45 mL 0.1 mol/L
NaCl solution, and the pH of suspensions was adjusted to 4.5 with 0.1
mol/L HCl or NaOH. After shaking on the oscillator for 24 h, pH was
readjusted to 4.5. Then, the slurries were poured into 150 mL serum
bottles and then sealed with butyl rubber plugs after purging with ul-
trapure nitrogen gas for 15 min to remove dissolved CO, and O,. The
bottle was placed on the oscillator and shaken (120 rpm) at room tem-
perature (20 + 2 °C), after injecting the Se(IV) or Se(VI) solution (pH =
4.5). In order to obtain enough amount of Se for accurate Se isotope
measurement, Se(IV) and Se(VI) concentrations in the suspensions were
set as 200 pg/L and 100 pg/L, respectively. During the experiments, 2
mL solution was sampled quickly at different time intervals after ho-
mogenizing the suspension by shaking, in order to avoid the possibe
change of the liquid/solid ratio. The suspensions were filtered with 0.22-
pm poly-sulfone membranes, and the filtrates were collected in 5 mL
polypropylene tubes. All samples were stored in a refrigerator at 4 °C.
Finally, Se concentrations in the solution were determined by the hy-
dride generation atomic fluorescence spectrometer (HG-AFS), as
described by previous studies (e.g., Zhu et al., 2008a; Qin et al., 2017b).

The ionic strength series experiment was performed under 0.01,
0.05, and 0.1 mol/L NaCl with the initial Se(IV) concentration of 200
pg/L and the pH of 4.5 for 3 days. Moreover, the effect of pH (4.5, 6, 7,
and 8) on Se(IV) adsorption on clay minerals were investigated under
the experimental condition of 0.01 mol/L of NaCl and 200 pg/L of Se
(IV). The experimental procedure was similar to those for the time series
experiments. As the affinity of clay minerals to Se(VI) was too low, the
contrast experiments for ionic strength and pH were not carried out.

2.3. Sample purification

Samples were purified by the anion resin AG1-X8 to eliminate the
interference of Ge and As that may be present in solution (Johnson et al.,
2000). Before samples purification, double spikes (DS: 7”Se+’“Se) with
known ratio was added to correct the possible isotope fractionation
during purification and mass spectrometry (Zhu et al., 2008a). Briefly,
samples (containing ~100 ng Se) mixed with DS were converted to Se
(VI) by K2S20g oxidation, then loaded onto a 1.0 ml volume AG1-X8
resin column, sequentially washed the resin with MQ water and 0.1
mol/L HCl, followed by washing with 5 mol/L HCl to elute Se(VI). Se(VI)
were reduced to Se(IV) by 5 mol/L HCl at 100 °C. After cooling, Se so-
lutions were bubbled with ultrapure N5 for 15 min to remove the in-
fluence of volatile substances such as Br . Finally, the samples were
diluted to (2.0 £+ 0.1) mol/L HCI for isotope measurement. Detailed
purification processes are described by Xu et al. (2020).

2.4. Se isotope analysis

The 5%%/76Se values were measured on the Nu plasma II multi-
collector coupled plasma mass spectrometer (MC-ICP-MS) at the State
Key Laboratory of Environmental Geochemistry, Institute of Geochem-
istry, Chinese Academy of Sciences, Guiyang, China, with a custom-built
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hydride generation system that described in previous studies (Zhu et al.,
2008a).

All 82/76ge ratios are reported as & notation relative to NIST SRM
3149. Average external 5°%/7%Se precision was 40.10%o based on
repeated analysis of NIST SRM 3149 standards (n = 150, 2SD) over three
years. The long-term 5%%7°Se values of the in-house standard MH 495
was with —3.45 £+ 0.10%0 (n = 75, 2SD) in excellent agreement with
previously reported values (Zhu et al., 2008a; Schilling et al., 2014).
Meanwhile, the 5%2/7%ge values of stock solutions (NaySeO3 and
NaySeQ4) were — 1.18 + 0.12%o (n = 20, 2SD) and — 0.50 =+ 0.10%. (n =
20, 2SD), respectively.

The isotopic measurements of this study were performed on the
aqueous solutions after filtration. It has been suggested that the filtration
cannot lead to isotope fractionations by performing the mass budget,
based on our previous results on Se adsorption on Fe oxides (Xu et al.,
2020) and other elements on minerals (Barling and Anbar, 2004,
Lemarchand et al., 2007, Pokrovsky et al., 2014). The long-term
reproducibility (2SD) for 5°%7%Se values of natural samples was
0.15%o. Thus, the measured Se isotope data in samples were highly
reliable and robust.

Assuming that the loss of Se from the solution is solely accounted for
by Se adsorption on the minerals surface and that the solids themselves
were nearly Se-free, the isotopic ratio of Se adsorbed onto solid could be
calculated by mass balance Eq. (1) when it reached equilibrium:

682/76seadlsnrhcd = (682/76seslock - 682/7656‘;1issolvcd X f)/(l - f) (l)

where §%%70Segoqk is the isotope ratio of the initial Se solution, 5%%/
76Sedissolved is the isotope ratios of Se in the residual solution, and f is the
percentage of Se that remained in solution.

The difference in the isotopic composition of Se in solution and Se
adsorbed on the solid, A%%/7%Se gissolved-adsorbed, Was calculated as:

82/76 82/76 82/76
A / Sedissolvcdfadsorbcd ~d / Sedissolvcd ) / Seadsorbcd (2)

The estimated uncertainties on the calculated A%%/ 768edissolved_adsor_
bed Stem from Se isotope fractionation calculated by mass balance at
different time interval when adsorption research equilibrium (Barling
and Anbar, 2004). However, Pokrovsky et al. (2014) suggested that a
lower adsorption (%) may lead to a larger calculation uncertainty.
Indeed, the uncertainty of Se fractionation became very large when Se
adsorption was lower than 10%, and thus Se isotope fractionation data
for the experiments with <10% adsorption were not calculated and
discussed in this study.

2.5. XAFS measurement and data analysis

Selenium K-edge XAFS spectra of Se(IV)-adsorbed samples were
obtained at the BL14W1 beamline of the Shanghai Synchrotron Radia-
tion Facility (SSRF, Shanghai, China) and the beamline BL12C at the
Photon Factory, KEK (Tsukuba, Japan). The X-rays were mono-
chromatized with a pair of Si(111) crystals. Energy calibration was
performed using NaHSeO3 by defining the energy of 12.658 keV at the
maximum peak of white line. The adsorbed samples were placed at an
angle of 45° from the incident beam to record Se EXAFS spectra in
fluorescence mode using a Ge solid-state detector (SSD) under the
ambient condition. The solid Se-adsorbed montmorillonite and kaolinite
were separated from the final suspension with a membrane filter (0.22
pm) after adsorption equilibration, and then washed with MQ water and
packed into a polyethylene bag. In the present study, the Se(IV) adsor-
bed samples prepared at pH 4.5 were selected to obtain enough quality
EXAFS spectra because of the high adsorption. Repeated scans were
carried out to improve the quality, and no radiation damage was found
for the adsorbed sample during data acquisition.

The XAFS spectra were analyzed using the REX2000 software
(Rigaku Co. Ltd.) and FEFF 7.02. The ks)((k) oscillation was extracted
and Fourier transformed to get radial structural function (RSF) after
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removing the background of XAFS spectra. The RSF was simulated using
the curve-fitting method to obtain structural parameters. The quality of
the fitting was given by the goodness of fit parameter, R factor, defined
as:

R=3"{Kaup(k) — Krak) }’ / 3 {(Frnk) ¥ 3)

where yca1(k) and yops(k) are the calculated and experimental absorption
coefficients at a given wavenumber (k), respectively. Details of the XAFS
measurement and analysis are similar to those described in the previous
studies (e.g., Qin et al., 2019, 2020).

3. Results
3.1. Se adsorption behavior of clay minerals

The kinetic results showed that the adsorption equilibrium was
nearly reached after 48 h for Se(IV) adsorption onto montmorillonite
and kaolinite, while that for Se(VI) adsorption was less than 24 h
(Fig. 1). The maximum amounts of Se(IV) adsorbed onto the two clay
minerals were larger in comparison with Se(VI) adsorption. The
adsorption of Se(IV) onto montmorillonite and kaolinite (pH 4.5) were
~ 23% and ~ 19%, respectively. By contrast, much smaller adsorptions
(< 4%) were found for Se(VI) on these minerals. The adsorption of Se
oxyanions by clay minerals is much lower than those for other minerals
(e.g., Fe oxides), which could be ascribed to the permanent negative
structural charge and low point of zero charge for clay minerals.

The adsorption of Se(IV) onto kaolinite at 0.01 mol/L and 0.05 mol/L
NaCl showed similar trends, but decreased at higher ionic strength (0.1
mol/L NaCl). By contrast, the adsorption of Se(IV) onto montmorillonite
was almost not affected by ionic strength. In addition, the adsorption of
Se(IV) decreased with increasing pH (4.5-8) for montmorillonite,
whereas the adsorption of Se(IV) by kaolinite increased at low pH (< 6)
but decreased at higher pH (> 6) (Table 1).

3.2. Se isotope fractionation during Se(VI)/Se(IV) oxyanions adsorption
onto clay minerals

In the experiments of Se(VI) adsorption onto montmorillonite and
kaolinite, Se isotope values (58%/7%Se) in solution did not obviously
change over time and were close to the value of stock solution (—0.50 +
0.10%o), indicating that there was little or no Se isotope fractionation
(Fig. 2). By contrast, it was obviously found that the values of 5%%/76se
(IV) in solution increased firstly and then decreased slowly to the initial
value for montmorillonite and kaolinite in particular at higher ionic
strength (Fig. 2). The Se isotope variation was up to 0.30%o0 during the
adsorption of Se(IV) onto kaolinite at pH 4.5 with 0.1 mol/L NaCl
(Fig. 2). Interestingly, Se(IV) isotope fractionation appeared to not be
significant affected by the different pH (4.5-8) examined in this study
(Table 1).

Interestingly, the variations of Se isotope was slightly different be-
tween Se(IV) adsorption onto montmorillonite and kaolinite as a func-
tion of ionic strength (Fig. 2). In the case of kaolinite at pH 4.5, Se(IV)
isotope fractionation reached equilibrium after ~72 h, and the values of
5%2/765e(1V) in solution increased slightly at the initial stage and were
finally close to the stock value. According to mass balance Egs. (1) and
(2), the difference of Se isotope fractionations (AB2758e gigsolved-adsorbed)
between solution and solid after 72 h were calculated to be 0.15 +
0.14%o (n = 3, 2SD), 0.21 & 0.17%o (n = 3, 2SD), and 0.23 + 0.19%. (n =
3, 2SD) at 0.01, 0.05, and 0.1 mol/L of NaCl, respectively. By compar-
ison, the A8%/ 76Sedissolved_adsorbed values for montmorillonite adsorption
at pH 4.5 after 72 h were 0.19 + 0.14%o (n = 3, 2SD), 0.01 + 0.14%0 (n =
3, 2SD), and 0.18 + 0.12%. (n = 3, 2SD) at 0.01, 0.05, and 0.1 mol/L
NacCl, respectively.
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Table 1
Se isotope fractionation during Se(IV) adsorption onto clay minerals at different pH.
Adsorbents pH Ce (pg/L) Qe (ug/g) Se adsorbed (%) f 8%%/7%Se dissolved 8%%/7%8adsorbed A%7%Se gissolved-adsorbed 25D of A
Montmorillonite 4.5 152.54 4.75 23.73 0.76 -1.14 -1.32 0.19 0.14
6.0 168.22 3.18 15.89 0.84 -1.15 -1.35 0.21 0.15
7.0 180.61 1.94 9.70 0.90 -1.16 -1.38 0.23 0.15
8.0* 186.58 1.34 6.71 0.93 -1.19 -1.03 - -
Kaolinite 4.5 168.48 3.15 15.76 0.84 -1.16 -1.31 0.15 0.14
6.0 144.26 5.57 27.87 0.72 -1.13 -1.32 0.19 0.14
7.0 149.66 5.03 25.17 0.75 -1.15 -1.27 0.12 0.14
8.0* 185.78 1.42 7.11 0.93 -1.16 —-1.38 - -

Ce and Q. represent the equilibrium concentration and adsorption capacity, Q. = (Co - C.)+V/m, V is the volume of the solution, and m is the mass of the adsorbent. f
represents the fraction of Se remaining in solution. * A82/76Ge 4issolved-adsorbed Was not calculated because of the low Se adsorption rate.

3.3. Se K-edge XAFS analysis

Fig. 3 shows the X-ray absorption near edge structure (XANES)
spectra for Se(IV)-adsorbed montmorillonite and kaolinite. It was found
that the peak energies of the XANES spectra for the two samples were
essentially identical to that for aqueous Se(IV) solution at pH 4.5
(mainly HSeO3 species, Séby et al., 2001), suggesting that the oxidation
state of Se does not change during Se(IV) adsorption onto clay minerals
under the experimental conditions.

Furthermore, the k3x(k) spectra and RSF of Se(IV)-adsorbed mate-
rials were also very similar to those for Se(IV) solution. The EXAFS
analysis showed that there was only one prominent peak assigned to Se-
O shell in the RSFs of adsorbed samples, with the absence of distant
peaks that may be contributed from other shells (e.g., Se-Si, Se-Al, or Se-
Fe shells) (Fig. 4 and Table 2). The quantitative results obtained by the
curve-fitting analysis showed that the pronounced peaks around R + AR
—124 (phase shift not corrected) for montmorillonite and kaolinite
were assigned to the Se-O shell at 1.68-1.69 A, which is consistent with
that for Se(IV) solution (Table 2). Thus, the appearance of only Se-O
shell and the absences of other distant shells obtained from Se K-edge
EXAFS analysis strongly indicate that Se is mainly adsorbed on mont-
morillonite and kaolinite at pH 4.5 via the outer-sphere complexation.

Se(1V) on kaolinite

Se(I'V) on montmorillonite

Normalized Absorption

Se(1V) solution

T T T T T T
12630 12640 12650 12660 12670 12680 12690 12700
Energy (eV)

Fig. 3. Se K-edge XANES spectra for aqueous Se(IV) solution (pH 4.5), Se(IV)-
adsorbed montmorillonite and kaolinite.

4. Discussion

4.1. The effect of pH on Se adsorption and isotope fractionation for clay
minerals

Previous studies indicated that the adsorption of anions gradually
decreases with the increasing pH (e.g., Weerasooriya et al., 1998; Mis-
sana et al., 2009). This trend was also observed for Se(IV) adsorption
onto montmorillonite examined in the present study (Table 1). This
phenomenon may be due to the low point of net zero charge (pHpzc) of
montmorillonite (4.4-5.5) (Saha et al., 2004; Duc et al., 2006). The
higher experimental pH (4.5-8) in this study may result in more nega-
tive charges on the montmorillonite surface, and thus the adsorption of
negatively-charged Se(IV) species (e.g., SeO3~ or HSeO3) would
decrease because of larger electrostatic repulsion at higher pH
condition.

For kaolinite, Se(IV) adsorption increased under the lower pH (<7)
but decreased under alkaline conditions, which is similar to the obser-
vation by Goldberg and Glaubig (1988). This may be related to the
charges of siloxanol and aluminol surfaces on kaolinite. Spark et al.
(1995) considered that the edges and alumina surface of kaolinite would
become negatively-charged when the pH is above the pHpzc of the
aluminol groups (pHpzc = 7.2), although the kaolinite surface is
generally positively charged under acidic conditions (pH <7.2). In
combination with the greater proportion of edge surface area for
kaolinite (Goldberg and Glaubig, 1988), this specific physic-chemical
property of kaolinite could be used to explain the roughly twice
adsorption for Se(IV) on kaolinite at pH 6-7 compared with montmo-
rillonite (Table 1).

However, there was no obvious difference between the isotope
compositions of Se in solution and clay minerals under different pH at
adsorption equilibrium, which is different from the influence of pH on
the amount of Se on montmorillonite and kaolinite. The exceptional case
for montmorillonite at pH 8 may be ascribed to a larger calculation error
caused by the low Se adsorption. By contrast, several studies showed
that pH could affect isotopic fractionation of some elements (e.g., Zn and
Mo) under some conditions (e.g., Juillot et al., 2008; Goldberg et al.,
2009). Goldberg et al. (2009) observed the larger Mo isotope fraction-
ation (A°®Mo) during adsorption onto Fe oxides at a higher pH. They
speculated that the most isotopically-depleted Mo species (e.g., MoOs
relative to MoO3(H0)3 and other intermediates) were preferentially
adsorbed by Fe oxides at higher pH, resulting in a relative larger Mo
isotope fractionation at higher pH.

In the case of Se, it has been suggested by the Triple-Layer model that
the surface speciation of Se(IV) adsorption on kaolinite was mainly as
SOH,-HSeO3 (>60%) when pH < 6 while as SOHI-SeO%’ when pH >6
(> 60%) (Goldberg, 2013). Nonetheless, Se isotope fractionations
caused by adsorption on clay minerals were not significantly related to
the species of Se(IV) under the experimental conditions, which is
consistent with the previous research regarding the adsorption of Se
oxyanions by Fe/Mn/Al oxides (e.g., Xu et al., 2020). Similarly, Pok-
rovsky et al. (2014) indicated that the pH has a little effect on the isotope



W. Xu et al.

Kx(k)

6 T
k(A

Applied Clay Science 211 (2021) 106189

Se(IV) on kaolinite

Fourier Transform Magnitude

0 1 2 3
R+AR (A)

Fig. 4. Se K-edge EXAFS spectra for aqueous Se(IV) solution, Se(IV)-adsorbed montmorillonite and kaolinite (A: k3-weighted x(k) spectra; B: RSFs (phase shift not
corrected)). Solid lines are spectra obtained by experiments, and red dash lines are calculated spectra by a curve-fitting analysis.

Table 2
Structural parameters of Se-adsorbed clay minerals obtained by a curve-fitting
analysis of Se K-edge EXAFS spectra.

Sample Shell CN RA) AE (&> R
(eV) factor
Se(IV) solution Se-O 2.6 1.68 7(2) 0.003 0.03
®3) @™ @™
Se(IV) on Se-O 2.8 1.69 9(2) 0.002 0.11
montmorillonite ®3) 2) @
Se(IV) on kaolinite Se-O 2.8 1.68 7(2) 0.002 0.51
“@ @™ @

CN: coordination number; R: interatomic distance; AEy: threshold E, shift; 62
Debye-Waller factor.
The uncertainties in the last digit are reported in parentheses.

fractionation of Ge during adsorption on goethite, and proposed that the
degree of protonation of Ge(O, OH)4 tetrahedra at the goethite surface
does not impact Ge isotopic fractionation between aqueous solution and
the goethite surface. Considering that dissolved Se(IV) mainly exists as
HSeO3 (> 95%) species at a wide range of pH (Séby et al., 2001), the
protonation degree of Se adsorbed on the surfaces of clay minerals is not
the main cause for Se isotope fractionation between the aqueous and
adsorbed phases during adsorption on clay minerals.

4.2. Comparison of Se isotope fractionation during adsorption onto
montmorillonite and kaolinite

The 5%% 76Se values in solution varied over time during Se(IV)
adsorption onto clay minerals, but those were mostly close to the §5%
76Se value of stock solution after ~72 h. The increase of §8%/75Se values
in solution in the first 3 h may reflect that a kinetic effect largely governs
the observed Se fractionation due to the fast sorption of isotopically
lighter Se, while the decreased 5%%/7°Se values in solution over the time
(after the first 3 h) may imply that Se fractionation is mainly controlled
by isotopes exchange between adsorbed and dissolved Se, as suggested
by several studies for other elements (Ellis, 2003; Wasylenki et al.,
2014). The calculated Se isotope fractionations (A% 768edissolved_adsorbed)
were < 0.23%o, suggesting an insignificant enrichment of lighter Se
isotopes on the mineral surfaces during adsorption of Se onto clay

minerals.

Moreover, the 5%2/76Se values in solution increased firstly and then
decreased during Se(IV) adsorption onto kaolinite, which was consistent
with Se(IV) adsorption onto Al oxides (Xu et al., 2020). By contrast, this
phenomenon was not clearly observed for montmorillonite. This
different behavior of Se isotope fractionation between the two clay
minerals may be related to the structure of kaolinite and montmoril-
lonite, because the adsorption of Se oxyanions by clay minerals were
mainly through aluminol sites (=A1-OH) (Peak et al., 2006). Montmo-
rillonite is a 2:1 layer phyllosilicate mineral, and its alumina octahedron
is located between two silica tetrahedrons, while kaolinite is a 1:1 layer
mineral, with its alumina octahedron and silica tetrahedron being ar-
ranged in parallel (Brigatti et al., 2006). Thus, the interaction of Se(IV)
oxyanion with the aluminol sites in kaolinite may be more ready
compared with those in montmorillonite (Bar-Yosef and Meek, 1987).

In addition, the adsorption of Se(IV) on kaolinite was affected by
ionic strength with the larger Se isotope variation in solution at the
higher ionic strength, whereas this influence was not obvious for
montmorillonite (Fig. 2). This may also be explained by the fact that the
aluminol group in the structure of kaolinite (1:1 layer) is more likely to
be affected by pH and ionic strength (Bar-Yosef and Meek, 1987;
Goldberg and Glaubig, 1988; Manning and Goldberg, 1997). Previous
studies observed a similar influence by the ionic strength for Zn and Cd
adsorption onto oxides and clay minerals and speculated that the cause
might be related to Zn and Cd species at different ionic strengths (e.g.,
Wasylenki et al., 2014; Bryan et al., 2015). However, the main species of
Se(IV) was HSeO%’ (>99.5%) at 0.01-0.1 mol/L NaCl and pH 4.5 ac-
cording to Visual MINTEQ 3.0, which likely suggests that the effect of
ionic strength on Se isotope fractionation for Se(IV) onto kaolinite is not
related to Se species.

4.3. Possible mechanism for Se isotope fractionation during adsorption
onto clay minerals

Previous studies indicated that Se was adsorbed onto clay minerals
via electrostatic adsorption or colloidal complexation (e.g., Bar-Yosef
and Meek, 1987; Goldberg and Glaubig, 1988). Bickmore et al. (2003)
and Tournassat et al. (2004) considered that silanol (=Si-OH), aluminol
(=Al-OH), silica-alumina bridging sites (=SiAl-OH), and alumina-
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alumina bridging sites (=Al,~OH) can contribute to the proton bonding
at clay minerals edge surface. Weerasooriya et al. (1998) indicated that
only aluminol and silanol at the edge surface was helpful to the proton
bonding. Further, Bourg et al. (2007) proposed that =Al,—OH site was
probably the most important adsorption site at the pH range of 4.5-9. In
terms of montmorillonite and kaolinite, a small amount of positive
variable charges (=S-OH3) generated from the protonation of minerals
edge sites (Manning and Goldberg, 1997; Gu et al., 2010), which could
adsorb negatively charged Se oxyanions via electrostatic adsorption.
Moreover, the adsorption experiments of Se oxyanions on quartz showed
that the adsorption was very low and Se isotope ratio in the solution had
almost no change during adsorption, which suggests that the silanol sites
in clay minerals may not largely affect Se adsorption and isotope under
experimental conditions in this study. Accordingly, it could be expected
that small Se isotope fractionations during adsorption on clay minerals
are mainly controlled by the =Al-OH sites.

Furthermore, it has been demonstrated that the isotope fractionation
of an element can be related to the structures of the surface complex
formed on the minerals, as reported for B (Lemarchand et al., 2007), Ge
(Li and Liu, 2010; Pokrovsky et al., 2014), Mo (Kashiwabara et al., 2011)
and W (Kashiwabara et al., 2017). By analogy, Se isotope fractionation
could be also governed by the surface complexation during adsorption
onto clay minerals. In the present study, Se K-edge EXAFS results
showed that Se(IV) is mostly adsorbed on montmorillonite and kaolinite
via the weak outer-sphere complexation under experimental conditions.
Similarly, Goldberg (2013) found that Se(IV) is mainly adsorbed onto
montmorillonite and kaolinite with the formation of outer-sphere
complexes through the Three-Layer model. However, Peak et al.
(2006) indicated that Se(IV) forms a bidentate binuclear inner-sphere
complex on pure montmorillonite based on Se K-edge XANES and
EXAFS results. This disparity may be attributed to the different mont-
morillonite mineral and experimental conditions. It is possible that
natural montmorillonite used in Peak’s study contain other elements (e.
g., Fe and Mn) that may have an influence on the adsorption of
negatively-charged oxyanions by clay minerals (Brigatti et al., 2006;
Frank et al., 2019). Another possible reason for the difference may be
ascribed to the hydrolysis of Al oxides in the clay minerals, because the
active Al oxides probably undergone hydrolysis or aging in solution
(Catalano et al., 2006a). In the case of this study, the longer adsorption
time may imply more strong hydrolysis of the functional group (=Al-
OH) of the clay minerals. As a result, the outer-sphere complexes can be
preferentially formed on the clay mineral, and the possible inner-sphere
complexes would be transformed with the hydrolysis of functional
group, even if the inner-sphere complexes with Al-OH might be formed
at the initial period.

The results show that Se isotope fractionation during Se(IV) adsorbed
on montmorillonite and kaolinite was very small, with the A8% 76Sed_
issolved-adsorbed values of 0.12-0.23%o (Table 1). These results were
comparable to that for Se(IV) isotope fractionation caused by adsorption
on Al oxides (< 0.20%o), for which the outer-sphere complexation may
be the main adsorption mechanism (Xu et al., 2020). Furthermore, the
A8%/ 76Se dissolved-adsorbed values for clay minerals were much lower
compared with Fe and Mn oxides that have a great affinity for Se(IV)
because of the inner-sphere complexation (Balistrieri and Chao, 1990;
Catalano et al., 2006b). Therefore, the mechanism for little or no Se
isotope fractionation during adsorption on clay minerals is likely related
to the formation of dominant outer-sphere complexes on the mineral
surfaces, as revealed by the EXAFS analysis in this study.

4.4. Implications

Montmorillonite and kaolinite are the major secondary minerals in
soils produced during continental weathering and pedogenesis, as well
as the major components of deep-sea sediments, which may influence Se
geochemical cycling through the adsorption process (Bar-Yosef and
Meek, 1987; Goldberg and Glaubig, 1988; Missana et al., 2009;
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Goldberg, 2013). This study showed an insignificant Se isotope frac-
tionation during Se adsorption onto the surface of montmorillonite and
kaolinite. The results imply that Se isotopes are still effective for con-
straining redox conditions in both modern and ancient environments
and tracing the continental weathering processes in highly weathered
environments where Fe/Mn/Al oxides and clays are abundant.

It has been demonstrated that abiotic redox (e.g., Johnson and
Bullen, 2003), biomethylation (Schilling et al., 2013), and biological
processes (e.g., Herbel et al., 2000) could cause significant Se isotope
fractionations (>1.5%o), while other processes such as precipitation,
volatilization, oxidation, and adsorption resulted in relatively smaller Se
isotope fractionations (< 1.5%o) (e.g., Johnson et al., 1999; Mitchell
et al.,, 2013; Xu et al., 2020). In most cases, variations of Se isotopic
ratios result from more than one process in natural soil and sediment
environments, where complex processes such as redox changes, rock/
water interaction, and biologic activity may occur. For example, several
studies showed large ranges of Se isotope compositions (65%/7%Se) in the
soils (—3.05%o-1.33%o0) and deep-sea sediments (—1.09%o- 3.90%o) (e.g.,
Rouxel et al., 2002; Schilling et al., 2011; Mitchell et al., 2013; Zhu et al.,
2014), which were significantly greater than Se isotope fractionation
induced by Se oxyanions adsorption onto Fe/Mn/Al oxides and clay
minerals (<1.50%o) (e.g., Johnson et al., 1999; Mitchell et al., 2013; Xu
et al., 2020). These results further verify that the larger Se isotope var-
iations in highly weathered environments are mainly affected by bio-
logic or abiotic reduction other than adsorption processes.

5. Conclusions

This study firstly reports Se isotope fractionation during Se oxy-
anions adsorption onto montmorillonite and kaolinite. Results show that
Se isotope fractionations caused by Se(IV) adsorption onto montmoril-
lonite and kaolinite are insignificant (A%%708e icsolved-adsorbed < 0.23%o),
while almost no Se isotope fractionation is observed for Se(VI) adsorp-
tion onto the two clay minerals. In combination with adsorption ex-
periments and EXAFS analysis, the outer-sphere complexation could be
the dominant mechanism controlling Se isotope fractionation during
adsorption onto montmorillonite and kaolinite. The findings from this
study provide the molecular evidence for the mechanism of Se isotope
fractionation during adsorption onto clay minerals, which would help
understand the variations of Se isotope signals in the natural
environment.
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