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Abstract

Marine ferromanganese crusts and nodules as potential mineral deposits have received increasing attention. However,
much less knowledge is available concerning the incorporation and enrichment mechanisms for antimony (Sb) and arsenic
(As) in marine ferromanganese oxides. In this study, the surface complexations of Sb(V) and As(V) on synthetic ferrihydrite
and Mn oxides (6-MnO, and birnessite) were investigated by a combination of adsorption experiments, extended X-ray
absorption fine structure (EXAFS) analyses, and quantum chemical calculations. The speciation, distribution, and local struc-
ture of Sb and As in different types of natural marine ferromanganese oxides were determined by X-ray absorption near edge
structure (XANES) and EXAFS analyses to reveal the enrichment mechanisms for the two elements in ferromanganese oxides
at the molecular level. To the best of our knowledge, the Sb EXAFS analyses for different types of marine ferromanganese
oxides are herein reported for the first time. Results showed that Sb(V) is preferentially adsorbed on Mn oxides through
energetically favorable bidentate-mononuclear complexation because of the structural similarity between the octahedron
SbY(OH)g and MnOg unit, although bidentate-binuclear (corner-sharing) and bidentate-mononuclear (edge-sharing) com-
plexes can be formed on ferrihydrite and Mn oxides for the adsorption of Sb(V). By contrast, tetrahedral AsYO3~ is mostly
adsorbed on ferrihydrite and Mn oxides with the formation of bidentate—binuclear complexes. In natural marine ferroman-
ganese oxides, Sb and As can be retained by Fe and Mn (oxyhydr)oxide components, and the disparate distribution of the two
elements to Mn oxides may largely depend on the Mn/Fe ratio and constituent minerals. The larger enrichment factor of Sb
than that of As in marine ferromanganese oxides may result from their preferential attachment modes onto the Fe and Mn
phases and different inhibition effects from coexisting anions in seawater. Compared with As, a part of Sb may be strongly
associated with the lateral sites in Mn oxides via the formation of bidentate edge-sharing complexes, with which anions such
as sulfate in seawater do not significantly compete. The findings from this study provide the molecular-scale insights into the
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enrichment processes and mechanisms of Sb and As in marine ferromanganese oxides. Our study also helps elucidate the
incorporation mechanisms and geochemical behaviors of other oxyanions in marine and surface environments.

© 2019 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Ferromanganese oxides, aggregates of iron (oxyhydr)ox-
ides and manganese oxides, are mainly present in the forms
of nodules and crusts in various environments, such as
soils, sedimentary rocks, lakes, caves, and deep oceans
(Manceau et al., 2003; Takahashi et al., 2007; Frierdich
and Catalano, 2012; Liu et al., 2017). Marine ferroman-
ganese oxides can be generally classified into hydrogenetic
(HG) nodules and crusts, diagenetic (DG) and hydrother-
mal (HT) deposits, on the basis of the Mn/Fe ratios, growth
rates, and constituent Mn minerals (Glasby, 2006;
Takahashi et al., 2007; Bau et al., 2014). Marine ferroman-
ganese oxides are generally considered to be a potential
mineral deposit, which may be an additional supplement
to land-based resources, because they can act as the efficient
scavengers for many rare and critical elements, such as tel-
lurium (Te), cobalt (Co), molybdenum (Mo), and tungsten
(W) from seawater (Hein et al., 2003, 2013; Kashiwabara
et al., 2011, 2014; Takahashi et al., 2015). For example,
Te can be extremely enriched in marine ferromanganese
oxides with an enrichment factor of ~10° times relative to
seawater (Hein et al., 2003; Kashiwabara et al., 2014; Qin
et al., 2017a). Over the past decades, deep-ocean ferroman-
ganese crusts and nodules have aroused increasing interest
as potential mineral resources. However, much less knowl-
edge is available concerning the incorporation and enrich-
ment mechanisms of trace elements in marine
ferromanganese oxides.

Antimony (Sb) is a critical metalloid, which has large
industrial applications, such as heat stabilizers in plastics,
as well as additives in the production of brake linings, pig-
ments, microelectronics, and semiconductors (Filella et al.,
2002). Arsenic (As), belonging to the same group 15 of the
periodic table as Sb, is also widely applied to the produc-
tion of pesticides, alloys, and semiconductors (Mandal
and Suzuki, 2002). Antimony can be found in nature as a
sulfide mineral (stibnite) in the Sb deposits, but its supply
risk is high, whereas As is generally extracted from the
by-products of gold and copper mines (USGS, 2012).
Nonetheless, with high consumer demand and mining activ-
ities, numerous emissions have resulted in elevated Sb and
As concentrations in water, soils, and plants, posing a seri-
ous health risk because the two elements are highly toxic to
human beings (Filella et al., 2002; Mandal and Suzuki,
2002). Additionally, high contents of Sb and As have been
also observed in deep-ocean ferromanganese oxides (e.g.,
Usui and Someya, 1997; Hein et al., 2003, 2013; Marcus
et al., 2004). For example, the average abundances of Sb
and As in ferromanganese crusts and nodules from the
North Pacific are 41 and 389 mg kg™", respectively (Hein
et al, 2013). However, in contrast to considerable

researches with respect to the distribution, mobility, trans-
formation, bioavailability, and toxicity of the two elements
in surface environment (e.g., Mitsunobu et al., 20006;
Scheinost et al., 2006), few studies have focused on those
for Sb and As in the marine environment.

Antimony and As can exist in several oxidation states
(—III, 0, III, and V), and each species shows different geo-
chemical behaviors (Filella et al., 2002; Mandal and Suzuki,
2002). In soil environments, Sb(V) is the stable species over
a wide redox range (Mitsunobu et al., 2006; Scheinost et al.,
2006), whereas As can be present as a mixture of As(III)
and As(V) species (Mitsunobu et al., 2006). In seawater,
Sb and As are predominantly present as the pentavalent
oxyanions, Sb(OH); and AsO3, respectively (Filella
et al., 2002). Nevertheless, the speciation of the two ele-
ments in marine ferromanganese oxides, which governs
their geochemical behaviors and fates, is largely unknown
due to their low concentration and challenging analysis
method.

Sequential extraction procedures have been extensively
employed to determine the speciation and host phase of tar-
get elements including Sb and As, but this approach may
lead to controversial conclusions owing to possible re-
adsorption and incomplete selectivity for some elements
during extraction process (Takahashi et al., 2007; Qin
et al., 2012, 2013, 2017b). Alternatively, the direct X-ray
absorption fine structure (XAFS) approach, which consists
of X-ray absorption near edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS), has
been widely utilized to identify the speciation and local
structure of metal(loid)s in solid samples nondestructively
(e.g., Mitsunobu et al., 2006; Qin et al., 2012, 2017a, b; Li
et al., 2018).

By EXAFS spectroscopy, Marcus et al. (2004) indicated
that As is strictly associated with ferrihydrite and is mostly
pentavalent in a fast-growing diagenetic ferromanganese
nodule from the Baltic Sea. Similarly, Manceau et al.
(2007) found that ferrihydrite is the main host phase of
As in ferromanganese coatings on quartz grains from
waterwork sand-filters. Nonetheless, Liu et al. (2017)
recently observed that As can be also retained by Mn oxides
in ferromanganese duricrust via the formation of bidentate-
binuclear complexes, and they highlighted the mineralogical
constraints on the distribution and partition of As in natu-
ral samples. In contrast to the widespread interest on As,
very few EXAFS study has been attempted for Sb in natu-
ral ferromanganese oxides. Kashiwabara et al. (2008) firstly
determined the oxidation states of Sb in two hydrogenetic
ferromanganese samples by XANES analysis, but the host
phase of Sb is not clearly identified in this study. In addi-
tion, the distributions of trace elements and rare earths
and yttrium (REY) are significantly distinct in hydroge-
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netic, diagenetic, and hydrothermal ferromanganese sam-
ples (Koschinsky and Halbach, 1995; Takahashi et al.,
2007; Bau et al., 2014). For example, the host phase of lead
would be transferred from the Mn-Fe phase to the apatite
during the phosphatization of marine ferromanganese
crusts (Koschinsky and Halbach, 1995). Hence, determin-
ing the distribution, speciation, and molecular-scale struc-
tural information of Sb and As in different types of
marine ferromanganese oxides is necessary to better under-
stand geochemical behaviors and the partitioning of the
two elements in marine environment.

Moreover, the enrichment factor of Sb is remarkably
higher than that of As in marine ferromanganese oxides rel-
ative to seawater (e.g., Hein et al., 2003, Takahashi et al.,
2015), but this discrepancy is not well understood yet.
For the element dissolved in seawater as anion, the enrich-
ment degree in hydrogenetic ferromanganese oxides gener-
ally depends on its proton dissociation constant (pK,), as
summarized by Takahashi et al. (2015). Nevertheless, this
assertion is not enough to explain the different enrichment
factors between Sb and As in marine ferromanganese oxi-
des, since the two elements have similar pK, values
(Kashiwabara et al., 2008). In marine ferromanganese oxi-
des, ferrihydrite and vernadite (corresponding to synthetic
8-MnQO») have been demonstrated to be the dominant Fe
and Mn phases by EXAFS and X-ray diffraction (XRD)
analyses, although other Fe and Mn phases may be also
present (e. g., Takahashi et al., 2007; Marcus et al., 2004,
2015; Yang et al., 2019). Interestingly, significantly different
adsorption behaviors have been found for Sb and As on
metal (Fe and Mn) oxides by numerous laboratory studies
(e.g., Manceau, 1995; Foster et al., 2003; Mitsunobu et al.,
2006, 2010; Zhang et al., 2014). Thus, it is essential to sys-
tematically compare the uptake mechanisms and control-
ling factors for the two elements in seawater by Fe and
Mn oxides for a better understanding of the larger enrich-
ment factor of Sb compared with As in marine ferroman-
ganese samples.

In the present study, we investigated the surface com-
plexes of Sb(V) and As(V) adsorbed on synthetic ferrihy-
drite and Mn oxides at the molecular scale by a
combination of adsorption experiments, quantum chemical
calculations, and EXAFS analyses. Meanwhile, we deter-
mined and compared the distribution, speciation, and local
environment of Sb and As in different types of marine fer-
romanganese oxides by XAFS technique. The objectives of
this work are (i) to reveal the nature of surface complexes
for Sb(V) and As(V) adsorbed on Fe and Mn oxides, (ii)
to clarify mineralogical constraints and enrichment mecha-
nisms for Sb and As in marine ferromanganese oxides at the
molecular level, and (iii) to provide insights into the geo-
chemical processes and fates of trace elements in marine
and surface environments.

2. EXPERIMENTAL
2.1. Samples and materials

Four hydrogenetic, four diagenetic, and one hydrother-
mal ferromanganese oxide samples collected during several

research cruises in the Central to Northwest Pacific Ocean
and the Central Indian Ocean were selected for this study,
the details are summarized in Table 1 (Takahashi et al.,
2007). These samples were air dried and crushed into pow-
der using an agate mortar. The powder samples were sealed
into polyethylene bags and then stored in a vacuum sealed
jar for chemical analysis and XAFS measurement to avoid
possible mineralogical transformation under air condition.
In this study, we checked the mineralogical characteriza-
tions for several selected hydrogenetic (AD14, CD25) and
diagenetic (F243-1) samples by XRD analysis, and the
XRD patterns obtained herein (Fig. S1) were identical to
those reported previously by Takahashi et al. (2007). In
the hydrogenetic ferromanganese samples, Fe was present
as predominant ferrihydrite (84%), along with 11% hema-
tite (or feroxyhite) and 5% goethite, while 5-MnO, is the
main Mn phase by EXAFS analyses (Yang et al., 2019).
The total concentrations of Sb and As in samples were
determined by ICP-MS (Agilent Technologies, Agilent
7700) after acid digestion, as described previously by
Takahashi et al. (2007). Two hydrogenetic (D535 and
D886) and two diagenetic (F243-1 and B6) samples were
selected to collect Sb and As K-edge XAFS spectra.

Two-line ferrihydrite, 3-MnO,, and birnessite were pre-
pared following the proposed procedures by Schwertmann
and Cornell (2000), Foster et al. (2003), and Villalobos
et al. (2003), respectively. In brief, 2-line ferrihydrite was
synthesized by adjusting a solution containing 36 mM Fe
(NO3);3-9H,0 to pH 8.0 through the dropwise addition of
4.0 M NaOH solution, then the obtained suspension was
aged overnight. -MnQO, was prepared by the rapid oxida-
tion of a 30 mM MnCl, solution with an equal volume of
a 20 mM KMnOy solution at pH 10. Birnessite was synthe-
sized through the acid reduction of a boiling KMnO, solu-
tion using concentrated HCl. These solid phases were
recovered by filtering, washing, and freeze-drying, and then
were identified by XRD measurement.

2.2. Adsorption experiments

Two series of adsorption experiments were performed
using 50 mg of absorbents (2-line ferrihydrite or -MnQO,)
and 20 mL of Sb or As solution in 25 mL polystyrene ves-
sels under the following experimental conditions: In the first
series, adsorption isotherms were obtained at different ini-
tial concentrations of Sb(V) or As(V) at pH 8.0 with an
ionic strength of 0.70 M (NaNOs), as previously described
for Mo and W (Kashiwabara et al., 2011, 2013). By com-
parison, the ionic strength was adjusted by artificial seawa-
ter (ASW) instead of NaNO; in the second series
experiments to better simulate Sb and As behaviors in mar-
ine environment. The stock solutions of 60 mM Sb(V) and
As(V) were prepared by dissolving K[Sb(OH)s] and NaH,-
AsQy in Milli-Q water, respectively. The ASW consisted of
440 mM NaCl, 50mM MgCl,-2H,0, 27 mM Na,SOy,
9.6 mM CaCl,-2H,0, and 2.2 mM NaHCO; (Tokunaga
and Takahashi, 2017). The pH was maintained by adding
a small amount of 0.10 M NaOH or HNO;. The vessels
were shaken in a shaking bath at room temperature. After
24 h, the samples were filtered using disposable syringes
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Table 1

List of the marine ferromanganese oxide samples in this study.

Sample Sampling site Cruise name Type
Latitude Longitude Depth (m)

ADI14 14°11.8'N 167°24.4'E 1617 Hakurei-maru 96S HG

D535 13°00.6'S 159°17.6 W 5222 Hakurei-maru GH83-3 HG

CD25 16°26.0'N 169°32.3'W 2320 Farnella FN-86-HW HG

D886 27°06.0'N 145°12.5E 1880 Hakurei-maru GH86-3 HG

FG352 03°15.8'N 169°41.1'W 5370 Hakurei-maru GH81-4 DG

B6 30°17.8'N 172°10.5W 5350 Hakurei-maru GH80-1 DG

G181 07°01.4'N 171°59.7W 5660 Hakurei-maru GH76-1 DG

F243-1 07°40.2'N 172°56.3'W 5907 Hakurei-maru GH80-1 DG

DI12-X2 31°58.0'N 139°04.2'E 1590 Moana Wave MW9503 HT

HG: hydrogenetic; DG: diagenetic; HT: hydrothermal.

(0.2 um). The filtrates were adequately diluted to determine
the concentrations of Sb or As by ICP-MS. All the experi-
ments were repeated three times to evaluate precision.

In addition, adsorbed samples with different loading
levels ([Sb(As)/Fe(Mn)] molar ratios = 0.001, 0.005, and
0.01) were prepared by adding appropriate amounts of
stock solution of Sb(V) and As(V) to 2-line ferrihydrite,
6-MnO,, and birnessite under similar experimental condi-
tions. After equilibration in a shaking water bath at room
temperature for 24 h, the suspensions were filtered using a
membrane filter (0.2 pm). The solid phases were rinsed with
Milli-Q water at least three times and then packed into
polyethylene bags for XAFS measurements.

2.3. XAFS measurements and data analyses

Antimony K-edge XAFS spectra were obtained at the
beamline BLOIB1 at SPring-8 (Hyogo, Japan) with a Si
(311) double-crystal monochromator and two mirrors,
whereas As K-edge XAFS spectra were measured at the
beamline BL12C at the Photon Factory, KEK (Tsukuba,
Japan) or BLOIBI at SPring-8 with a Si(111) double-
crystal monochromator. The adsorbed and natural samples
were placed at an angle of 45° from the incident beam and
recorded in fluorescence mode using a 19-element Ge solid-
state detector, whereas those for the standard materials
were measured in transmission mode. The energies of Sb
and As were calibrated using the peak of K[Sb(OHg)] at
30.492 keV and KH,AsO, at 11.862keV, respectively.
The measurements were conducted at room temperature
under ambient air conditions. Multiple scans were per-
formed to improve the signal-to-noise ratio. No radiation
damage was detected during data acquisition.

The EXAFS data were analyzed using REX2000
(Rigaku Co. Ltd.) and FEFF 7.02 (Zabinsky et al., 1995).
After extracting the EXAFS function from the raw spectra,
the radial structural functions (RSFs) were obtained from
the k*y(k) oscillation by Fourier transform (FT). The dis-
tinct RSF shells were then inversely transformed for spec-
tral simulation by a curve-fitting method. In this
calculation, the theoretical phase shifts and backscattering
amplitude functions for Sb-O, Sb-Fe, and Sb-Mn were
extracted from the structures of tripuhyite (FeSbYO,)

(Berlepsch et al., 2003) and manganese diantimonate
(MnSb¥O6) (Reimers et al., 1989); while those for As-O,
As—Fe, and As-Mn were extracted from the structures of
scorodite (FeAsY042H,0) (Kitahama et al., 1975) and
manganese arsenate hydrate (MnAs'O4-H,0) (Aranda
et al., 1991). Details of the EXAFS analysis were similar
to those previously described (e.g., Mitsunobu et al. 2010;
Yang et al., 2019). The quality of EXAFS simulation was
evaluated by the goodness of fit parameter, R factor,
expressed by the following equation:

R= Z {k3xabS(k) - k3xcu1(k)}2/ E {k3xobS(k)} (1)

where Yobs(k) and yca(k) are the experimental and calcu-
lated absorption coefficients at a given wavenumber (k),
respectively.

The linear combination fittings (LCF) for the k>x(k)
spectra of Sb and As in natural ferromanganese oxides sam-
ples were performed using reference materials (i.e., Sb(V) or
As(V) adsorbed on ferrihydrite, 3-MnO», and birnessite) as
end members within the range of 3-10 Al by the
ATHENA software Package (Ravel and Newville, 2005).

2

2.4. Quantum chemical calculations

The density functional theory (DFT) calculations were
performed for the surface complexes of Sb(V) and As(V)
adsorbed on Fe (oxyhydr)oxide and Mn oxide. The geomet-
rical parameter for the Fe (oxyhydr)oxide model was
referred to goethite structure instead of amorphous ferrihy-
drite (Tanaka et al., 2014), and that for Mn oxide was
referred to birnessite crystal structure (Tanaka et al.,
2018). The geometry for each surface model of Fe/Mn (oxy-
hydr)oxides was fixed during geometry optimization. The
charge of the entire system was neutral for each adsorption
model system. The electronic states of Fe and Mn (oxy-
hydr)oxides systems were assumed to be high spin 11-et
and 7-et states, respectively. The integral equation formal-
ism of polarizable continuum model (IEFPCM) was
employed to consider the solvent effects (Miertus et al.,
1981).

The interaction energy (AE;,) between Sb(V) and the
surface of Fe/Mn (oxyhydr)oxides was calculated for differ-
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ent surface complex models, expressed by the following
equation:

AE;, = Ex_g — (EA + Eg) (2)

where E5, Eg, and Ea_p are the total energies of (i) the Fe/
Mn (oxyhydr)oxides surface model, (ii) the Sb(V) oxyanion,
and (iii) the whole structure of adsorbed complex with Fe/
Mn (oxyhydr)oxides surface models, respectively. In prac-
tice, En and Eg were obtained by single point calculation
with the partial geometries of Sb and Fe/Mn (oxyhydr)ox-
ides surface in the optimized geometry of the whole struc-
ture of adsorbed complexes. The basis set superposition
error (BSSE) in AE;,; was corrected by the counterpoise
method (Boys and Bernardi, 1970).

A hybrid functional, B3LYP (Lee et al., 1988; Becke,
1993; Stephens et al., 1994), was used with a 6-31+G* basis
set for H and O atoms (Frisch et al., 1984) and a
LANL2DZ basis set for Sb, As, Fe, and Mn atoms (Hay
and Wadt, 1985; Wadt and Hay, 1985; Curtiss et al.,
1995). All DFT calculations were performed using the
Gaussian 09 program (Frisch et al., 2009).

3. RESULTS

3.1. Adsorption isotherms for Sh(V) and As(V) on synthetic
ferrihydrite and 6-MnQO,

Fig. 1A and B show the adsorption isotherms for Sb(V)
and As(V) on ferrihydrite and 5-MnO,, respectively. All the
adsorptions were described well by the Freundlich or the
Langmuir equation, although significantly different
adsorbed amounts were observed at higher Sb and As equi-
librium concentrations among all systems. The adsorption
of As(V) on 3-MnO, in the ASW system seemed to be sat-
urated, whereas other systems did not reach the saturation
state even up to the maximum initial concentrations
(~600 pmol L~1) for Sb(V) and As(V) under our experi-
ment conditions.

The adsorption of As(V) on ferrihydrite was generally
greater than those for Sb(V) particularly at lower concen-
trations (<160 pmol L~') either in the MQ water or the
ASW system (Fig. 1A). On the contrary, Sb(V) was
adsorbed on 6-MnO, in larger amounts than As(V) under
artificial seawater conditions, in spite of a larger As(V)
adsorption at lower concentrations (<60 pmol Lfl) in the
MQ water system (Fig. 1B). Compared with the MQ water
system, a significant reduction was found for As(V) adsorp-
tion on ferrihydrite and especially for -MnQO, in the ASW
system. In terms of Sb(V), an inhibition effect for its
adsorption on ferrihydrite under artificial seawater condi-
tions was clearly observed, but this influence was not found
for 6-MnO,.

3.2. EXAFS analyses for adsorbed samples

3.2.1. Sb K-edge EXAFS

The k3y(k) spectra of Sb K-edge EXAFS and their RSFs
(phase shift not corrected) for Sb(V)-adsorbed samples at
different loading levels are illustrated in Fig. 2A and B,

respectively. The k>y(k) spectra of Sb(V)-adsorbed ferrihy-
drite (Fig. 2A(a), (b) and (c)) were significantly different
from those of Sb(V)-adsorbed 6-MnQO, (Fig. 2A(d), (e)
and (f)) and birnessite (Fig. 2A(g)) around 6.5-8.5 AL
In the RSFs, the first prominent peak was observed at R
+AR=15A for Sb(V)-adsorbed ferrihydrite and Mn
oxide samples at different loading levels (Fig. 2B), which
was simulated with the Sb—O shell at a similar distance
(~1.97 A) via a curve-fitting analysis (Table 2). The distant
pronounced peaks in the RSFs of Sb(V)-adsorbed ferrihy-
drite were assigned to two Sb—Fe shells, and the fitted dis-
tance between Sb and Fe atoms was 3.08-3.11 A and
3.53-3.57 A for the Sb-Fe; and Sb-Fe, shells, respectively
(Table 2). Similarly, in the case of Sb(V) on 8-MnO, and
birnessite, the prominent peaks following the Sb-O shell
were simulated by two Sb—Mn shells, whose interatomic
distances were 2.99-3.02 A (Rsp-mn1) and 3.44-3.48 A
(Rsp-mmn2), respectively (Table 2). Furthermore, the imagi-
nary parts of the FTs of adsorbed samples were also fitted
well (Fig. S2), suggesting that the three-shell model is quite
reasonable for Sb(V)-adsorbed ferrihydrite and Mn oxides.

3.2.2. As K-edge EXAFS

The k*y(k) spectra around 7-8 A~" and 9-10A""
(Fig. 3A) and the RSFs around R+AR=2.628A
(Fig. 3B) for As(V)-adsorbed ferrihydrite were obviously
distinct from those for As(V)-adsorbed Mn oxides. Unlike
Sb(V)-adsorbed samples, the As—O-O path was included
during the curve-fitting analysis for As(V)-adsorbed sam-
ples, considering that the AsO4 multiple scattering may pro-
duce signals in the weak second shell. As a result, the first
peaks in the RSFs were composed of approximately four
O atoms at a distance of 1.69-1.70 A from the central As
atom, while the distant peaks were simulated by the As—
Fe shell at ~3.27 A and the As—Mn shell at ~3.18 A for fer-
rihydrite and Mn oxides at different loading levels
(Table 3).

3.3. DFT calculations

Fig. 4 shows the optimized geometries of different sur-
face complex models for Sb adsorbed on Fe (oxyhydr)oxide
and Mn oxide. The predicted Sb-O distance was 1.98 A for
all the surface complex modes. The interatomic distances
between Sb and metal (Fe or Mn) atoms in the bidentate—
mononuclear (edge-sharing, 2E) and bidentate-binuclear
(corner-sharing, >C) complexes for Fe (oxyhydr)oxide were
3.19 A and 3.57 A, respectively (Fig. 4a and c); whereas
those for Mn oxide were 3.06 A and 3.54 A, respectively
(Fig. 4b and d).

Despite a lower AE;,, value for the bidentate-binuclear
than that of the bidentate-mononuclear complex (Fig. 4a
and c), the difference of their AE;, value was relatively
small (~3.9 kcal mol™"), possibly implying the similar con-
tribution from both surface complexes to Sb(V) adsorption
on Fe (oxyhydr)oxide. By contrast, considerably different
AE;, values were observed for the two surface complexes
(~37.3 kcal mol™!) on Mn oxide (Fig. 4b and d), which
clearly indicates that the bidentate-mononuclear complex
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Fig. 1. Adsorption isotherms for Sb(V) or As(V) on ferrihydrite (A) and -MnO, (B) in the MQ water and ASW system.

is energetically favorable relative to the bidentate-binuclear
complex for the adsorption of Sb(V) on Mn oxide.

3.4. Analyses of natural marine ferromanganese oxides

3.4.1. Concentrations of Sb and As

The concentration of Sb and As in natural marine ferro-
manganese samples were 22.7-44.5 and 16.8-194 mg kg™,
respectively (Table 4). The values range within the Sb and

As levels in ferromanganese crusts and nodules from differ-
ent areas of the global ocean (e.g., Usui and Someya, 1997,
Hein et al., 2012, 2013). For different genetic types of ferro-
manganese oxides, Sb content increased from HG (25.7
+29mgkg™"), DG (34.6+7.5mgkg™"), and HT
(44.5mgkg™!) deposits, whereas a significant decrease
was found for As concentration in HG (153
+325mgkg™"), DG (90.3+532mgkg™"), and HT
(16.8 mg kg™!) samples. Moreover, the enrichment factor
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Fig. 2. Sb K-edge EXAFS spectra for adsorbed samples: (A) k°>-weighted x(k) spectra, and (B) their RSFs (phase shift not corrected). Solid
lines are spectra obtained by experiments, and red dash lines are calculated spectra by a curve-fitting analysis. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Structural parameters of Sb(V) adsorbed on ferrihydrite, 3-MnO,, and birnessite at different loading levels obtained by a curve-fitting analysis
of EXAFS spectra.

Sample Shell CN R(A) AE, (eV) * (A? R factor (%)
Sb on ferrihydrite Sb-O 6.5(0.5) 1.97(0.01) 6.47 0.003 323
(Sb/Fe = 0.001) Sb-Fe, 0.4(0.6) 3.08(0.05) 0.004°

Sb-Fe, 1.1(0.9) 3.53(0.05) 0.004*
Sb on ferrihydrite Sb-O 6.4(0.5) 1.97(0.01) 6.89 0.003 1.74
(Sb/Fe = 0.005) Sb-Fe; 0.8(0.6) 3.11(0.04) 0.004*

Sb-Fe, 1.1(0.9) 3.56(0.05) 0.004°
Sb on ferrihydrite Sb-O 6.3(0.5) 1.97(0.01) 6.71 0.003 1.77
(Sb/Fe = 0.01) Sb-Fe; 0.7(0.5) 3.09(0.05) 0.004°

Sb-Fe, 1.0(0.9) 3.57(0.05) 0.004°
Sb on 8-MnO, Sb-O 6.4(0.5) 1.98(0.01) 6.73 0.003 3.09
(Sb/Mn = 0.001) Sb-Mn, 1.6(0.5) 2.99(0.02) 0.004°

Sb-Mn, 0.7(0.7) 3.48(0.07) 0.004°
Sb on 8-MnO, Sb-O 6.3(0.5) 1.97(0.01) 6.54 0.003 1.97
(Sb/Mn = 0.005) Sb-Mn, 1.6(0.5) 3.00(0.02) 0.004°

Sb-Mn, 0.9(0.7) 3.48(0.06) 0.004°
Sb on 8-MnO, Sb-O 6.1(0.5) 1.97(0.01) 5.73 0.003 2.52
(Sb/Mn = 0.01) Sb-Mn;, 1.0(0.5) 3.00(0.03) 0.004°

Sb-Mn, 0.9(0.7) 3.45(0.04) 0.004°
Sb on birnessite Sb-O 6.4(0.5) 1.97(0.01) 6.62 0.004 1.53
(Sb/Mn = 0.01) Sb-Mn, 1.0(0.5) 3.02(0.03) 0.004°

Sb-Mn, 1.5(0.7) 3.44(0.03) 0.004°

The estimated errors (standard deviations) are given in parentheses.
CN, coordination number; R, interatomic distance; AE,, threshfold E, shift; and o2, Debye-Waller factor.
% Constrained to a same value in the fitting process.
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Fig. 3. As K-edge EXAFS spectra for adsorbed samples: (A) k>-weighted x(k ) spectra, and (B) their RSFs (phase shift not corrected). Solid
lines are spectra obtained by experiments, and red dash lines are calculated spectra by a curve-fitting analysis. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

of Sb and As was calculated as the ratio of the two elemen-
tal concentrations in the ferromanganese oxides relative to
the average abundance in seawater (0.18 and 1.7 ug L™! for
Sb and As, respectively; Filella et al., 2002). As a result, the
enrichment factor of Sb (1.3 x 10°-2.5 x 10°) was remark-
ably higher than that of As (9.9 x 10°-1.1 x 10°) in marine
ferromanganese oxides. The enrichment factor of Sb
showed an increasing trend in the order of HG < DG < HT
samples, whereas that of As presented an opposite trend in
the three types of ferromanganese oxides.

Fig. 5 shows that Sb was positively correlated with Mn
(r =0.640, p > 0.05), but As was positively correlated with
Fe (r=0.724, p <0.01) in marine ferromanganese samples.
This result is consistent with the interelement correlation
analyses for Sb and As in abyssal Pacific ferromanganese
nodules (Li, 1982). Meanwhile, the Mn/Fe ratio against
Sb and As, as well as the Sb/As ratio are also plotted in
Fig. 6. With increased Mn/Fe ratio, Sb concentration gen-
erally increased (Fig. 6A), whereas As content in ferroman-
ganese oxides obviously decreased (Fig. 6B). A significantly
positive correlation (r = 0.769, p < 0.01) was found between
Sb/As and Mn/Fe ratios for marine ferromanganese sam-
ples (Fig. 6C).

3.4.2. Sb and As K-edge XANES spectra for selected
ferromanganese samples

The peak energies of Sb XANES spectra for ferroman-
ganese oxides and adsorbed samples (ferrihydrite and
5-MnO,) were essentially identical to that of the Sb(V)

solution (Fig. 7A), which suggests that Sb is present exclu-
sively as Sb(V) in the marine ferromanganese samples
examined in this study, and no reduction occurs upon Sb
(V) adsorption on ferrihydrite and 6-MnO,. In terms of
the As XANES spectra, the peak positions of all the exam-
ined natural and adsorbed samples were highly similar to
that of the As(V) solution (Fig. 7B), indicating that As is
pentavalent in marine ferromanganese oxides. However,
determining the proportions of Sb or As associated with
Fe and Mn oxides via LCF analysis is difficult because of
their similar XANES spectra.

3.4.3. Sb EXAFS spectra for selected ferromanganese
samples

Fig. 8A shows the &k y(k) spectra of Sb for a selection of
hydrogenetic (D535 and D886) and diagenetic (B6 and
F243-1) ferromanganese oxides and reference materials.
The k3y(k) spectra for samples D535, D886, and B6 resem-
bled each other and were basically similar to that of Sb(V)-
adsorbed ferrihydrite, which can be reconstructed by com-
bining 71%-86% Sb(V)-adsorbed ferrihydrite and less
amounts of Sb(V)-adsorbed 6-MnO, (14%-29%) by the
LCF analysis (Table 5). By contrast, the EXAFS spectrum
for F243-1 was significantly different from those of other
marine ferromanganese samples, which was reproduced
by large amounts of Sb(V)-adsorbed birnessite (54%) aside
from Sb(V)-adsorbed ferrihydrite (46%).

In spite of the relatively poor quality for Sb EXAFS
spectra of natural ferromanganese samples, the structural
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Table 3
Structural parameters of As(V) adsorbed on ferrihydrite, 8-MnO,, and birnessite at different loading levels obtained by a curve-fitting analysis
of EXAFS spectra.

Sample Shell CN R(A) AE, (eV) o? (A? R factor (%)
As on ferrihydrite As-O 4.1(0.2) 1.70(0.01) 7.05 0.002 3.23
(As/Fe = 0.001) As-0-O 12° 3.08 0.002

As-Fe 1.6(0.7) 3.27(0.03) 0.006
As on ferrihydrite As-O 4.6(0.2) 1.69(0.01) 6.98 0.002 1.12
(As/Fe = 0.005) As-0-O 12° 3.08 0.002

As-Fe 1.2(0.6) 3.27(0.04) 0.006
As on ferrihydrite As-O 4.5(0.2) 1.69(0.01) 6.45 0.002 1.15
(As/Fe =0.01) As-0-O 12° 3.08 0.002

As-Fe 1.2(0.6) 3.27(0.04) 0.006
As on 3-MnO, As-O 4.5(0.2) 1.70(0.01) 6.78 0.002 1.78
(As/Mn = 0.001) As-0-O 12° 3.09 0.002

As-Mn 1.8(0.4) 3.18(0.02) 0.004
As on 3-MnO, As-O 4.400.2) 1.70(0.01) 6.74 0.002 1.91
(As/Mn = 0.005) As-0-0 12° 3.09 0.002

As-Mn 1.8(0.4) 3.18(0.01) 0.004
As on 8-MnO, As-O 4.400.2) 1.70(0.01) 6.60 0.002 1.66
(As/Mn = 0.01) As-0-O 12° 3.09 0.002

As-Mn 1.8(0.4) 3.18(0.01) 0.004
As on birnessite As-O 4.2(0.2) 1.70(0.01) 8.91 0.002 2.03
(As/Mn = 0.01) As-0-O 12° 3.09 0.002

As-Mn, 1.8(0.4) 3.17(0.02) 0.004

The estimated errors (standard deviations) are given in parentheses.
? Fixed to be 12 for CNag.0.0 due to multiple scatting of O-O pairs in the AsO, tetrahedron. 6%s.0.0 is constrained to be equal to %50
during the spectral fit procedures.

(a) (b)

9 J
AE, = -387.5 kcal mol"! AE,,=-723.3 kcal mol’!
(c) (d)
AE;,= -391.4 kcal mol! AE;,= -686.0 kcal mol!

Fig. 4. Models of the bidentate-mononuclear complex (a and b) and bidentate-binuclear complex (¢ and d) for Sb(V) adsorbed on Fe
(oxyhydr)oxide and Mn oxide (H = white and O = red). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Table 4
Geochemical data for marine ferromanganese oxides.
Sample Mn (wt%)® Fe (wt%)* Mn/Fe* Sb(mgkg™")  As(mgkgh Sb/As References
HG type
ADI14 13.4 11.7 1.15 29.3 194 0.15 Kashiwabara et al., 2014
D535 12.8 12.7 1.01 26.6 157 0.17 Kashiwabara et al., 2014
CD25 13.1 12.1 1.08 24.4 116 0.21 This study
D886 18.5 19 0.97 22.7 144 0.16 This study
Mean + SD 14.5+2.70 13.9 +£3.40 1.10 £0.10 257+29 153 +32.5 0.17 £ 0.03 This study
13.0-48.8 9.0-385 Usui and Someya, 1997
DG type
FG352 25.9 6.07 4.27 35 44.8 0.78 This study
B6 25.6 5.3 4.83 40.7 146 0.28 This study
G181 29.4 4.68 6.28 24 125 0.19 This study
FG243-1 26.8 4.2 6.38 38.7 44.9 0.86 This study
Mean + SD 26.9 +1.70 5.10 +£0.80 5.40 +1.10 346+7.5 90.3 +£53.2 0.53+0.34 This study
10.4-65.2 56.0-334 Hein et al., 2012
HT type
D12-X2 442 0.08 553 44.5 16.8 2.66 This study
0.8-130 0.8-160 Usui and Someya, 1997
% These data are obtained from Takahashi et al. (2007).
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Fig. 5. Sb and As concentration as a function of Mn or Fe content for marine ferromanganese oxides.

parameters were attempted to be obtained with a three-shell
model consisting of the Sb-O and two Sb-Fe/Mn shells
(Table 6). For the samples containing higher proportions
of Sb(V)-adsorbed ferrihydrite (D535, D886, and B6), the
distant peaks were well simulated by the Sb—Mn shell at
3.00-3.05 A and the Sb-Fe shell at 3.54-3.58 A in addition
to the prominent Sb—O peak at ~ 1.98 A. By comparison,
the best fit for the EXAFS spectrum of F243-1 was com-

posed of the shorter Sb-Fe shell at 3.09 A and the longer
Sb-Mn shell at 3.46 A (Table 6).

3.4.4. As EXAFS spectra for selected ferromanganese
samples

Fig. 9A shows that the k>y(k) spectra of As for D535
and D886 were similar to that of As(V)-adsorbed ferrihy-
drite, despite a small difference for the two hydrogenetic fer-
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Fig. 6. The Mn/Fe ratio against the concentrations of Sb (A) and As (B), as well as the Sb/As ratio (C) for marine ferromanganese oxides.

romanganese samples. The dominant As(V)-adsorbed ferri-
hydrite (86%0-95%) and considerably smaller amounts of As
(V)-adsorbed 3-MnO, (5%—14%) were estimated for As spe-
ciation in the two samples via LCF analysis (Table 7). Like-
wise, the diagenetic sample F243-1 contained 77% As(V)-
adsorbed ferrihydrite and 23% As(V)-adsorbed birnessite
(Table 7). However, the remarkably different EXAFS spec-
trum was observed for the diagenetic sample B6 compared

with other ferromanganese samples, in which the propor-
tion of As(V)-adsorbed birnessite was equal to that of As
(V)-adsorbed ferrihydrite (Fig. 9A and Table 7).

Similar to As(V)-adsorbed ferrihydrite samples, the
RSFs for D535, D886, and F243-1 were simulated with
the As-O shell at a distance of 1.69 A and the As-Fe shell
at a similar distance (3.24-3.27 A), which are highly compa-
rable to those reported previously by Yang et al. (2019).
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Fig. 7. Sb (A) and As (B) K-edge XANES spectra for a selection of marine ferromanganese oxides and reference materials. (* The As XANES

data of D535 was referred to Yang et al. (2019)).

Although we simulated the further distant peak in the RSF
of sample B6 by the As—Fe shell at a shorter distance of
321 A (Table 7), this peak may also be contributed from
Mn scattering, considering the higher association of As
with birnessite in this sample derived from the LCF analy-
sis. More appropriate models may be required to improve
the fit quality.

4. DISCUSSION

4.1. Surface complexations of Sb and As on Fe/Mn (oxyhydr)
oxides

Numerous studies have suggested that both Sb(V) and
As(V) can be strongly adsorbed on various Fe and Mn
(oxyhydr)oxides via inner-sphere complexation through
surface complex modeling and direct observation revealed
by EXAFS analysis (e.g., Waychunas et al., 1993; Foster
et al., 2003; Ona-Nguema et al., 2005; Mitsunobu et al.,
2006, 2010; Villalobos et al., 2014). Recently, the

PK.(pK.= (pK,; + pKa»)/2) model was proposed to predict
the attachment modes for the adsorption of oxyanions,
such as Te, Se, W, and Mo onto ferrihydrite, because the
surface complex constants for oxyanions onto metal oxides
are largely dependent on the pK, of conjugate acids
(Takahashi et al., 2015; Qin et al., 2017a). According to this
model, As(V) is inclined to form an inner-sphere complex
on ferrihydrite (Qin et al., 2017a), although Sb(V) is impos-
sible to predict because the Sb¥(OH)g species only has one

proton dissociation constant. These previous results from
theoretical prediction and spectroscopic observation are
consistent with our EXAFS analyses, showing that the
inner-sphere complexes are formed on the surface of ferri-
hydrite, -MnQO,, and birnessite for Sb(V) and As(V).

4.1.1. Structures of Sb(V) on ferrihydrite, 6-MnQO,, and
birnessite

The simulated distances for the short and long Sb-Fe/
Mn shells obtained from our EXAFS analyses (Table 2)
agree with the theoretical distances between the Sb and
Fe/Mn atoms in the bidentate-mononuclear and biden-
tate—binuclear complexes by DFT calculations, respectively
(Fig. 4). This consistency clearly reveals that Sb(V) can be
adsorbed on the surface of ferrihydrite and Mn oxides with
the formation of both bidentate-mononuclear and biden-
tate—binuclear complexes, which is consistent with the pre-
vious studies (e.g., Mitsunobu et al., 2010). Similar findings
have been reported for various metal(loid)s, such as Se, Cd,
Pb, and Te (e.g., Waychunas et al., 1993; Manceau, 1995;
Takahashi et al., 2007; Kashiwabara et al., 2014; Qin
et al., 2017a).

Furthermore, the proportion of the Dbidentate-
mononuclear and bidentate-binuclear complex was esti-
mated on the basis of the coordination numbers ratio of
the two Sb-Fe/Mn shells obtained at the same Debye-Wal-
ler factor, as described in previous studies (Takahashi et al.,
2007; Kashiwabara et al., 2011). According to this calcula-
tion, the proportion of the two surface complexes is not
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Fig. 8. Sb K-edge &>y (k) spectra (A) and the RSFs (B) for marine ferromanganese oxides. Solid lines are spectra obtained by experiments,
while red dash lines in the k>x(k) spectra and RSFs are calculated data obtained by the LCF and curve-fitting analysis, respectively. (Sb(V)-
Fh: Sb(V) adsorbed on ferrihydrite; Sb(V)-Mn: Sb(V) adsorbed on 8-MnO,; Sb(V)-Bi: Sb(V) adsorbed on birnessite). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 5

The LCF results for the k*y(k) spectra of Sb in selected marine ferromanganese samples.

Sample Sb(V)-adsorbed ferrihydrite (%) Sb(V)-adsorbed 5-MnO,; (%) Sb(V)-adsorbed birnessite (%)
D335 86+ 18 14+12 -

D886 71419 294 14 -

B6 73+ 15 - 27+ 38

F243-1 46 + 16 - 54 +20

Table 6

Structural parameters of Sb in a selection of marine ferromanganese oxides obtained by a curve-fitting analysis of EXAFS spectra.

Sample Shell CN R(A) AE, (eV) c? (A% R factor (%)
D535 Sb-0 6.6(0.4) 1.98(0.01) 8.09 0.001 3.59
Sb-Mn 1.8(0.6) 3.05(0.02) 0.003
Sb-Fe 1.2(0.9) 3.56(0.06) 0.003
D886 Sb-O 6.5(0.4) 1.98(0.01) 6.51 0.001 1.99
Sb-Mn 1.2(0.5) 3.01(0.03) 0.003
Sb-Fe 2.6(0.8) 3.54(0.02) 0.003
B6 Sb-O 6.4(0.4) 1.97(0.01) 5.52 0.002 2.02
Sb-Mn 0.4(0.5) 3.00(0.07) 0.003
Sb-Fe 0.9(0.7) 3.58(0.06) 0.003
F243-1 Sb-O 6.6(0.4) 1.99(0.01) 9.21 0.001 8.39
Sb-Fe 0.2(0.7) 3.09(0.08) 0.003
Sb-Mn 1.3(0.8) 3.46(0.05) 0.003

The estimated errors (standard deviations) are given in parentheses.
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Fig. 9. As K-edge k>x(k) spectra (A) and the RSFs (B) for marine ferromanganese oxides. Solid lines are spectra obtained by experiments,
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Table 7

The LCF results for the k*y(k) spectra of As in selected marine ferromanganese samples.

Sample As(V)-adsorbed ferrihydrite (%) As(V)-adsorbed 6-MnO; (%) As(V)-adsorbed birnessite (%)
D535 9549 545 -

D886 86 +9 14+5 -

B6 50+ 12 - 50 +9

F243-1 77+ 10 - 23+7

pronouncedly different for Sb(V) adsorbed on ferrihydrite
at different loading levels, possibly implying that the varia-
tion of surface complex species of Sb(V) on ferrihydrite is
independent of surface coverage (Mitsunobu et al., 2010).
This finding can be supported by the similar AE;,, values
for the two complexes on Fe (oxyhydr)oxide from the
DFT calculations. Hence, Sb(V) could be evenly adsorbed
on the edge sites at chain terminations and planes sites in
ferrihydrite via edge-sharing and corner-sharing complexa-
tions, respectively.

However, in terms of Sb(V) adsorption on 3-MnO, and
birnessite, bidentate-mononuclear complex (57%-82%) was
predominant based on the ratio of CNgpay, and
CNgp.mno, suggesting that the lateral sites of Mn oxides
seem to be favorable for Sb(V). This finding can be well
explained by the fact that the structure and the O-O bond
length of the octahedron Sb¥(OH)g are similar to the octa-
hedron MnOyg unit of Mn oxides, resulting in Sb(V) being

preferentially adsorbed at layer edges in Mn oxides with
the formation of edge-sharing complexes. This is further
confirmed by the relative stability predicted by the DFT
calculations, showing that the bidentate-mononuclear com-
plex is energetically favorable and more stable because of
its much lower AE;,, compared with the bidentate-binu-
clear complex on Mn oxide.

Interestingly, the proportion of the bidentate-mononu-
clear complex on 8-MnQO, is gradually decreased from
82% to 69% with increased Sb/Mn ratio, but those for bir-
nessite (57%) became smaller. To demonstrate the differ-
ence between Sb(V) on birnessite and on 6-MnO, at
different loading levels, we subtracted out the fitted first
Sb-O shell contribution from their k*y(k) data and reper-
formed the Fourier transform to obtain higher shells. As
shown in Fig. S3, the longest distance for the higher shell
was observed for Sb(V)-adsorbed birnessite compared with
5-MnO,, and this distance became slightly longer for
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Sb(V)-adsorbed 3-MnQ, with increased Sb/Mn ratio. Con-
sidering that the distance between Sb and Mn in the biden-
tate-binuclear complex is longer than that in the bidentate—
mononuclear complex, the longer distance for the higher
shell can be due to a larger contribution from the
bidentate-binuclear complex. These results clearly indicate
that the surface complexations are somewhat different
among Sb(V)-adsorbed birnessite and 3-MnQO, at different
loading levels. This discrepancy can be interpreted from
the crystal structures of -MnO, and birnessite. The birnes-
site has larger layers and well-ordered stacking of the layers
in the (001) direction, and thus has a higher proportion of
basal sites to lateral sites compared with 6-MnO,, because
the crystals of Mn minerals are formed by sharing lateral
sites within each layer (Manceau et al., 2002, 2007; Foster
et al., 2003; Villalobos et al., 2003; Takahashi et al.,
2007). Consequently, more corner-sharing complexes
would be formed at the basal sites dominated in birnessite
once the lateral sites are occupied by Sb(V). By contrast,
Sb(V) can be mostly adsorbed on layer edges in 6-MnO,
to form a relatively stable bidentate-mononuclear complex,
but the bidentate-binuclear complex may also be formed
after the saturation of the edge-sharing sites of 3-MnO,
based on the gradually increased proportion of bidentate—
binuclear complex for 6-MnQO, with increased Sb loading.

4.1.2. Structures of As(V) on ferrihydrite, 6-MnQO,, and
birnessite

In the present study, the distances of the As—Fe/Mn
shell for adsorbed samples obtained from EXAFS analysis
(Table 3) are quite comparable to those for the bidentate—
binuclear complex predicted by our DFT calculations
(Fig. S4), suggesting that the bidentate-binuclear complex
is the main attachment mode for As(V) adsorption on fer-
rihydrite, 8-MnO,, and birnessite. Despite the possible pres-
ence of the bidentate-mononuclear (edging-sharing)
complex having a shorter As—Fe distance (Fig. S4), this
complex is substantially energetically unfavorable com-
pared with the bidentate—binuclear complex based on their
considerably large energy difference (Sherman and Randall,
2003). Moreover, the peak at ~ 2.85 A in the RSFs may
also result from the As—O-O multiple scattering for AsOy,
tetrahedron, because the weak second neighbor for As(V)-
adsorbed samples (e.g., As—Fe shell) may become ambigu-
ous due to the contribution from the strong first neighbor
(Sherman and Randall, 2003; Ona-Nguema et al., 2005).
Sherman and Randall (2003) reported that the coordination
number of the As—Fe shell corresponding to the bidentate-
mononuclear complex should be very small (<0.3) when
multiple scattering is accounted for, thereby indicating that
such a complex need not be included. On this basis, numer-
ous studies have included the As-O-O path during the
EXAFS analysis for the laboratory adsorbed and natural
ferromanganese samples (e.g., Ona-Nguema et al., 2005;
Manceau et al., 2007; Yang et al., 2019). Thus, As(V) is
mostly adsorbed on the surface of ferrihydrite through
the bidentate-binuclear complexation.

Unlike Sb(V), As(V) can be preferentially adsorbed on
6-MnO, and birnessite with the formation of bidentate—bin-
uclear complexes. The discrepancy on surface complexa-

tions for the two elements on Mn oxides can be
attributed to the geometric differences of the octahedron
SbV(OH)g and tetrahedron AsYO3~. In contrast to
SbY(OH)s, the tetrahedron As¥O3 is difficult to bind with
the lateral sites of the octahedron MnOg, resulting in the
corner-sharing (bidentate-binuclear) complex being prefer-
entially formed at the basal sites in 5-MnO, and birnessite.

4.2. Distribution and speciation of Sb and As in marine
ferromanganese oxides

The associations of trace elements in ferromanganese
oxides have been assessed by interelement correlations
and factor analyses of bulk chemical composition (Li,
1982), in which Sb and As were speculated to be preferen-
tially concentrated in Mn oxides and Fe oxides in abyssal
Pacific ferromanganese nodules, respectively. Nonetheless,
this statistical method should be viewed cautiously, because
it may be problematic for elements that are enriched in
more than one phase (Koschinsky and Hein, 2003;
Takahashi et al., 2007). In the present study, the distribu-
tion and speciation of Sb and As in different types of marine
ferromanganese oxides were further understood by estimat-
ing the associations of the two elements with Fe and Mn
oxide phases based on their EXAFS spectra. To the best
of our knowledge, the Sb EXAFS analyses for different
types of marine ferromanganese oxides are herein reported
for the first time.

4.2.1. Distribution of Sb in marine ferromanganese oxides

The LCF result of EXAFS data showed that Sb is
mostly associated with ferrihydrite in hydrogenetic samples
(Table 5), revealing that the Fe oxide component appears to
be the main host phase of Sb in marine ferromanganese oxi-
des. This finding is in good agreement with the sequential
extraction results showing that most of Sb is present in
the Fe (oxyhydr)oxide fraction for hydrogenetic ferroman-
ganese samples (e.g., Koschinsky and Hein, 2003).
Recently, the similar distribution pattern between Sb and
Fe has been observed in a hydrogenetic ferromanganese
sample by micro-focused X-ray fluorescence (1-XRF) anal-
ysis (Kashiwabara et al., 2014), which provides direct evi-
dences for the strong associations of Sb with Fe oxide
component.

Interestingly, some amounts of Sb can also be associated
with Mn oxides in marine ferromanganese samples by
EXAFS analysis in this study (Table 5). The highest pro-
portion of Sb adsorbed on birnessite (54%) was found in
the diagenetic sample F243-1 having a relatively high Mn/
Fe ratio (6.38) (Table 5). This result seems to be supported
by the positive correlation between Sb and Mn/Fe ratio in
ferromanganese samples (Fig. 6). We speculate that a much
higher proportion of Sb would be hosted by Mn oxides in
the hydrothermal samples with the highest Mn/Fe ratios,
although the corresponding EXAFS spectra were not
obtained because of insufficient sample. In fact, this
assumption can be verified by the previous study showing
a large amount of Sb can be extracted in the Mn oxide frac-
tion in hydrothermal ferromanganese oxides using sequen-
tial extraction method (Koschinsky and Hein, 2003).
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Previous studies have demonstrated that Mn oxides can be
the main host phase for various oxyanions, such as W and
Mo in marine ferromanganese oxides, which is attributed to
the relatively high stability for the formed inner-sphere
complex on Mn oxides (Kashiwabara et al., 2011, 2013;
Yang et al., 2019). Considering the formation of stable
inner-sphere complexes on the surface of Mn oxides indi-
cated by the EXAFS analysis in this study, thus, negatively
charged Mn oxides should be expected to be an important
host phase for Sb (main dissolved species: Sb(OH)g ) despite
the presence of positively charged Fe oxides in marine fer-
romanganese oxides, especially for the samples with high
Mn/Fe ratio.

Moreover, the mineral composition is one of important
controlling factors for the distribution of various trace ele-
ments in ferromanganese oxides (Koschinsky and Hein,
2003; Takahashi et al., 2007; Liu et al., 2017). According to
the LCF result, Sb species associated Mn oxide components
in the diagenetic samples is birnessite in contrast to 6-MnO,
in the hydrogenetic samples (Table 5). This finding can be
supported by the fact that vernadite (corresponding to syn-
thetic 8-MnO,) and birnessite are the main Mn minerals in
the hydrogenetic and diagenetic marine ferromanganese
samples, respectively, while the main Fe oxide component
is speciated as ferrihydrite (Takahashi et al., 2007; Yang
et al., 2019). Therefore, our study clearly reveal that the con-
stituent Mn oxides play a key role for the distribution of Sb in
different types of marine ferromanganese oxides.

In this study, we attempted to obtain the specific attach-
ment mode for Sb in marine ferromanganese oxides by a
curve-fitting analysis. It is worth noting that these struc-
tural parameters should be cautiously viewed and
explained, considering the coexistence of Fe and Mn phases
in natural ferromanganese oxides and their similar EXAFS
scattering functions. However, the distance of the Sb-Mn
shell is slightly shorter than that of the Sb—Fe shell for each
surface complex mode, which may be attributed to the
smaller ionic radius of Mn*" (0.53 A) compared with
Fe*" (0.64 A). This reduction in distance has been justified

Table 8

to identify the mineral host and chemical bonding mode for
various metal(loid)s, such as As and Pb (Manceau et al.,
2007; Takahashi et al., 2007). In addition, the surface com-
plexations are significantly different for Sb adsorbed on fer-
rihydrite, 3-MnQO,, and birnessite as indicated by EXAFS
analysis, hence, our shell-by-shell fit results are somewhat
reasonable considering the main attachment modes for Sb
on the constituent minerals in marine ferromanganese oxi-
des. For example, the optimized fitting model consisting of
the shorter Sb—Fe shell and longer Sb—Mn shell for F243-1
was obviously different from those for other ferroman-
ganese samples, which may be ascribed to the stronger asso-
ciation of Sb(V) with the basal sites in the constituent
birnessite, whereas the lateral sites in 6-MnQO, are favorable
for Sb in the hydrogenetic samples.

4.2.2. Distribution of As in marine ferromanganese oxides

Numerous studies have documented that As is selec-
tively associated with the Fe oxide component in ferroman-
ganese samples through various approaches, such as
interelemental correlations, sequential extraction, p-XRF,
and XAFS techniques (e.g., Li, 1982; Koschinsky and
Hein, 2003; Marcus et al., 2004; Manceau et al., 2007;
Mitsunobu et al., 2006; Yang et al., 2019). In this study,
we found that the As(V)-adsorbed ferrihydrite is predomi-
nant in natural ferromanganese oxides (Table 7). Despite
only 50% of As(V)-adsorbed ferrihydrite fraction in the dia-
genetic sample B6, its contribution is still large considering
that the Mn/Fe ratio (4.83) is much higher compared with
other hydrogenetic samples. Meanwhile, the optimized
structural parameters for the As EXAFS data of marine
ferromanganese are highly similar to those for As(V)-
adsorbed ferrihydrite (Table 8) and natural ferromanganese
coatings on quartz (Manceau et al., 2007). Considering that
Fe mostly occurs as ferrihydrite (e.g., Marcus et al., 2004,
Takahashi et al., 2007, Yang et al., 2019), one can conclude
that As is predominantly adsorbed on the plane sites of fer-
rihydrite in marine ferromanganese oxides via the forma-
tion of bidentate-binuclear complexes.

Structural parameters of As in marine ferromanganese oxides obtained by a curve-fitting analysis of EXAFS spectra.

Sample Shell CN R(A) AE, (eV) c? (A? R factor (%)
D535 As-O 4.5(0.4) 1.69(0.01) 5.81 0.003 3.14
As-0-O 12° 3.10 0.003
As-Fe 1.6(1.1) 3.27(0.05) 0.008
D886 As-O 4.6(0.4) 1.69(0.01) 8.68 0.003 3.86
As-0-O 12° 3.10 0.003
As-Fe 1.1(1.1) 3.25(0.07) 0.008
B6 As-O 4.7(0.4) 1.68(0.01) 4.28 0.004 7.48
As-0-0 12° 3.10 0.004
As-Fe/Mn 1.4(1.0) 3.21(0.08) 0.009
F243-1 As-O 4.6(0.4) 1.69(0.01) 5.19 0.003 3.59
As-0-0 12° 3.10 0.003
As-Fe 1.1(1.4) 3.24(0.09) 0.008

The estimated errors (standard deviations) are given in parentheses.
# Fixed to be 12 for CNs.0.0 due to multiple scatting of O-O pairs in the AsO, tetrahedron. 6%s.0.0 is constrained to be equal to %50

during the spectral fit procedures.
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Most importantly, we revealed for the first time that As
is also distributed to Mn oxides in addition to Fe oxides in
marine ferromanganese samples by using EXAFS analysis.
Similar findings have reported in several laboratory exper-
iments and natural samples from surface environments
(e.g., Frierdich and Catalano, 2012; Ying et al., 2012; Liu
et al., 2017). Ying et al. (2012) indicated that As tends to
complex with birnessite rather than goethite at high As con-
centrations in a laboratory experiment. Frierdich and
Catalano (2012) observed that As correlates with Fe and
Mn in ferromanganese oxides from shallow karst cave sys-
tems. More recently, pyrolusite has also been suggested to
be an important sink of As in ferromanganese duricrust
covering carboniferous carbonates at the Qixia Mountain
in Eastern China (Liu et al., 2017). These results confirm
our finding that Mn oxides can also be the host phase of
As in marine ferromanganese samples, especially for the
diagenetic and hydrothermal types with higher Mn/Fe
ratio.

4.3. Comparison between the enrichment of Sb and As in
marine ferromanganese oxides

On the basis of macroscopic adsorption experiments and
EXAFS analyses, we accordingly attempted to clarify the
mechanisms for different enrichment factors of the two ele-
ments in marine ferromanganese oxides at the molecular
level. The macroscopic adsorption experiments showed dif-
ferent inhibition effects for Sb(V) and As(V) on ferrihydrite/
8-MnO, in the ASW system compared with the MQ water
system (Fig. 1), which is likely attributed to the presence of
coexisting anions, such as sulfate (SO3") and bicarbonate
(HCO3) in artificial seawater.

Previous studies have reported that the adsorption of As
(V) on ferrihydrite significantly decreases in the presence of
sulfate or bicarbonate (e.g., Wilkie and Hering, 1996; Jain
and Loeppert, 2000; Frau et al., 2010), probably owing to
their great competition with the adsorbed sites for As(V).
More recently, a study has demonstrated that sulfate can
form the bidentate-binuclear inner-sphere complex on the
surface of ferrihydrite (Gu et al., 2016). Similarly, a large
amount of inner-sphere complexes can also be formed on
ferrihydrite surface for bicarbonate by the theoretical pre-
diction and spectroscopic observations (Appelo et al.,
2002; Frau et al., 2010; Qin et al., 2017a). According to
the EXAFS results, As(V) is also readily adsorbed on basal
sites rather than lateral sites in both ferrihydrite and -
MnO, via bidentate-binuclear complexations. Therefore,
the adsorption sites of As(V) would compete with coexist-
ing sulfate and bicarbonate in artificial seawater because
of their similar bidentate-binuclear complexations, result-
ing in the pronounced reduction of As(V) adsorption on
ferrihydrite and 8-MnO, in the ASW system.

By comparison, the sulfate and bicarbonate anions
showed a significant competition with Sb(V) on ferrihydrite
surface (e.g., Wu et al., 2010), but this effect was not pro-
nounced for Sb(V) adsorption on Mn oxides (e.g.,
Essington and Vergeer, 2015). Similar results were observed
in Sb(V) adsorption on ferrihydrite and 6-MnO, in the
ASW system in the present study. The discrepancy on the

adsorption of Sb(V) on ferrihydrite and 3-MnO, in the
ASW system can be explained from the structures of sur-
face complexes. Our EXAFS analyses indicate that similar
amounts of bidentate-binuclear and bidentate-mononu-
clear complexes can be formed on the plane sites and edge
sites in ferrihydrite for Sb(V), respectively, whereas Sb(V)
prefers to bind with the lateral sites in 6-MnQO, via the
stable bidentate—-mononuclear complexation rather than
the bidentate-binuclear complexation. Considering the pre-
dominant formation of bidentate-binuclear complexes for
sulfate and bicarbonate on ferrihydrite and 6-MnO,, the
preferential lateral sites in 5-MnO, for Sb(V) would slightly
compete with coexisting sulfate and bicarbonate in artificial
seawater, resulting in a much less inhibition effect for Sb(V)
adsorption on 8-MnQO, compared with ferrihydrite in the
ASW system. Consequently, the structural information
derived from the EXAFS data provides the molecular-
scale insights into the different adsorption behaviors for
Sb(V) and As(V) on ferrihydrite or 5-MnO, in the ASW
system, which can be extended to understand the geochem-
ical behaviors and fates of the two elements in natural mar-
ine environments.

For hydrogenetic ferromanganese oxides in natural mar-
ine environments, the adsorption of As¥O3™ on the basal
sites in constituent ferrihydrite and 3-MnQO, may be signif-
icantly inhibited by the large competition of coexisting sul-
fate and bicarbonate in seawater. Although the coexisting
anions also have some influence on the adsorption of
SbY(OH); on ferrihydrite, the inhibition effect for
SbY(OH)g on 8-MnO, is considerably smaller because less
competition exists for the favorable lateral sites. Hence, the
larger inhibition effects for As may lead to the enrichment
factor of As being much lower than that of Sb in hydroge-
netic ferromanganese oxides.

Moreover, with increased Mn/Fe ratio, the difference in
enrichment factor between Sb and As enlarges, which is sup-
ported by the positive correlation between Sb/As and Mn/
Fe ratios in marine ferromanganese samples (Fig. 6C). In
terms of diagenetic ferromanganese oxides with higher
Mn/Fe ratios, the adsorption of Sb on the basal sites in bir-
nessite (the main constituent Mn oxide) may also be subject
to the similar inhibition effect to some degree. Nevertheless,
a part of SbY(OH)g can form bidentate-mononuclear com-
plexes on the lateral sites in birnessite, which is not signifi-
cantly competed with coexisting anions in seawater.
Considering a remarkable inhibition for AsYO3~ on Mn oxi-
des under seawater condition, the enrichment degree of Sb
becomes even larger than that of As in diagenetic ferroman-
ganese samples. Therefore, different surface complexations
on constituent Fe and Mn oxides provide molecular-scale
insights into the larger enrichment of Sb than As in ferro-
manganese oxides from marine environment.

4.4. Factors controlling the enrichment of oxyanions in
marine ferromanganese oxides: highlights on the structural
similarity

According to the adsorption model suggested by previ-
ous researchers (James and Healy, 1972; Koschinsky and
Hein, 2003), the change in the Gibbs free energy during
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the adsorption of ions on solids (AG,4s) includes the contri-
butions from the Coulombic electrostatic interaction
(AGcou), the specific chemical interaction (AGghem), and
the secondary solvation or hydration (AGy):
AGygs = AGeout + AGehem + AGsoly-

In deep seawater at circumneutral pH, the surface of 6-
MnO; is negatively charged given its low pH,,. (point of
zero charge) value (1.3-2.8), while Fe (oxyhydr)oxides have
a slightly positive charge (Langmuir, 1997; Koschinsky and
Hein, 2003). Thus, the AG.oy is generally considered to be
vital for the enrichment of cations in negatively charged Mn
oxide phase due to electrostatic interaction, whereas the
AGepem derived from chemical interaction plays a more
important role compared with AG.,, for negatively
charged ions on the Fe oxide component with a slightly
positive charge. Similarly, the AGgerm, should also be of
great significance for the enrichment of negatively charged
oxyanions (e.g., W and Mo) in marine ferromanganese oxi-
des, in which the host phases of W and Mo have been iden-
tified as negatively charged Mn oxide components
(Kashiwabara et al., 2011, 2013, Yang et al., 2019). The
EXAFS results suggested that W and Mo can be mainly
adsorbed on Mn oxide through the a strong inner-sphere
complexation (chemical interaction), and the larger enrich-
ment of W compared with Mo in marine ferromanganese
oxides is likely due to their stability of inner-sphere com-
plexes on Mn oxide and different attachment modes on fer-
rihydrite (Kashiwabara et al., 2011, 2013).

Furthermore, several other mechanisms have been pro-
posed to interpret the enrichment of specific oxyanions in
marine ferromanganese oxides, as described below. One
mechanism is surface oxidation, which has been docu-
mented to be reasonable for some cations, such as Co
and Ce, because the oxidized forms of Co(III) and Ce(1V)
are highly insoluble and thus are progressively enriched in
ferromanganese oxide (Murray and Dillard, 1979;
Takahashi et al., 2007, Koschinsky and Hein, 2003). This
redox reaction has also been used to explain the extreme
enrichment of Te oxyanion in marine ferromanganese sam-
ples (Hein et al., 2003; Koschinsky and Hein, 2003).
Nonetheless, only the oxidation of oxyanion Te(IV) to Te
(VI) by Mn oxides does not likely result in such high Te
enrichment due to the high solubility of Te(VI), but this
process can provide extra Te(VI) for its structural incorpo-
ration into the Fe oxide phase in ferromanganese oxides
(Kashiwabara et al., 2014). Considering that the oxidized
forms of Sb(V) and As(V) are the predominant species in
seawater and ferromanganese deposits, surface oxidation
is probably not the main process for the enrichment of Sb
and As in marine ferromanganese oxides.

More recently, the structural incorporation of Te(VI)
into the Fe oxide phase through coprecipitation has been
identified as the main chemical process for the extreme
enrichment of Te in ferromanganese oxides because of the
geometric similarity of the Te(VI) molecule and the Fe
octahedron in ferrihydrite (Kashiwabara et al., 2014, Qin
et al., 2017a). For Sb and As studied in this work, several
laboratory studies reported that As(V) and Sb(V) can also
be structurally incorporated in Fe (oxyhydr)oxides (e.g.,

Fuller et al., 1993; Violante et al., 2007; Mitsunobu et al.,
2010; Tokoro et al., 2010). However, it seems to be unlikely
for the structural incorporation of As into Fe oxides in nat-
ural ferromanganese oxides because of the extremely slow
growth rate (mm/Ma) (Hein et al., 2003), considering that
the tetrahedral As¥O3~ would be excluded from linkages
of the Fe octahedral after a long aging time (Fuller et al.,
1993; Waychunas et al., 1993; Kashiwabara et al., 2014).
In the case of Sb, if Sb were enriched in marine ferroman-
ganese oxides through this chemical process, the enrich-
ment factor of Sb would become as large as that of Te,
but the actual observed results are remarkably lower in fer-
romanganese samples studied here and from other areas
(e.g., Hein et al., 2003). Thus, the incorporation of Sb(V)
into the crystal structure of Fe oxides is not the main mech-
anism for its enrichment in marine ferromanganese oxides.

In the present study, according to the surface complexes
on Fe and Mn oxides, Sb can be adsorbed on the Fe oxide
phase in marine ferromanganese samples via bidentate—bin-
uclear and bidentate—mononuclear inner-sphere complexa-
tions. Meanwhile, Sb can preferentially form the
bidentate-mononuclear complex on the lateral sites of con-
stituent vernadite in hydrogenetic ferromanganese oxides,
but some amounts of bidentate-binuclear complexes could
also be formed on constituent birnessite in the diagenetic
ferromanganese samples with higher Mn/Fe ratios. These
observations are supported by the stabilities for different
surface complexes derived from the interaction energy
(AE;,). These findings clearly suggest that chemical factor
is a crucial mechanism for Sb enrichment in marine ferro-
manganese oxides, especially for the negatively charged
Mn oxide component having a similar octahedron
structure.

By comparison, As can be preferentially adsorbed by Fe
and Mn oxide component via bidentate-binuclear inner-
sphere complexations, indicating that chemical interaction
can also play a significant role in As enrichment in marine
ferromanganese samples, in addition to electrostatic inter-
action as suggested by numerous previous studies (e.g.,
Li, 1982; Koschinsky and Halbach, 1995; Koschinsky and
Hein, 2003). Notably, our finding that a part of As is also
associated with negatively charged Mn oxide component
highlights that chemical factor play a more important role
than electrostatic interaction for As enrichment in marine
ferromanganese oxides.

However, the enrichment processes and mechanisms of
Sb into marine ferromanganese oxides is significantly dis-
tinct from those of As because of different structures for
the two elements in seawater. In contrast to As (main dis-
solved species: tetrahedron AsYO3"), Sb (main dissolved
species: SbY(OH)g) can be strongly associated with the
Mn oxide component via the formation of bidentate—
mononuclear complexes because of the structural similarity
between octahedron SbV(OH)g and MnQOyg, which do not
significantly compete with coexisting sulfate and bicarbon-
ate anions in seawater. Thus, our finding from this study,
which highlights the structural similarity, provides a new
insight into the larger enrichment of Sb compared with
As in ferromanganese oxides, thereby improving the under-
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standing of enrichment mechanisms and geochemical
behaviors for oxyanions in marine environment at the
molecular scale. Anions in seawater that have similar struc-
tures with the host phases are expected to show a larger
enrichment degree in marine ferromanganese oxides,
although further study is still required. Furthermore, our
findings have some implications on the understanding of
the contamination and mobilization of Sb and As in surface
environments, such as soils and sediments, where ferrihy-
drite, vernadite, or ferromanganese oxides are ubiquitous.

5. CONCLUSIONS

This study provides molecular-scale insights into the
enrichment mechanisms of Sb and As in marine ferroman-
ganese oxides by combining adsorption experiments, quan-
tum chemical calculations, and EXAFS techniques. In
marine ferromanganese oxides, Sb and As can be dis-
tributed to Fe and Mn oxide components, and the disparate
distribution of the two elements to Mn oxides is largely
dependent on the Mn/Fe ratio and constituent minerals
in different genetic types of ferromanganese deposits. In
contrast to predominant bidentate-binuclear complexes
for As(V) adsorbed on ferrihydrite and Mn oxides, the
energetically favorable bidentate-mononuclear complex
can be preferentially formed on the lateral sites in Mn oxi-
des for Sb(V) because of the structural similarity between
the octahedron SbY(OH)s and the MnOg unit. These com-
plexes formed on the lateral sites in Mn oxides for Sb is not
significantly competed with by coexisting anions in seawa-
ter, which can be partly responsible for the larger enrich-
ment factor of Sb compared with As in ferromanganese
oxides. Our study highlights that the structural similarity
causes the disparate distribution and enrichment of Sb
and As in marine ferromanganese oxides, thereby providing
new insights into the understanding of incorporation pro-
cesses and geochemical behaviors for oxyanions in marine
and surface environments at the molecular level.
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