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ABSTRACT: Marine ferromanganese oxides contain a large
amount of trace elements, such as arsenic (As) and molybdenum
(Mo). However, the host phases of tetrahedral AsO,*” and
MoO,>~ oxyanions therein have not been clearly identified thus far.
In this work, we explored the mineralogical components of
hydrogenetic (HG) ferromanganese nodules and compared the
distribution behaviors of As and Mo. The X-ray diffraction (XRD) &
and X-ray absorption spectroscopy (XAS) analyses showed that Sequential extraction ™S
the predominant manganese and iron phases were vernadite (5- +
MnO,) and ferrihydrite, respectively. According to the sequential XRD and XAS analvses
. L q g yses,
extraction examination, both As and Mo were associated with the v
iron (oxyhydr)oxide phases. However, the XAS analyses indicated
that As was retained by the ferrihydrite phase via double corner-
shared complexation, while Mo was preferentially adsorbed on 6-MnO, via edge-shared complexation. The immobilization of
As and Mo by HG ferromanganese samples was attributed to specific chemical binding (AGy,,,) rather than Coulombic
interaction (AG,) as proposed in previous studies. The comparison of Mo XAS spectra before and after extraction revealed
the unreliability of the sequential extraction approach to determine the host phase of trace elements as a result of the potential
readsorption risk. The different distribution trends of As and Mo were due to their disparate intrinsic properties (e.g., averaged
dissociation constants of conjugate acids) and the diverse properties (i.e., surface site densify, adsorption equilibrium constant,
and crystalline structure) of ferrihydrite and 6-MnO,. These research findings would be significant for evaluating the
geochemical behaviors and environmental fate of trace elements in marine systems.

KEYWORDS: sequential extraction, X-ray diffraction, X-ray absorption spectroscopy, readsorption risk, host phases,
specific chemical binding, geochemical behaviors

B INTRODUCTION be ca. 15 times higher than that of Mo.° In view of this, it is
imperative to systematically understand the underlying
immobilization mechanisms of As and Mo by ferromanganese
oxides.

A series of analysis approaches have been adopted to verify
the host phases of As and Mo in various ferromanganese
samples of different deposition types and locations. For the

Ferromanganese oxides, in the forms of hydrogenetic (HG)
nodules or crusts, diagenetic (DG) nodules, and hydrothermal
(HT) crusts as a result of different origins, are important
chemical deposits in the marine environment. These
aggregates of Fe (oxyhydr)oxides and Mn oxides greatly
influence the distribution of various elements [e.g., lead (Pb),

cobalt (Co), zinc (Zn), cerium (Ce), arsenic (As), antimony HG and HT ferromanganese oxide samples from the Central
(Sb), tellurium (Te), molybdenum (Mo), tungsten (W), etc.] Pacific, the sequential extraction data pointed to the
in seawater.'™* As and Mo are redox-sensitive trace metals, preferential attachment of As on the FeOOH-xH,O surfaces
with their valence states and geochemical behaviors closely via electrostatic attraction.” With the aid of micro X-ray
relevant to the redox conditions of seawater.” In the modern
seawater under an aerobic environment, both of the two Received: August 26, 2018
elements are present as the tetrahedral arsenate (AsO,’”) and Revised:  November 17, 2018
molybdate (MoO,>”) oxyanions. However, the enrichment Accepted: December 6, 2018
factor of As into the ferromanganese oxides was measured to Published: December 6, 2018
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fluorescence (u-XRF) mapping, X-ray diffraction (XRD), and
X-ray absorption spectroscopy (XAS) analyses, Marcus et al.
(2004) suggested that As was adsorbed on (via inner-sphere
surface complexation) or co-precipitated with ferrihydrite in
the DG ferromanganese samples collected from the Baltic Sea.®
For the HT ferromanganese duricrusts obtained along the
Yangtze River, the electron microprobe mapping and u-XRF
analyses revealed that As in the Fe-rich crusts was bound to the
well-crystallized hematite phase via the bidentate binuclear
linkage mode, while As in the Mn-rich samples was adsorbed
on the pyrolusite surfaces by adopting the same complexation
type.9

Similar to As, the spatial partitions of Mo among the iron
and manganese minerals in natural ferromanganese oxides are
also of high complexity and inconsistency. Previous XRF
measurements and element correction analyses showed that
Mo was associated with the Mn phase in the DG
ferromanganese crusts collected from the Pacific Ocean.'”"
However, on the basis of the sequential extraction results, it is
suggested that Mo preferred to bind on the surfaces of
amorphous iron oxyhydroxide in the HG ferromanganese
nodules sampled from the Central Pacific. In contrast, Mo was
immobilized by the manganese oxide phase in the HT
ferromanganese precipitates obtained from the North Fiji
Basin.” These conclusions on the host phases of Mo may be
controversial as a result of the poor reproducibility and
accuracy of the applied analysis methods. In our previous
study, the Mo L;-edge X-ray absorption near-edge structure
(XANES) and K-edge extended X-ray absorption fine structure
(EXAFS) techniques were used to provide insight into the
microscopic speciation in the HG ferromanganese oxides
collected from the Pacific Ocean.'” The results indicated that
Mo was associated with the amorphous MnO, phase via inner-
sphere surface complexation. The obvious differences in the
above-mentioned studies may originate from the disparate
deposition types and mineralogical components of different
ferromanganese oxides.

Although the distribution of individual As or Mo in various
ferromanganese samples has been extensively explored,”'* no
study is concentrated on comparing the host phases of these
two elements in the same ferromanganese samples. Besides,
the internal causes for their particular partitions are also poorly
understood. For the purposes of filling in these knowledge
gaps, we combined the sequential extraction approach, XRD,
and XAS analyses to carefully identify the speciation of As and
Mo in two HG ferromanganese nodules. First, the sequential
extraction experiments were carried out to determine the
concentrations of As and Mo in the ferromanganese samples.
In addition, XRD, XANES, and EXAFS spectra were analyzed
to identify the specific manganese and iron phases in the HG
ferromanganese nodules. Moreover, the host phases and
microscopic speciation of As and Mo were confirmed on the
basis of XANES and EXAFS analyses. Furthermore, the
distribution trends of As and Mo were compared and explained
in detail.

B EXPERIMENTAL SECTION

Sample Collection and Characterization. Two HG
ferromanganese nodules were collected from the Pacific
Ocean, i.e.,, AD14 around the Marshall Islands and DS3S5 in
the South Pacific Ocean.””'” The obtained samples were
vacuum-dried and ground into powder by an agate mortar. In

. L 2,312
our previous studies, the collected ferromanganese
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samples were digested using the combination of HF/HCI/
HNO; and the elemental concentrations were determined with
inductively coupled plasma mass spectrometry (ICP—MS,
Agilent 7700). On the basis of the bulk chemical analyses, the
concentrations of As and Mo in AD14 were ~194 and ~469
mg/kg, respectively, and those in D535 were ~157 and ~289
mg/kg, respectively.””'> The XRD patterns of AD14 and
D53S were scanned by a RIGUKA diffractometer (RINT-
2100) equipped with Cu Ka (4 = 1.5406 A) radiation (40 kV
voltage and 20 mA cathodic current). The scanning range was
from 5° to 70°, and the scanning step was 0.02°.

A series of manganese oxides [i.e., triclinic birnessite and
vernadite (5-MnO,)] and Fe (oxyhydr)oxides (i.e., magnetite,
ferrihydrite, goethite, and hematite) were synthesized by
following the strategies reported in the previous literature.> ™"
In addition, the Mo and As adsorption samples [i.e,, Mo(VI)
on §-MnO,, Mo(VI) on ferrihydrite, Mo(VI) on goethite,
Mo(VI) on hematite, As(V) on 6-MnO,, and As(V) on
ferrihydrite] were also prepared as the reference samples. The
detailed experimental conditions and procedures were
described in our previous study.'”

Sequential Extraction Experiments. The concentrations
and fractions of Mn, Fe, As, and Mo in our ferromanganese
samples were measured by adopting the previously reported
sequential extraction procedures.””'® First, 0.5 g of powdered
sample was soaked in 15.0 mL of acetic acid/sodium acetate
buffer (pH 5.0), and the resulting suspension was gently stirred
for S h (denoted as leach 1). The filtrate contained those of As
and Mo adsorbed via weak electrostatic interaction or retained
by calcium carbonates. The residue was then mixed with 87.5
mL of hydroxylamine hydrochloride solution (0.1 mol/L, pH
2.0), and the suspension was oscillated for 24 h (denoted as
leach 2). During this leaching procedure, the amorphous
manganese oxides would dissolve, and accordingly, As and Mo
associated with this mineral phase would be released into the
solution. The residue of leach 2 was soaked in 87.5 mL of
oxalic acid/ammonia oxalate buffer (0.2 mol/L, pH 3.5) and
stirred for 12 h (denoted as leach 3). The filtrate of this
leaching step contained those of As and Mo immobilized by
the moderately reducible iron oxyhydroxide phases. The
filtrates in each leaching step were diluted using 2% HNO;
solution, and the concentrations of Mn and Fe were
determined by inductively coupled plasma atomic emission
spectrometry (SP3500, SII Nano Technology, Inc.). The
concentrations of As and Mo were measured by ICP—MS.
According to the previous studies, the main components in the
residue after leach 3 were identified to be the hardly soluble
silicates and aluminosilicates.””'® The concentrations of Mn,
Fe, As, and Mo sequestrated by these phases (denoted as
residual) were calculated by adopting the indirect subtractive
method (i.e., the total concentrations determined from the
bulk chemical analyses subtract those measured in leach steps
1-3).

XAS Data Measurement and Analysis. Manganese
(Mn), iron (Fe), and arsenic (As) K-edge XANES and
EXAFS spectra were measured at BLO1B1 of SPring-8 (Japan)
with a Si(111) double-crystal monochromator. The Mn- and
Fe-containing standard, adsorption, and natural ferromanga-
nese samples were measured in transmission mode. The As-
containing adsorption and ferromanganese samples were
measured in fluorescence mode using a 19-element Ge solid-
state detector. Mo L;-edge XANES spectra were collected at
BL9A in the Photon Factory, High Energy Accelerator
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Research Organization (KEK, Japan) with a Si(111)
monochromator. The MoO,*” solution (0.10 mol/L) was
measured in transmission mode. The Mo-containing adsorp-
tion samples and ferromanganese nodules were measured in
fluorescence mode using a Lytle detector.

All of the measured spectra were analyzed with the aid of
Athena and Artemis software.'” The k’-weighted EXAFS
oscillations were extracted from the raw data and Fourier-
transformed to obtain the corresponding radical structural
functions (RSFs). Further spectral fits were performed by
adopting the nonlinear least squares approach. With the aid of
FEFF 8.0,' the theoretical phase shifts and amplitude
functions for the As—O, As—Fe, and As—Mn paths were
extracted from the crystalline structures of scorodite (FeAsO,-
2H,0) and manganese arsenate hydrate (MnAsO,H,0).

B RESULTS AND DISCUSSION

Sequential Extraction Data Analyses. The relative
proportions (%) of Mn, Fe, As, and Mo leached from the
HG ferromanganese samples of AD14 and D535 are shown in
the form of a stacked bar chart (Figure 1). Specifically for

DDDDDH Fraction 1 - Fraction 2 - Fraction 3 - Residual
0

Relative leaching proportation (%)

Mn Fe As Mo Mn Fe As Mo

AD14 D535

Figure 1. Leaching percentages of Mn, Fe, As, and Mo from the
natural ferromanganese samples AD14 and DS3S within the
sequential extraction procedures.

AD14, almost no Mn, Fe, As, and Mo are desorbed in leach 1
using acetic acid/Na acetate buffer as the eluent. This result
suggests that these four elements are neither present as the
exchangeable species nor retained in the Ca carbonate mineral.
The absence of exchangeable species is reasonable as a result of
the inhibition of high ionic strength in seawater toward their
sorption behaviors. Leach 2 (hydroxylamine hydrochloride
extraction) releases ~95% of total Mn, ~11% of total Fe, ~5%
of total As, and ~2% of total Mo. Herein, the released Fe may
represent the iron phase intergrowth with the 6-MnO, mineral
in the HG crusts.””'¢ Subsequent leach 3 with oxalic acid/
ammonia oxalate treatment dissolves ~5% of total Mn, ~84%
of total Fe, ~95% of total As, and up to ~98% of total Mo.
According to the indirect subtractive calculation, ~5% of total
Fe is associated with the hardly soluble silicates and/or
aluminosilicates. The relative leaching proportions of Mn, Fe,
As, and Mo from D535 are comparable to those from AD14
(Figure 1), suggesting the similar components of these two
ferromanganese crusts from the same HG origin.

According to the anticorrelation of As and Mo with Mn and
their positive correlation with Fe, it seems that these two
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elements are chemically bound to iron oxyhydroxide rather
than manganese oxide. However, this conclusion may be
controversial as a result of the potential readsorption risk as
reported in a series of sequential extraction studies."”'”*° On
the basis of the radiochemical analyses, Gilmore et al.
(2001) proposed that ~35—85% Pb leached from the
reducible Fe and Mn oxides was readsorbed by the oxidizable
organics and sulfides.”” In addition, our previous study based
on 3°Ce and "**Gd isotope tracer measurements also indicated
that ~35% Ce and ~46% Gd leaching from the Mn phase were
readsorbed onto Fe (oxyhydr)oxide during the hydroxylamine
hydrochloride extraction procedure.” Similarly, the read-
sorption of As and Mo may also occur in our sequential
extraction experiments. Therefore, additional analysis ap-
proaches should be adopted to clearly identify the host phases
of As and Mo in the ferromanganese samples.

Manganese and Iron Phases in Natural Ferromanga-
nese Crusts. XRD analysis is a useful approach to identify the
Mn and Fe (oxyhydr)oxide phases in the ferromanganese
samples. One can see from Figure 2 that AD14 and D535 with

Intensity (a. u.)

5 10 15 20 25 30 35 40 45 50 55 60 65 70
Cu20()
Figure 2. XRD patterns of ferromanganese nodules. Diffraction peaks

labeled V, Q, and Fh/Fx refer to vernadite, quartz, and ferrihydrite/
feroxyhite, respectively.

HG origin exhibit similar XRD patterns. Specifically, the
diffraction peaks at ~9.7°, ~19.3°, ~37.2° and ~66.5°
correspond to the (001), (002), (100), and (110) planes of
Fe—vernadite (5-MnQ,, marked by V).*"** The sharp
diffraction peaks at ~27.5°, ~28.4°, and ~31.6° correspond
to the quartz impurity (marked by Q). The broad diffraction
peak centered at ~42.5° points to the presence of ferrihydrite
and/or feroxyhite (5-FeOOH) phases (marked by Fh/
Fx).””™*° According to the previous selected area electron
diffraction (SAED), energy-dispersive spectroscopy (EDS),
and Mossbauer spectroscopy analyses, the Fe—vernadite phase
in the marine ferromanganese nodules exhibited a hybrid
structure as a result of the intergrowth of feroxyhite with -
MnO,.”****” In addition, the epitaxial intergrowth of the iron
phase may disrupt the stacking of manganese layers.”> This
intergrowth mechanism is supported by the relatively weak
(001) and (002) basal reflections of the Fe—vernadite phase.
Opverall, the XRD analysis results herein are consistent with
those derived from sequential extraction data (Figure 1).
The K-edge XANES and EXAFS spectra of Mn-containing
reference components (i.e.,, Mn,Oj, triclinic birnessite, and 6-
MnO,) and ferromanganese samples (i.e, AD14 and D535)
are compared to further verify the average oxidation state
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(AOS) and predominant mineral phase of Mn. Specifically, the
XANES spectrum of Mn,O; with the Mn AOS of 3.0 exhibits a
broad X-ray absorption peak centered at 6553.9 eV (marked by
the dashed line in Figure 3). In contrast, the spectrum of

triclinic
birnessite

Normalized Absorbance

T T
6560 6580

Energy (eV)

T
6540

6520 6600

Figure 3. XANES spectra of Mn-containing reference samples and
ferromanganese nodules.

triclinic birnessite shows a main absorption peak at 6555.8 eV
(marked by the dotted line in Figure 3) and a weak shoulder at
a lower energy of 6553.9 eV, indicating the presence of mixed
Mn oxidation states of +3 and +4 in its crystalline structure.
The XANES spectrum of 6-MnO, with Mn AOS close to 4.0
exhibits a sharp absorption peak at 6555.8 eV (marked by the
dotted line in Figure 3). As for the spectra of AD14 and DS35,
both the position and shape of the main absorption peak at
6555.8 €V (marked by the dotted line) and the second peak
within 6563.5—6578.4 eV (marked by the rectangle) are
extremely similar to that of 6-MnO,, while obviously different
from those of Mn,0O; and triclinic birnessite. One can
preliminarily conclude that 5-MnO, is the primary Mn mineral
in our HG ferromanganese samples.

Figure 4 illustrates the k*-weighted EXAFS spectra (A) and
the Fourier-transformed RSFs (B) of Mn-containing samples.
Specifically, the k’y(k) spectrum of §-MnO, shows two sharp
peaks at ~8.00 and ~9.10 A™" (see the dashed lines in Figure
4A), while that of triclinic birnessite exhibits an apparent peak
splitting at ~8.00 A™! and a broad peak centered at ~8.90 A~
(left shift relative to that of 6-MnO,). These spectral
differences were previously interpreted from the different
AOS of Mn and the disparate symmetry of MnOg layers in the
crystalline structures of 6-MnQO, and triclinic birnessite.****’
The 6-MnO, phase has a hexagonal MnOg symmetry with a
certain amount of vacant sites as well as an extremely low
content and low ordering of Mn(I11).>**° Triclinic birnessite
possesses an orthogonal MnOg symmetry with no vacant sites
as well as a relatively high content (~33%) and high ordering
of Mn(111).*° Under such circumstances, the enrichment and
ordering of Mn(IIl) in triclinic birnessite lead to the peak
splitting, broadening, and shifting in the k>y(k) spectrum. As
shown in Figure 4A, the k*-weighted EXAFS spectra of AD14
and DS3S are similar to that of 6-MnO,, suggesting that J-
MnO, is the predominant Mn phase in our ferromanganese
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Figure 4. (A) k’-weighted EXAFS spectra and (B) corresponding
RSFs of Mn-containing reference samples and ferromanganese
nodules.

samples. It is worth noting that the k’y(k) spectrum of &-
MnO, is comparable to that of H—birnessite, another kind of
manganese oxide with hexagonal symmetry.”” In view of this,
one cannot eliminate the potential presence of H—birnessite in
the ferromanganese nodules solely based on the oscillation
characteristics in the k>y(k) spectra. Nevertheless, the spectral
features in the RSFs can provide more information to further
identify the main manganese phase. Herein, all of the RSFs
(phase shift uncorrected) exhibit two dominant peaks at ~1.40
A (corresponding to the Mn—O shell) and ~2.40 A
(corresponding to the edge-shared Mn—Mn shell) (see the
dashed lines in Figure 4B). It was reported that the relative
intensity ratio of these two peaks (Iyp_mn/Iva-o) Was
negatively correlated to the occupation fraction of layer
vacancy sites by Mn(IIT) (f,..).”**”*" Herein, the calculated
Lvn-wn/Ivn—o values of §-MnO, (0.83), AD14 (0.92), and
D535 (0.89) are higher than that of triclinic birnessite (0.66),
while lower than that of H—birnessite (1.01) reported in the
previous study.”” Therefore, one can definitely conclude that
the primary manganese phase in the ferromanganese nodules is
0-MnO, rather than triclinic birnessite or hexagonal H—
birnessite.

The above sequential extraction data indicate that the iron
phases in our hydrogenetic ferromanganese samples are
potentially present in three different forms, i.e,, Fe—vernadite
(feroxyhite intergrowth with 5-MnO,), iron (oxyhydr)oxides,
and structural association with (alumino)silicates. The
previous SAED pattern and Fe K-edge EXAFS spectra showed
that the microstructure of Fe—vernadite was extremely similar
to that of feroxyhite.”*® On the basis of the Fourier-
transformed RSFs, EXAFS-derived Fe—Fe distances, and the
static disorder analyses, previous researchers proposed that the
local structure of feroxyhite resembled that of hematite while
different from those of ferrihydrite and goethite.”**” As for the
iron species in (alumino)silicates, previous molecular dynamics
(MD) calculations, *’Fe Mdssbauer spectroscopy, and powder
and polarized EXAFS analyses suggested the incorporation of
Fe’* into the MgOg/AlO4 octahedral layers.””*® Herein, the
XANES and EXAFS spectra of Fe-containing reference
samples and natural ferromanganese crusts (AD14 and
D53S) are analyzed to further identify the coordination
environment of iron.
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The XANES spectrum of magnetite (Fe;O,) with the mixed
Fe oxidation states of +2 and +3 exhibits a sharp X-ray
absorption peak at 7126.2 eV (marked by the dashed line in
Figure SA), while the absorption peaks of goethite, hematite,

oxidation state and host phase of As. Specifically, the XANES
spectrum of KAsO, with the As oxidation state of +3 exhibits a
sharp X-ray absorption peak at 11 864.5 eV (dashed line in
Figure 6). In contrast, the spectra of KH,AsO,, As(V) on &-

A B

Goethite

W/V\/\\

W
.

[0/ NASAY Y
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Kx(k)

Goethite

Normalized Absorbance

Figure 5. (A) XANES and (B) k>-weighted EXAFS spectra of Fe-
containing reference samples and ferromanganese nodules. Solid lines
represent the experimental spectra, and dashed lines represent the
least squares fit curves.

and ferrihydrite with a pure Fe oxidation state of +3 are located
at a higher energy of 7129.7 eV (marked by the dotted line in
Figure SA). Nevertheless, some small differences can be also
observed between their XANES spectra. Specifically, the
absorption peak of goethite is somewhat broader than those
of hematite and ferrihydrite. For hematite, a small bulge
appears at the left side of the main adsorption peak. In
contrast, the absorption peak of ferrihydrite is smoother than
those of goethite and hematite. As shown in Figure 5A, the
XANES spectral features of AD14 and D535 are very similar to
that of ferrihydrite. In view of this, the predominant iron phase
in the HG ferromanganese samples can be identified to be
amorphous ferrihydrite. This conclusion is further supported
by the similarity between the k’y(k) EXAFS spectra of AD14,
DS$3S, and ferrihydrite (Figure SB). However, we cannot fully
eliminate the presence of other iron-bearing phases based
merely on the intuitive spectral observations. In view of this,
the linear combination fitting (LCF) on the k’y(k) spectra
(within the k range of 3—11) of AD14 and D535 is performed
using ferrihydrite, goethite, and hematite as the standards. The
iron component incorporated into the structure of (alumino)-
silicates is not considered as a result of its extremely low
proportion (<5%; Figure 1). During the LCF processes, all
standards are set to share the same E, value and the total
weights are forced to sum to 100%. Specifically, AD14 contains
~86% ferrihydrite, ~10% hematite (or feroxyhite with a similar
structure as indicated above), and ~4% goethite. Similarly, the
relative proportions of ferrihydrite, hematite (or feroxyhite),
and goethite in D535 are ~84%, ~11%, and ~5%, respectively.
These simulation results are consistent with those derived from
the sequential extraction experiments (Figure 1).
Coordination Environment of As and Mo. The K-edge
XANES and EXAFS spectra of As-containing reference
components [ie, KAsO, as As(Ill) standard and KH,AsO,
as As(V) standard], adsorption samples (i.e., As(V) on §-
MnO, and As(V) on ferrihydrite), and ferromanganese
nodules (i.e, AD14 and DS3S) are analyzed to identify the
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Figure 6. XANES spectra of As-containing reference samples and
ferromanganese nodules.

MnO,, As(V) on ferrihydrite, AD14, and D535 show a sharp
absorption peak at a higher energy of 11 867.6 eV (dotted line
in Figure 6). This phenomenon indicates that As is present in
the higher oxidation state of +5 in our ferromanganese
samples.

EXAFS analyses can provide more detailed information to
further confirm the retention mechanisms of As. Figure 7A
shows the k*-weighted EXAFS spectra of As-containing
adsorption samples and natural ferromanganese oxides. The
Ky(k) spectrum of As(V) on &6-MnO, exhibits a dished
spectral feature within 7—8 A™" and a clear splitting at 9.5 A~
(marked by ellipses), similar to that of As(V) adsorbed on

B

As(V) on 8-MnO,

As(V) on ferrihydrate

As(V) on 3-MnO,

Ky (k)
FT (kx(K))

As(V) on ferrihydrate

2 4 6

8
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Figure 7. (A) k’-weighted EXAFS spectra and (B) corresponding
RSFs of As-containing reference samples and ferromanganese
nodules. Solid lines represent the experimental spectra, and dashed
lines represent the least squares fit curves.
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Table 1. EXAFS-Derived Structural Parameters of Arsenate-Containing Reference Samples and Natural Ferromanganese

Oxides”

sample shell CN

As(V) on 6-MnO, As—O 4.1

As—0-0 1.2

As—Mn 1.5

As(V) on ferrihydrate As—0O 4.0
As—0-0 12

As—Fe 1.3

AD14 As—0O 4.2
As—0-0 12

As—Fe 1.4

D535 As—-0O 4.0
As—0-0 12

As—Fe 1.6

R (A) AE, (eV) o (A%) Res (%)
1.70 6.04 0.002 1.50
3.09 0.002
3.20 0.006
1.71 5.68 0.003 1.93
3.08 0.003
3.30 0.005
1.70 5.47 0.004 2.67
3.11 0.004
3.31 0.009
1.71 5.81 0.003 2.54
3.10 0.003
3.30 0.008

“CN, coordination number; R, interatomic distance; AE’, difference between the experimental and FEFF calculated threshold energies; 6%, Debye—
Waller factor; and Res, deviation between the experimental and theoretical EXAFS curves. 63,_o_o is constrained to be equal to o3,_¢ during the

spectral fit procedures.

synthetic birnessite.”* In contrast, the EXAFS spectrum of
As(V) on ferrihydrite shows uniform sinusoidal oscillation
signals within the whole k range, which is obviously different
from that of As(V) on 6-MnO,. More specifically, the near
symmetrical spectral feature at 4—6 A™' suggests that As is
immobilized by ferrihydrite via the inner-sphere complexation
mechanism.”*° The potential precipitation of ferric arsenate
(FeAsO,4—7H,0) and scorodite (FeAsO,-2H,0) phases can
be further eliminated as a result of the absence of their
characteristic double-hump feature.”” The k*y(k) spectra of As
in AD14 and DS35 are similar to that of As(V) on ferrihydrite,
suggesting that this element is predominantly enriched by the
ferrihydrite phase in the natural ferromanganese nodules.
Nevertheless, we cannot fully rule out the possibility that a
small amount of As is also adsorbed onto the §-MnO, surfaces,
as indicated by the above sequential extraction data (Figure 1).

The k*-weighted EXAFS data are Fourier-transformed to
generate the corresponding RSFs (phase shift uncorrected). As
shown in Figure 7B, all of the samples exhibit a sharp and
intensive peak at R + AR ~ 1.30 A, which corresponds to the
backscattering signals of O atoms surrounding the central As.
In addition, a wide peak ranging from R + AR = 2.34 to 3.50 A
appears in the RSF of As(V) on 5-MnO,, suggesting the
presence of a higher coordination shell (e.g, As—Mn).
Similarly, the appearance of a narrow peak within R + AR =
2.32—3.05 A for As(V) on ferrihydrite, AD14, and D535 points
to the potential contribution of As—Fe paths to the RSFs of
these samples. The structural parameters obtained from the
least squares fits of EXAFS spectra are listed in Table 1. For all
of the samples, the As—O interatomic distance (R,,_o) of
~1.70 A and coordination number (CNx,_g) of ~4.0 in the
first shell suggest an AsO, tetrahedral configuration. The As—
O—0 path with Ry,_o_o of ~3.10 A and CNy_q_o of 12
corresponds to the multiple scattering of O—O pairs in the
AsO, tetrahedra.”® *" The specific binding modes of As on
different minerals can be further determined from the R and
CN values of the As—Mn/Fe bonds. For As(V) on 6-MnO,,
the presence of 1.5 Mn atoms at Ry,_yr, of ~3.20 A points to
the formation of inner-sphere surface complexes in the double
corner-shared (2C) mode.*""** The EXAFS-derived structural
parameters of AD14 and D535 (i.e, Ra_pe ~ 3.30 A and
CNy,_p. ~ 1.5) are similar to that of As(V) on ferrihydrite,
representing the double corner-shared (DCS) complexation
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between AsO, tetrahedra and FeOy octahedra as predicted by
previous density functional theory (DFT) calculations and
EXAFS analyses.”*~** The result herein implies that the
ferrihydrite mineral is the host phase for the immobilization of
As.

The local structures of Mo in the reference samples and
ferromanganese nodules can also be identified from the XAS
analyses as reported in our previous study.'” Specifically, the
L;-edge XANES spectra of all samples exhibit two peaks within
2519-2527 eV (Figure 8),"” of which the relative intensities
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Figure 8. XANES spectra of Mo-containing reference samples and
ferromanganese nodules.

and energy splitting reflect the specific coordination environ-
ment of Mo. According to the detailed discussion in our
previous work,'> Mo was adsorbed by ferrihydrite in the
tetrahedral (Td) MoO, form, similar to the dissolved MoQ,>~
ions. In contrast, the species of Mo on 0-MnO, is in the
octahedral (Oh) MoO4 symmetry, suggesting the trans-
formation of Mo species from Td to Oh during its sorption
process. The XANES spectral features of AD14 and D535 are
extremely similar to those of Mo on 6-MnO, and hematite
while significantly different from that of Mo on ferrihydrite.
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One can preliminarily deduce that Mo is possibly immobilized
by 6-MnO,/hematite rather than ferrihydrite. The specific host
phase can be clearly identified on the basis of our previous
EXAFS analyses.'” Specifically, the k’(k) spectra and the
corresponding RSFs of AD14 and DS3S are identical to that of
Mo on 06-MnQO, while distinct from those of Mo on
ferrihydrite, goethite, and hematite. These results suggest
that the predominant host phase of Mo is 6-MnQO, rather than
iron (oxyhydr)oxides. In addition, the presence of 2.0 Mn
atoms at Ry, of 3.02 A points to a bidentate edge-shared
(ES) linkage of distorted MoOg with the MnOyg octahedra.'”

The XAS analysis results derived herein are contrary to that
obtained from the sequential extraction experiments (see
Figure 1). To find the internal cause for this inconsistence, we
carefully compare the XANES spectra of AD14 and D535
before extraction and after leaching 2. As shown in Figure 8,
the spectra after extraction are very similar to those of Mo on
hematite (or feroxyhite with a similar local structure) and §-
MnO, while different from those of Mo on ferrihydrite and
goethite. Considering that 6-MnO, is completely dissolved by
hydroxylamine hydrochloride during leach 2, the XANES
spectrum suggests that Mo is adsorbed on the residual
hematite (or feroxyhite) phase. In addition, the EXAFS
analyses clearly show that the original host phase of Mo in
AD14 and D535 is not hematite (or feroxyhite) but 5-MnO,.">
According to these direct spectral evidence, it seems that the
Mo species leached from 6-MnO, are readsorbed onto
hematite (or feroxyhite). Note that Mo prefers to bind on
the minor hematite (or feroxyhite) phase (~11%) rather than
the predominant ferrihydrite phase (~85%). This phenomen-
on can be tentatively interpreted by considering the binding
mechanisms of Mo on different iron minerals and the relative
stabilities of the sorption species. On the basis of our previous
EXAFS analyses,'” the predominant sorption mechanisms of
Mo on ferrihydrite and hematite were proposed to be outer-
sphere and inner-sphere complexations, respectively. In
general, the outer-sphere complexes, similar to the aqueous
species, can be easily released from the mineral surfaces as a
result of the weak Coulombic interaction.**** In contrast, the
inner-sphere surface complexes tend to be stable and
irreversible as a result of the formation of a strong covalent
Iinkage.‘w’ﬂr8 Hence, it is reasonable that desorbed Mo from the
0-MnO, phase would be preferentially adsorbed by hematite
(or feroxyhite) rather than ferrihydrite. This potential
readsorption risk induces the uncertainty of the sequential
extraction method for identifying the actual host phase of Mo.
Alternatively, the combination of advanced spectroscopic
techniques (e.g, XANES and EXAFS adopted in this work)
with a sequential extraction approach can provide more reliable
information on the real distribution and speciation of Mo and
As in the Fe—Mn nodules.

Comparison of the Distribution of As and Mo. In our
HG ferromanganese samples, As is selectively retained by the
ferrihydrite phase via the DCS binding mode, while Mo is
adsorbed on 6-MnO, surfaces via the ES linkage mode.
Generally, the change in the total Gibbs free energy (AG,4)
during the adsorption of dissolved ions on metal (hydro)oxides
can be described by the following equation:*’

AGads = AG, + AGsol + AGC

‘coul

(1)

where AG., and AGg,, represent the free energies of
Coulombic interaction and specific chemical interaction
between the ions and oxide surfaces, respectively, while

hem
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AG,, is the free energy of solvation (hydration). According
to this equation, the surface charges of manganese and iron-
containing minerals in the natural ferromanganese oxides
would influence the immobilization of trace elements, such as
As and Mo, through AG,,,. The point of zero charge (Pszc)
values of 5-MnO,, ferrihydrite, hematite (or feroxyhite), and
goethite were reported be 2.8—4.5, 7.9—8.7, 7.5—8.8, and 8.5—
9.5, respectively.”® Under the deep-ocean conditions with an
average pH value of 8.0,” the surfaces of 5-MnO, would be
negatively charged, while the three iron-containing minerals
would have a slightly positive charge. For a series of studies
involving the distribution of different elements in marine
ferromanganese samples, it was commonly recognized that
cations, such as Pb**, Zn®*, and Ni**, were preferentially
immobilized by manganese oxides with a negative surface
charge, while oxyanions, such as Mo0O,*", AsO,*", and WO,*,
tended to be adsorbed on the positively charged Fe
(hydr)oxide surfaces.”>" However, according to our EXAFS
analyses, the host phase for the negative charge MoO,*”
species is negatively charged 6-MnO, rather than positively
charged ferrihydrite.'” This phenomenon leads to new insight
into the importance of AG,.,, (i.e., specific chemical binding)
for the enrichment of Mo by ferromanganese oxides. Despite
the presence of electrostatic attraction between AsO,’” and
ferrihydrite surfaces, the formation of inner-sphere surface
complexes also highlights the important role of AGg,, in the
immobilization of As by ferromanganese nodules. This is
consistent with the absence of ion-exchangeable As and Mo
species (Figure 1), showing that AG.,, is actually not very
important for their sorption to the ferromanganese oxides
under high-salinity conditions in seawater.

The specific binding modes (i.e., outer-sphere or inner-
sphere surface complexation) of oxyanions on iron (oxyhydr)-
oxides are closely associated with the averaged proton
dissociation constants [pK, = (pK, + pK,)/2] values of

their conjugate acids. Previous studies proposed that WO,*"
(pK, = 3.92 for H,WO,) tended to form bidentate inner-
sphere complexes on ferrihydrite surfaces via two oxygen
atoms surrounding the center W atom.””> More specifically,
the MoO,>” oxyanion with the pK, value of H,MoO, lower
than that of H,WO, was expected to be adsorbed by
terrihydrite via outer-sphere complexation. In contrast, the
HAsO,”” oxyanion with the pK, value of H;AsO, higher than
that of H,WO, preferred to form inner-sphere surface
complexes on ferrihydrite. These theoretical predictions of
Mo(VI) and As(V) surface complexes on ferrihydrite are
consistent with the foregoing EXAFS analysis results. In
addition, the affinities of oxyanions for binding on the mineral
surfaces are also dependent upon the stabilities of sorption
species. As discussed above, inner-sphere surface complexes are
relatively more stable than outer-sphere complexes.””** In view
of this, Mo(VI) would prefer to interact with 6-MnO, in the
ferromanganese nodules and form stable inner-sphere com-
plexes.

The preferential binding behavior of As onto ferrihydrite
rather than 6-MnO, can be interpreted from the surface
properties of iron and manganese (oxyhydr)oxides and the
stability of the surface-adsorbed species. A previous surface
complexation modeling showed that the surface site density of
goethite (0.81 sites nm™>) was higher than that of birnessite
(0.45 sites nm™*).> More importantly, the adsorption
equilibrium constants of As(V) on the active sites of goethite
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Table 2. Local Structure of AsO, Tetrahedra Adsorbed on Ferrihydrite Surfaces and FeO, Tetrahedra in the Crystalline Lattice

second neighboring shell third neighboring shell

of Ferrihydrite
first neighboring shell
coordination geometry bond CN R (A)
AsO, tetrahedra on ferrihydrite As—O 4.0 1.71
FeO, tetrahedra in ferrihydrite Fe—-O 4.0 191

bond CN R (A) bond CN R (A)
As—0-0 12 3.08 As—Fe 1.3 3.30
Fe—0O-0 3.0 3.11 Fe—Fe 10.0 3.38

HG ferromanganese
nodules

ES complexation

Figure 9. Schematic illustration on the potential immobilization mechanisms of As and Mo by HG ferromanganese nodules.

were much higher than those on the binding sites of
birnessite.”> It was reported that ferrihydrite had a bigger
surface area, greater surface site density, and higher Se(IV)
sorption capacity than goethite.”* By consideration of the
similar sorption mechanisms of As(V) and Se(IV) on the Fe
and Mn (oxyhydr)oxides,”>*® one can expect that As(V)
would be preferentially immobilized by ferrihydrite rather than
0-MnO, in the HG ferromanganese nodules.

In addition to the surface properties, the unique crystalline
structure of ferrihydrite may also contribute to the preferential
binding of As(V). Previous real-space simulation of the pair
distribution function suggested that the ideal ferrihydrite
structure was composed of 80% FeOg octahedra and 20% FeO,
tetrahedra.”” Herein, the presence of FeO, tetrahedra may
provide the potential opportunity for the lattice substitution of
AsO, tetrahedra. To verify this hypothesis, the local structure
of AsO, tetrahedra retained on ferrihydrite surfaces is
compared to that of FeO, tetrahedra in ferrihydrite extracted
using CrystalMaker, version 2.2.4.% As listed in Table 2, the
Ru_o value (1.71 A) in AsO, tetrahedra is slightly shorter
(~10%) than the mean Rg,_o value (1.91 A) in FeO,
tetrahedra. In addition, the Ry,_o_o (3.11 A) and Ry, p.
(3.30 A) values in the second and third coordination shells
are well comparable to the Rg._o_o (3.08 A) and Ry,_p. (3.38
A) values in ferrihydrite. Under such circumstances, the AsO,
tetrahedra can be possibly incorporated into the crystalline
structure of ferrihydrite by substituting the FeO, tetrahedra.

B CONCLUSION

This work reported the distribution trends and enrichment
mechanisms of As and Mo in the HG ferromanganese nodules.
According to the XAS analyses, positively charged ferrihydrite
and negatively charged 6-MnO, were identified to the host
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phases of As and Mo, respectively. These results were
inconsistent with those proposed earlier from the sequential
extraction approach, indicating the potential risk of adopting
the latter to identify the distribution of As and Mo in natural
ferromanganese oxides. In addition, the inner-sphere surface
complexation of Mo on 6-MnO, and As on ferrihydrite as well
as the potential incorporation of AsO, into the ferrihydrite
structure (Figure 9) highlighted the importance of specific
chemical binding toward their immobilization. The identi-
fication of As and Mo distribution and speciation in the HG
ferromanganese nodules would help predict their migration
and fate in the corresponding marine environment. In view of
the different mineralogical constituents of HG, DG, and HT
ferromanganese oxides, additional studies are still required to
further distinguish the enrichment mechanisms of trace
elements in various natural ferromanganese samples with
disparate origins.
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