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ABSTRACT

Nanophase Fe-oxyhydroxides in freshwater ferromanganese nodules (FFN) from Green
Bay, Lake Michigan and adsorbed arsenate have been investigated by X-ray powder
diffraction (XRD), high-resolution transmission electron microscopy (HRTEM), Z-contrast
imaging, and ab-initio calculations using the density functional theory (DFT). The samples
from northern Green Bay can be divided into two types: Fe-Mn nodules and Fe-rich nodules.
The manganese-bearing phases are todorokite, birnessite, and buserite. The iron-bearing
phases are feroxyhyte, nanophase goethite, 2-line ferrihydrite, and nanophase FeOOH with
guyanaite structure. Z-contrast images of the Fe-oxyhydroxides show ordered FeOOH nano-
domains with guyanaite structure intergrown with nanophase goethite. The FeOOH
nanophase is a precursor to the goethite. Henceforth, we will refer to it as “proto-goethite”.
DFT calculations indicate that goethite is more stable than proto-goethite. Our results suggest
that ordering between Fe and vacancies in octahedral sites result in the transformation from
feroxyhyte to goethite through a proto-goethite intermediate phase. Combining Z-contrast
images and TEM-EDS reveals that arsenate (AsO,>) tetrahedra are preferentially adsorbed on
the proto-goethite (001) surface via tridentate adsorption. Our study directly shows the
atomic positions of Fe-oxyhydroxides with associated trace elements. The methods can be
applied for identifying structures of nano-phases and adsorbed trace elements and heavy

metals.

Keywords. XRD, HRTEM, Z-contrast imaging, ab-initio, 2-line ferrihydrite, proto-

goethite, nanophase goethite, feroxyhyte, ferromanganese nodule, arsenic
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1. INTRODUCTION

Freshwater ferromanganese nodules (FFN) are found in lakes throughout the northern
temperate latitudes and are often associated with glacial debris (Rossmann and Callender
1968). Glaciated regions around Green Bay, Lake Michigan contain sediments derived from
Precambrian rocks that may be plentiful sources of iron, manganese, and trace elements
(Rossmann and Callender 1968). Dissolved metals from glacier-derived sediments contribute
to the formation and chemistry of the Green Bay FFN on the surficial sediments, where
sedimentation rates are low (Callender et al. 1973). Previous studies of Green Bay nodules
provide information on their mineralogy, occurrence, bulk chemical composition, and
bacterial population relationships (Rossmann and Callender 1968; Edgingto and Callender
1970; Robbins and Callender 1975; Christensen and Chien 1981; Rossmann and Edgington
2000; Stein et al. 2001). However, few studies have addressed nanophase Fe minerals and
their trace-element binding behavior in Green Bay nodules (Stein et al. 2001). In contrast,
ocean ferromanganese nodules have been actively discussed because they are more likely to
be economically viable ore deposits and they contain much higher concentrations of trace
metals than those formed in the freshwater environment (Marcus et al. 2004; Novikov and
Bogdanova 2007; Feng et al. 2012; Atkins et al. 2014; Manceau et al. 2014a).

Green Bay nodules contain nanophase Fe-oxyhydroxides: feroxyhyte, nanophase
goethite, and 2-line ferrihydrite (Callender et al. 1973). The nature of some of the iron
oxyhydroxides is still perplexing due to their highly defective and disordered crystal
structures. Nanophase goethite is reported to be the major Fe-oxyhydroxide in lacustrine
environments (Fontes et al. 1992; Manceau et al. 2003; Handler et al. 2009). Feroxyhyte has
a disordered structure with cations distributed semi-randomly over the anion interstices (Drits

et al. 1993a). The feroxyhyte generally occurs with its polymorphs, nanophase goethite
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(Koch et al. 1995; Majzalan et al. 2008). Ferrihydrite, a common Fe-oxyhydroxide mineral in
oxidized sediments, exists as highly defective nanoparticles (Drits et al. 1993b; Michel et al.
2007a; Manceau 2009; Harrington et al. 2010; Parise et al. 2010). The structure of
ferrihydrite is still controversial (Michel et al. 2007; Harrington et al. 2010; Parise et al. 2010;
Manceau 2011; Manceau et al. 2014b).

Nanophase iron oxyhydroxides have large surface areas and high chemical activity, both
of which contribute significantly to the adsorption of trace elements (Cornell and
Schwertmann 2003; Marcus et al. 2004; Barron and Torrent 2013). Previous studies revealed
that Fe-oxyhydroxides preferentially incorporates As, U, and V (Nowlan 1976; Palumbo et al.
2001; Koschinsky and Hein 2003; Manceau et al. 2007a; Manceau et al. 2014a). The
preference of oceanic ferromanganese nodules for adsorption of As(V) is well known
(Palumbo et al. 2001; Marcus et al. 2004; Manceau et al. 2007a; Manceau et al. 2014a), but
the adsorption behavior with respect to As(V) of freshwater ferromanganese nodules are
much less studied (Callender et al. 1973; Manceau et al. 2007b).

The goal of this study is to better understand the occurrence of nanophase Fe-
oxyhydroxides and their incorporation of arsenate in freshwater ferromanganese nodules
from Green Bay, Lake Michigan. We used X-ray powder diffraction (XRD), high-resolution
transmission electron microscopy (HRTEM), scanning transmission electron microscopy
(STEM), and ab-initio using density functional theory (DFT) calculations to examine the
nanophase mineralogy and the As(V) behavior in nanophase iron oxyhydroxides. We
observed feroxyhyte, nanophase goethite, 2-line ferrihydrite, and nanophase FeOOH with
guyanaite structure, a precursor to goethite. The proto-goethite (intermediate phase between
feroxyhyte and goethite) was the main focus of Z-contrast images and ab-initio calculations

in order to determine its structure, thermodynamic stability, and adsorption behavior towards
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As(V).

2. SAMPLESAND METHODS
2.1 Freshwater ferromanganese nodules

The selected FFN samples for this study were previously studied by Callender et al.
(1973). Samples were collected from the uppermost ~10 cm of lake-bottom sediments in the
northern Green Bay, Lake Michigan (Fig. 1). Callender et al. (1973) proposed that the
different solubility of Fe and Mn from sediments’ weathering products may be the primary
control on the Green Bay FFN chemistry. Green Bay nodules vary in diameter from 0.5 to 5
mm and can be divided into two types: Fe-Mn nodules and Fe-rich nodules (Fig. 2). Fe-Mn
nodules consist of both black Mn-oxides and reddish brown Fe-oxyhydroxides (Fig. 2A). Fe-
rich nodules are more spherical and are dominated by yellowish and red-brownish Fe-

oxyhydroxides (Fig. 2B).

2.2 Experimental methods

We prepared the polished thin sections with a thickness of 50 pm for XRD analysis. X-
ray diffraction patterns were collected on 2-D image-plate detector by using a Rigaku Rapid
II instrument (Mo-Ko radiation) in the Geoscience Department at the University of
Wisconsin-Madison. Two dimensional images were converted to produce conventional 20 vs.
intensity patterns using Rigaku’s 2DP software. Sections of nodules were analyzed from the
inner part to outer layer using a 0.3 mm diameter collimator. X-ray diffraction data were
compared with published data for natural 2-line ferrihydrite, including reference files of
goethite (PDF#00-029-0713), feroxyhyte (PDF#00-013-0087), birnessite (PDF#00-043-

1456), buserite (PDF#00-032-1128), and todorokite (PDF#00-038-0475).
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High-resolution TEM images and selected-area electron diffraction (SAED) analyses
were performed using a Philips CM200-UT microscope operated at 200 kV equipped with
GE light-element energy-dispersive X-ray spectrometer (EDX) in the Materials Science
Center at the University of Wisconsin-Madison. Z-contrast images were carried out using an
FEI Titan 80-200, operated at 200 kV and equipped with an EDAX high-resolution EDS
detector and a Gatan image filtering system. This instrument is capable of imaging single
atoms with ~0.1 nm spatial resolution in STEM mode (Xu et al. 2014a). The STEM method
uses the high-angle annular dark-field (HAADF) detector to support the most highly localized
Is Bloch state imaging (Pennycook et al. 2000). The Z-contrast imaging is a powerful tool for
determining crystal structures, vacancies, and other defects (Shen et al. 2014; Xu et al.
2014b).

Ab-initio calculations were implemented in the Vienna ab-initio simulation package
(VASP, (Kresse and Furthmuller 1996)). The general gradient approximation (GGA) with the
Perdew, Burke, and Ernzerhof (PBE) parameters was employed (Perdew et al. 1996). The
projector-augmented wave (PAW) method with an energy cutoff of 700 eV was used. The
PAW potentials were generated with the following valence electronic configurations:
3p®3d’4s' for Fe and 2s*2p* for O. K-point meshes of 48 irreducible k-points were used for
calculations. The electronic SCF-spell out convergence tolerance (EDIFF) was set to 107.
The systems were first fully relaxed in terms of internal coordinates, unit-cell volume and
shape. Then, static calculations were performed to obtain the ground state energy of each
system. In order to consider the on-site Coulomb interactions of the 3d electrons in Fe atoms,
a GGA+U method described by Dudarev et al. (1998) was employed. The parameters were
set at U =4 eV and ] = 1 eV as previously used for the calculations of Fe-oxyhydroxides

(Pinney et al. 2009). Spin-polarized calculations were performed with initial
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antiferromagnetic magnetic configurations (Cornell and Schwertmann 2003). The zero-point
energies (ZPEs) for proto-goethite and goethite were approximated by the vibrational

frequencies of the H atoms.

3. RESULTSAND DISCUSSION
3.1 Mineralogy of nanophase Fe-oxyhydroxides

Major diffraction peaks at 4.18 A (110)g,, 2.69 A (130)g, 2.45 A (111)G, and 1.71 A
(221)g; indicate the presence of nanophase goethite (Fig. 3). Diffraction patterns of
feroxyhyte contain four main peaks at 2.55 A (100)pxy, 2.23 A (101)pxy, 1.70 A (102)gyy, and
1.47 A (110)gy, (Fig. 3). Both nodules show two broad humps in the background, centered at
~2.6 A and ~1.5 A, indicating the presence of 2-line ferrihydrite (Fig. 3). The identified
manganese phases are todorokite, birnessite, and buserite (Fig. 3). The mineralogy of
nanophase Mn-oxide in Green Bay nodules is specifically discussed in Lee and Xu (2016).

The TEM images and SAED patterns confirm the presence of nanophase Fe-
oxyhydroxides (Fig. 4). A low-magnification TEM image shows aggregated 2-line
ferrihydrite with the SAED pattern showing two broad diffraction rings corresponding to ~2.5
A and ~1.5 A (Fig. 4A). Figure 4B shows aggregates of goethite and 2-line ferrihydrite
nanocrystals with their SAED pattern. The HRTEM image shows lattice fringes of the
goethite nanoparticles and pseudo-hexagonal lattice fringes from feroxyhyte or proto-goethite
(Fig. 4C). Hexagonal shaped nano-crystals of disordered Fe-oxyhydroxide (feroxyhyte)
display ~2.5 A lattice fringes parallel to the edges of the crystal (Fig. 4D). X-ray energy
dispersive spectra show that disordered Fe-oxyhydroxides contain more Si, P, Ca and trace
elements As and Ni than the goethite-rich domains (Figs. 4E and 4F).

The Z-contrast image (Fig. 5) directly shows the positions of Fe (bright spots), whereas
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positions of oxygen and hydrogen are omitted for clarity because their scattering of electrons
is much weaker than that from Fe atoms. The noise-filtered Z-contrast image of the ordered
domain and its fast Fourier transform (FFT) pattern show the hexagonal arrangement of Fe-
positions (Fig. 5). The [001]-zone-axis of FeOOH with guyanaite structure (i.e. proto-
goethite), feroxyhyte, and hematite can explain the observed hexagonal arrangement of Fe
atoms; however the observed hexagonal distribution of Fe atoms does not occur in goethite
along any direction (Fig. 6). The ideal feroxyhyte model shows the hexagonal pattern of Fe
atoms along the c-axis, however, the cation positions of feroxyhyte are disordered and
distributed semi-randomly over the anion packing (Drits et al. 1993b). Hematite is not a
possible phase since it is not detected by XRD and HRTEM.

A [010]-zone-axis Z-contrast image shows domains of nanophase goethite and proto-
goethite (Fig. 7). Upper and central areas show nano-domains of FeOOH with the guyanaite
structure (proto-goethite) intergrown with the goethite since the Fe atoms of both goethite
and proto-goethite overlap along the b-axis (Fig. 7). A proposed model illustrated in Figure 8
matches well with the Z-contrast domains (Figs. 7 and 8). The Z-contrast image (Fig. 7)
indicates a (010) interface between nanophase goethite and proto-goethite through edge-
sharing (Fig. 8). On the contrary, hematite and feroxyhyte models cannot explain the
observed Z-contrast image along any direction.

We carried out ab-initio calculations using the DFT method to obtain detailed atomic
positions of the proto-goethite and relative energies of the FeOOH polymorphs. Polymorphs
of FeOOH are generally orthorhombic (goethite, lepidocrocite, and y-FeOOH) and pseudo-
tetragonal (akaganéite and B-FeOOH) (Rosso and Rustad 2001; Cornell and Schwertmann
2003). Although several structures of FeOOH polymorphs have been recognized, the

energetic relations among them remain controversial (Laberty and Navrotsky 1998; Rosso
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and Rustad 2001).

The proto-goethite structure calculated for 0 K is shown in Table 1 and is based on the
space group of Pm2;n. Proto-goethite has the same chemical composition as goethite (a-
FeOOH), but it is made up of single chains of edge-sharing FeOg octahedra (Fig. 8). The
structure resembles high-pressure phases of FeOOH and InOOH (Chenavas et al. 1973;
Cornell and Schwertmann 2003). Proto-goethite consists of oxygen and hydroxyl sheets
stacked in hexagonal (ABAB) sequences along the c-axis, and Fe atoms occupy 50% of the
octahedral sites in each layer (Fig. 8). The overlay of the Z-contrast image with the structure
model of proto-goethite along the [001]-zone-axis and [010]-zone-axis (Figs. 5B and 7C)
illustrates the good agreement between the two.

The unit-cell parameters of the calculated goethite and proto-goethite (Table 2) are close
to previous experimental data (Chenavas et al. 1973; Gualtieri and Venturelli 1999). The
larger difference between the calculated and experimental values for akaganéite arises from
the presence of chloride in its structure (Post et al. 2003). The calculated energy of goethite is
the lowest among the four FeOOH polymorphs (Table. 3 and Fig. 9A), and the relative
energies of proto-goethite, lepidocrocite and akaganéite with respect to goethite are 5.61,
13.03, and 27.35 kJ/mol, respectively. The calculated H vibrational wavenumbers for goethite
and proto-goethite are 2864 cm™, 1009 cm™, 920 cm™ and 2401 cm™, 1238 cm™, 1046 cm™,
respectively. The values for goethite are in agreement with previous IR experimental data
(Christensen and Christensen 1978; Pinney et al. 2009). Calculated zero-point energies (ZPEs)
are 28.67, 28.02, 28.85 and 29.96 kJ/mol per H atom for goethite, proto-goethite,
lepidocrocite and akaganéite, respectively (Table. 3). The calculated ZPE for goethite (28.7
kJ/mol per H atom) is slightly lower than a previous calculation (29.6 kJ/mol per H atom)

(Pinney et al. 2009). Including this ZPE corrections, goethite is the most stable phase. The
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calculated relative stabilities is overall similar to the experimental data (Laberty and
Navrotsky 1998) (Fig. 9A) and earlier DFT results (Rosso and Rustad 2001). However,
compared to Rosso and Rustad data, our results predict that proto-goethite is slightly less
stable than goethite (Fig. 9A). Goethite should be the most stable polymorph based on its
occurrence in nature. It is likely that a disordered structure of feroxyhyte will have higher
energy than proto-goethite, although its exact energy position is not constrained.

The XRD data, Z-contrast images, and DFT calculations allow to depict the formulate
transformation pathway models for the three Fe-oxyhydroxides (Fig. 9B). The structures of
feroxyhyte, proto-goethite, and goethite are based on a hexagonal close-packed arrangement
of O-atoms with Fe distributed over half of the octahedral sites (Fig. 9B). Z-contrast images
identified ordered domains and less ordered domains (Fig. 5), which may indicate
transformation from feroxyhyte to proto-goethite. Z-contrast imaging (Fig. 7) shows proto-
goethite domains within a goethite host. Ab-initio calculations suggest that goethite is more
stable than proto-goethite (Table. 3 and Fig. 9A). Therefore, Fe ordering results in the
transformation from feroxyhyte to goethite via a proto-goethite intermediate phase (Fig. 9B).

The [010]-zone-axis Z-contrast image illustrates goethite stacking faults with a stackin
g vector of ~1/2[b+c] (Figs. 7C and Fig 10). An atomic model of goethite stacking faults is
overlaid on the Z-contrast image (Fig. 7C). The stacking fault causes the displacement of
double chains of Fe-O octahedra (Fig. 10).

Proto-goethite phase is identified in XRD patterns from Green Bay nodules (Fig. 11). A
broad peak at ~3.3 A (overlap with a sharp (101) quartz peak) represents the proto-goethite
(011) diffraction (Figs. 11A and 11D). The other diffraction peaks of proto-goethite are

overlapped with peaks from feroxyhyte and nanophase goethite (Fig. 11).
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3.2 As speciation on nanophase Fe-oxyhydroxides

High As concentrations in Green Bay FFN were reported in previous studies (Callender
et al. 1973; Stein et al. 2001). In most freshwater environments with a pH range from 6 to 8,
Fe-oxyhydroxides carry a weak positive charge on the surface (Stumm 1987). As a result, the
negative arsenate (AsO4”) ion can potentially interact with the Fe-oxyhydroxide surfaces.
Callender et al. (1973) reported a positive Fe-As correlation in Green Bay FFN, and they
showed that the As concentration in the outer layers was higher than in the inner part
(Callender et al. 1973). Our TEM-EDS results show that As is strongly associated with proto-
goethite phases (Fig. 4E) instead of nanophase goethite (Fig. 4F), suggesting that immature
outer layers contain more As due to the greater amounts of proto-goethite and feroxyhyte.

A [001]-zone-axis Z-contrast image of proto-goethite shows the adsorbed As (bright
spots) and Fe (less bright spots) (Fig. 12A). The intensity profile diagram from an outlined
area shows similar ratios (I7pe : Igpe: Ias+7rero= 1 : 1.14 : 1.40) in the simulated STEM image
(Figs. 12B, 12C, and 12D). The Z-contrast image suggests that As tetrahedra are adsorbed on
the proto-goethite (001) surface via a tridentate complex (Figs. 12E and 12F). The sequence
of 7Fe atoms and 8Fe atoms support the guyanaite structure of proto-goethite (Fig. 12B). We
can estimate the approximate sample thickness (~3nm) of proto-goethite based on the number
of Fe atoms. The single chain of proto-goethite structurally favors AsO, through the
tridentate complex than the bidentate complex on goethite (Fig. 13), and consequently poorly
crystalline outer layers can contain more arsenic. The structure of proto-goethite is also
preferentially able to adsorb other tetrahedra (SiO4, PO4 and SO4) on the (001) surface via in
tridentate complex (Fig. 13). While the P may be adsorbed by a similar mechanism, Z-

contrast imaging is not sensitive enough to reveal atoms of low atomic number.
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IMPLICATIONS

Results from TEM, Z-contrast imaging, and ab-initio calculations clarify the nature of
the crystal structure and chemistry of nanophase Fe-oxyhydroxides. Z-contrast images and
image simulation successfully show the atomic positions of nanophases and their associated
trace elements since the instrument can image single atoms (sub-A resolution) with
aberration-corrected STEM. The methods can be applied to enhance the understanding of
nano-crystal structure, nanophase transformation, and adsorbed trace elements and heavy
metals. For example, nanosized Fe-oxyhydroxides have a large adsorption capacity in the
control of accumulation and distribution of many toxic elements such heavy metals and
radionuclides. The methods will have potential implications in environmental science for
understanding anisotropic adsorption on mineral surfaces and possible roles of mineral
surfaces in controlling adsorbed heavy metals. Z-contrast imaging is sensitive in revealing
heavy metals in or on light matrix materials.

The nanophase Fe-oxyhydroxides in Green Bay nodules have similar mineralogical
properties with the amorphous component of Mars soils. The CheMin XRD patterns and the
chemical composition of the amorphous component of Rocknest, John Klein, and
Cumberland, Mars suggest that nanophase Fe-oxyhydroxides are present and abundant (Bish
et al. 2013; Blake et al. 2013; Vaniman et al. 2014). It is evidenced in the XRD patterns by
the elevated background between 14° (7.32 A) to 53° (2.00 A) (Supplementary Fig. S1).
Diffraction patterns of Green Bay nodules have the background between ~5.1 A and ~2.0 A
(Figs. 3 and 11), as a result of nanophase Fe-oxyhydroxides. The chemical composition of
amorphous components of Rocknest is 37.20 wt% SiO,, 23.14 wt% FeO+Fe,03, 2.09 wt%
P,0s, and 11.01 wt% SO; (Blake et al. 2013). TEM-EDS results of Green Bay nodules

(especially in proto-goethite rich area) also show high concentrations of these components
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(~18.8 wt% SiO; and ~2.4 wt% P,0s). Thus, it is expected to have similar nanophase Fe-
minerals in the two systems that the single chain structure of proto-goethite strongly able to
absorb the tetrahedral anions. In addition, our Rietveld refinement result of Mars soil
provides an additional cristobalite phase from the XRD pattern of Rocknest at Gale Grater
(Bish et al. 2013) (Supplementary Fig. S1). The cristobalite might be resulted in by meteorite
impact that locally caused by high temperature environment for shocked-melting (Chao et al.

1970).
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FIGURE CAPTIONS

Figure 1. Location of Green Bay FFN samples as red dashed area on the western edge
of Lake Michigan, including average Fe/Mn ratios (modified from Callender et al. 1973).

Figure 2. Optical images of hand specimens of Green Bay FFN: (A) Fe-Mn nodules and
(B) Fe-rich nodules.

Figure 3. X-ray diffraction patterns of Green Bay FFN taken with 0.3 mm collimator,
including natural 2-line ferrihydrite, and other reference XRD patterns. Yellow circles are the
spots of XRD beam. Bus = buserite; Bir = birnessite; Fxy = feroxyhyte; Gt = goethite; Tod =
todorokite; Q = quartz.

Figure 4. Bright-field TEM, SAED, HRTEM, and Z-contrast image showing nanophase
Fe-oxyhydroxides: (A) the aggregates of 2-line ferrihydrite with its SAED; (B) the aggregates
of 2-line ferrihydrite and goethite nanocrystals with their SAED pattern (inserted at up-right
corner); (C) a HRTEM image of the Fe-oxyhydroxides showing goethite nanocrystals and
feroxyhyte or proto-goethite nano-crystals; (D) a Z-contrast image of a hexagon-looking
disordered Fe-oxyhydroxide (possible feroxyhyte); (E-F) X-ray EDS spectra from proto-
goethite-rich and nanophase goethite-rich areas. Gt = goethite; Fxy = feroxyhyte. Weak peaks
from P and As are evident in the spectrum from proto-goethite dominated area (E).

Figure 5. A [001]-zone-axis Z-contrast image showing ordered hexagonal pattern of Fe
atoms: (A) Z-contrast image and its FFT pattern, and (B) a noised-filtered image of the
outlined area in A. The structure model of proto-goethite is overlaid on the upper-right corner.

Figure 6. Fe, O, and H positions of goethite, proto-goethite, feroxyhyte, and hematite
along [001]-zone-axis. The Fe, O, H atoms are colored in brown, red, and blue, respectively.
Obviously, goethite does not match the Z-contrast image in Fig. 5.

Figure 7. (A) a [010]-zone-axis Z-contrast image showing interface between proto-
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goethite and a stacking fault in goethite; (B) an FFT pattern from the selected area in A; (C) a
noise-filtered image of the outlined area in A. The unit cell models of goethite along b-axis
(left), and overlapped goethite and proto-goethite (center), and its stacking fault (right) are
overlaid in the image.

Figure 8. Polyhedral model of goethite (light ocher) and proto-goethite (brown) along
[100]-zone-axis with their atomic models along [010]-zone-axis.

Figure 9. (A) Energy differences of other FeOOH polymorphs with respect to goethite,
and (B) Ball-and-stick models of feroxyhyte, proto-goethite, and goethite along [100]-zone-
axis. The Fe, O, H atoms are colored in brown, red, and blue, respectively.

Figure 10. Polyhedral drawings of the goethite stacking fault (~1/2[b+c]) along the
[100]-zone-axis and ball-and-stick models along [010]-zone-axis.

Figure 11. A X-ray diffraction pattern from a Green Bay Fe-rich nodule with other
reference patterns: (a) a XRD pattern of Fe-rich nodule, (b) a natural nanophase goethite, (c)
calculated XRD pattern of feroxyhyte with particle size of 5 nm (Drits et al. 1993b), (d)
calculated XRD pattern of proto-goethite with particle size of 5 nm, and (e) a natural 2-line
ferrihydrite sample. Gt=goethite, Fxy=feroxyhyte, and Q=quartz.

Figure 12. (A) a [001]-zone-axis Z-contrast image of proto-goethite, bright spots are
positions of Fe atom columns. Very bright spots are As atoms on the surface right above Fe;
(B) the intensity profile of an outlined area from X to Y; (C) the intensity profile of simulated
Z-contrast image; (D) a simulated Z-contrast image; (E-F) Polyhedral models showing
arsenate adsorption on (001) surface of the proto-goethite.

Figure 13. Polyhedral models of (001) surface of goethite and proto-goethite with
tetrahedral models of arsenate (scorodite), silicate (fayalite), phosphate (apatite), and sulphate

(jarosite).
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Table 1. Atomic coordinates and bond distance in
proto-goethite based on Pm2;n setting.

Space group Pm2;n

Atom X y z
Fe 0.0000 0.9871 0.2753
H 0.0000 0.5035 0.1958
(0] 0.0000 0.3246 0.4862
02 0.0000 0.6353 0.0139
Fe-octahedra Hydrogen bond

Fe-O1 (2) 1.9745 A H-02 1.0208 A
Fe-O1 1.8903 A

Fe-02 (2) 2.0731 A

Fe-02 2.0641 A




Table 2. Unit-cell parameters of goethite, proto-goethite, lepidocrocite, and akaganéite.

. Space a/A . b/A , c/A . p .
Mineral diff(%) diff(%) diff(%) diff(%)
group Cal. Exp. Cal.  Exp. Cal. Exp. Cal. Exp.
Goethite Pmnb 2.982 3.013 -1.0% 9.853 90913 -0.6% 4.504 4.580 -1.7%
Proto-goethite Pm2;n 2.960 2.994 -1.1% 4.898 4.937 -0.8% 4347 4432 -1.9%
Lepidocrocite Bbmm 3.021 3.06 -1.3% 12.132 12.40 -22% 3.874 3.87 0.1%
Akaganéite 12/m 10.440 10.587 -1.4% 3.011 3.031 -0.7% 10.182 10.515 -32% 91.054  90.020 1.1%

Notes: The experimental values for goethite, proto-goethite, lepidocrocite, and akaganéite are measured from (Gualtieri and Venturelli
1999), (Chenavas et al. 1973), (Wyckoff 1963), and (Post et al. 2003), respectively.




Table 3. The calculated energy, ZPE, and AG for four FeEOOH polymorphs.

Energies are in kJ/mol.

Eo AE ZPE AZPE AG
Goethite -2411.2010 28.6706 0
Proto-goethite -2405.5949 5.6060 28.0239 -0.6467 4.9593
Lepidocrocite -2397.3524 13.8486 27.8530 -0.8177 13.0309
Akaganéite -2383.8557 27.3453 28.0181 -0.6525 26.6927

Note: E, is the DFT calculated energy at OK. AE is the relative energy compared to the
energy of goethite. ZPE is the zero point energy. AZPE is the relative ZPE to that of
goethite. AG is the relative total energy (Eo + ZPE) compared to that of goethite.
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