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Abstract

Reactions occurring at ferric oxyhydroxide surfaces play an important role in controlling
arsenic bioavailability and mobility in natural aqueous systems. However, the mechanism by
which arsenite and arsenate complexes with ferrihydrite (Fh) surfaces is not fully understood
and although there is clear evidence for inner sphere complexation, the nature of the surface
complexes is uncertain. In this work, we have used periodic density functional theory
calculations to predict the relative energies, geometries and properties of arsenous acid
(H3AsO3) and arsenic acid (H3AsOs), the most prevalent form of As(IIl) and As(V),
respectively, adsorbed on Fh(110) surface at intermediate and high pH conditions. Bidentate
binuclear (BB(Fe—0)) corner-sharing complexes are shown to be energetically favoured over
monodentate mononuclear complexes (MM(Fe—0)) for both arsenic species. The inclusion of
solvation effects by introducing water molecules explicitly near the adsorbing H3AsO3 and
H3AsO4 species was found to increase their stability on the Fh surface. The adsorption
process is shown to be characterized by hybridization between the interacting surface Fe-d
states and the O and As p-states of the adsorbates. Vibrational frequency assignments of the

As—O and O-H stretching modes of the adsorbed arsenic species are also presented.
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Environmental significance

The interfaces between iron oxides and aqueous solutions play a major role in the
geochemistry of the Earth’s surface environment by controlling the transport and fate of
contaminants and pollutants, both natural and anthropogenic. An atomistic understanding of
the adsorption mechanisms of arsenic species onto iron oxide surfaces is desirable for the
development of efficient adsorptive media for the treatment of arsenic contaminated soils and
surface waters. Our DFT calculations provide a molecular-level insight into the fundamental
process of adsorption of arsenic on Fh(110) surface; predicting the registries of the adsorption

complexes, adsorption energies, structural parameters, vibrational and electronic properties.

1. Introduction

Arsenic contamination of surface and ground waters represents a significant environmental
hazard because of its high toxicity.!> Natural processes, including soil erosion, mineral
leaching, and weathering, are responsible for introducing arsenic into surface water.’
Anthropogenic activities, particularly mineral extraction and processing, can also introduce
arsenic-rich effluents into the environment if not carefully monitored and controlled.*

Adsorption is a widely used technology for the removal of arsenic from solution.’ Reactions
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occurring at reactive iron oxide-hydroxides surfaces help control the sequestration, release,
transport and transformation of arsenic-containing species in aqueous environments. It is well
established that arsenic species form predominantly inner sphere complexes at hydrous iron
oxide surfaces,®!! but the exact bonding geometries of arsenite and arsenate (mono- or

bidentate) on the surfaces are still unknown.

Ferrihydrite (Fh) is a poorly crystalline and metastable ferric oxyhydroxide (Fe10014(OH)2),
which is the main form of ferric iron in surficial environments. Because of its small size
(ranging from 1-6 nm),'>!? its abundance, and the geochemical reactivity of the constituent
ferric ion, ferrihydrite plays an important role in iron cycling and in controlling the mobility
and bioavailability of nutrient and toxic elements in the near-surface environment.'"!
Lafferty and Loeppert (2005) compared the adsorption and desorption behaviour of As(V)
and As(III) by ferrihydrite within the pH range from 3 to 11 and found that As(V) and As(III)
strongly adsorb onto its surfaces.'® The competitive adsorption of arsenate and arsenite with
silicic acid at the ferrihydrite—water interface has been studied by Gao et al. over a wide pH
range using experimental and modelling techniques.!® Their extended X-ray absorption fine
structure (EXAFS) analyses and DFT modeling suggested that arsenate tetrahedra are bonded
to Fe metal centers via binuclear bidentate complexation with average As(V)—Fe bond
distance of 3.27 A.' Arsenite on the other hand was suggested to form both mononuclear
bidentate and binuclear bidentate complexes at the ferrihydrite—water interface, as indicated
by two As(Ill)-Fe bond distances of approximately 2.92-2.94 and 3.41-3.44 A,
respectively.!” From EXAFS spectroscopy analysis, Waychunas et al. (1993) argued for
bidentate complexes of arsenate at the ferrihydrite surface, resulting from corner-sharing

9

between AsOs tetrahedra and edge-sharing pairs of FeOg octahedra.” Evidence of

monodentate arsenate adsorption on ferrihydrite has been reported by Jain ez al. (1999).1



Notwithstanding the extensive studies on surface complexation of arsenic at ferrihydrite, the
fundamental adsorption mechanism, including the structures of the adsorption complexes,
adsorption energies, and As—surface interatomic bond distances remain unresolved. The
underlying physical driving forces that control the reactivity of the arsenic species with
ferrihydrite surfaces also remain poorly understood, due to the diverse interactions and
reactions occurring at the mineral-water interfaces. Such information cannot be obtained
directly from EXAFS spectroscopy analysis, but molecular simulations offer an alternative
route to providing mechanistic insights into the adsorption process and accurately
determining the structures of arsenite and arsenate adsorption complexes onto iron oxide-
hydroxide surfaces, which is critical for the quantification of the arsenic adsorption.®>*2¢ For
example, Goffinet and Mason employed spin-polarized DFT calculations to study inner-
sphere As(III) complexes on hydrated o-Fe,Q3(0001) surface models.?’ Blanchard and co-

workers have used DFT calculations to model the adsorption of arsenate on the hydrated

(112) hematite surface, investigating charged inner- and outer-sphere complexes.”?’ DFT
modeling has also been employed to understand the adsorption reactions of arsenic on the
surfaces of ferric hydroxides,®?* and iron sulfides.?’*® However, to date, no systematic
molecular-level investigation has been conducted to determine the relative energies,
geometries and properties of arsenite and arsenate complexes on ferrihydrite surfaces, which

makes this investigation timely.

To gain insight into the mechanisms of inner- and outer-sphere adsorption of H3AsOs and
H3AsOs - the most common forms of As(IIl) and As(V), respectively at the Fh(110) surface
under different pH different conditions, we have employed high quality periodic DFT
calculations where electronic correlations are taken into account within the GGA +U

approach. Our objective is to determine the energetic stability of different adsorption



configurations of H3AsO3; and H3AsO4 at Fh(110) surface under different pH conditions and
extract the corresponding structural information (especially Fe—As and Fe—O interatomic
distances). Insight into the electronic properties of the adsorbate-substrate systems is
provided through analysis of projected density of states and differential charge density iso-
surface contours. Vibrational frequency assignment of the As—O and O—H stretching modes
for the different identified adsorption complexes of both arsenic species is also presented,
which we consider will be useful for future experimental identification of the different

adsorption complexes of As(IIl) and As(V) species at Fh—water interfaces.

2. Computational details

All geometry optimization calculations were implemented using the well-established VASP

code,?%30

which is based on the density functional theory (DFT). The interactions between the
valence electrons and the cores were described with the projected augmented wave (PAW)
method.?! The electronic exchange-correlation potential was calculated using the GGA-PBE
functional®> with a Hubbard correction (PBE+U),** which accounts for the electron
correlation in the localized d-Fe orbitals. The Hubbard correction approach has been shown
to improve experimental agreement in calculated geometries, band structures and magnetic
properties of Fe-containing compounds.**” In this study, Uetr = 4 eV was found to provide
an accurate description of the lattice parameters, interatomic distances and bond angles, in
agreement with experiment. In our calculations each Fe is treated with 14 valence electrons
with 3p®d’s! projectors. Long-range dispersion forces were accounted for in our calculations
using the Grimme DFT-D3 method,*® which is essential for the accurate description of the
interactions between the arsenic species and the ferrihydrite surface. A plane-wave basis set

with a kinetic energy cut-off of 600 eV was tested to be sufficient to converge the total

energy of the ferrihydrite to within 10 eV and the residual Hellman—Feynman forces on all



relaxed atoms reached 107> eV/A. The Brillouin zone was sampled using 13 x 13 x 9 and 7 x
7 x 1 Monkhorst-Pack®® K-points mesh for bulk and surface calculations, respectively, which

ensures electronic and ionic convergence.

The ferrihydrite structure (Feij0O14(OH)2) reported by Michel et al.*, including H atoms

! was used as the starting

whose initial positions were taken from the akdalaite structure,”
point for the bulk ferrihydrite optimizations (Figure 1). Detailed descriptions of the structure
and the optimized unit cell parameters are presented in Section 3.1. The Fh(110) surface,
which is the most stable surface and one of the most commonly observed facets on
ferrihydrite nanoparticles,** was created from the relaxed bulk material using the METADISE
code,* which ensures the creation of surfaces with zero dipole moment perpendicular to the
surface plane.** However, because of the adsorption of charged oxyanion species, in all
surface calculations we have applied the Makov-Payne dipole correction perpendicular to the
surface, as implemented in the VASP code,” to ensure that there is no net charge or
monopole/dipole perpendicular to the surfaces, which might otherwise affect the adsorption
energetics and structures. The corrections for the total energy are calculated as the energy
difference between a monopole/dipole and quadrupole in the current supercell and the same
dipole placed in a super cell with the corresponding lattice vector approaching infinity. The
converged Fh(110) surface slab was constructed of eight iron layers, of which the five
topmost layers were allowed to relax during optimization, while the bottom three layers were
kept fixed in their bulk positions so as to represent a semi-infinite bulk crystal. Convergence
of the surface energy of the Fh(110) slab with an increase in the number of topmost layers
that are allowed to relax unconstrainedly is shown in the Supporting Information Table S1. A

vacuum region of 15 A along the c-axis was tested to be sufficient to avoid interactions

between the surface slab and its periodic image.



Different coordination modes of adsorbed H3AsOs; and H3AsOs species were examined,
involving bidentate binuclear (BB) and monodentate mononuclear (MM) configurations, in
order to obtain the most stable adsorption complexes. The adsorption energy (Eads), which
quantifies the strength of the adsorbate—surface interactions, was calculated as follows:

Ea4s = E(Fh+arsenic) — [ E(Fh) + E(arsenic)] (D)
where E(Fh+arsenic) represents the total energy of the ferrihydrite-arsenic complex, E(Fh)
corresponds to the total energy of the appropriate hydrated Fh(110) surface, and E(arsenic)
is the total energy of the free or solvated H3AsOz or H3AsOs molecules. The effect of
solvation on the energies of aqueous and surface species was modelled by inclusion of four
explicit water molecules near each adsorbate, including the initial surface functional groups.
The total energies of the isolated or solvated H3AsOs; or H3AsOs4 molecules, needed as

reference energies, were calculated in a box of 15 x 15 x 15 A3,

Insight into electron density redistribution within the Fh—adsorbate systems due to arsenic
adsorption on the Fh(110) surface was gained from differential charge density (Ap) iso-
surface plots, obtained as follows:

Ap = p(Fh+arsenic) — [p(Fh) + p(arsenic)] 2)
where p(Fh+arsenic), p(Fh) and p(arsenic) represent the electron density of the Fh-arsenic
complex, the appropriately hydrated Fh(110) surface and the free H3AsOs or H3AsO4
molecules, respectively. Vibrational frequency calculations were performed within the
framework of the self-consistent density functional perturbation theory.*® Vibrational modes
were assigned by using the Jmol software to visualize the eigenvectors, which tells us how

the atoms are displaced in the vibration.



3. Results and discussions
3. 1 Bulk structural properties

140 can be described

The crystalline ferrihydrite structure according to the Michel mode
adequately by a single-phase model, with the hexagonal space group P63mc and a unit cell
with average dimensions of a = ~5.95 A and ¢ = ~9.06 A (Figure 1). In its ideal formula of
Fe10014(OH)a, the ferrihydrite structure consists of 20% FeOs (i.e. 20% tetrahedral Fe sites)
and 80% FeOg (i.e. 80% octahedral Fe sites) polyhedra (Figure 1a). The Fe atoms are
arranged in layers perpendicular to the crystallographic c-axis, occupying three symmetry-
distinct sites, denoted as Fel, Fe2, and Fe3, as shown in Figure 1b. The Fel sites comprise
edge-sharing Fe-octahedra forming layers consisting exclusively of Fel. These layers are
separated by a mixed layer of octahedrally coordinated Fe2 sites (which occupy a different

Wyckoff symmetry position and have slightly different Fe—O bonding geometries than the

Fel octahedra) and tetrahedrally coordinated Fe3 sites.

Using the theoretical methods described above and allowing all atoms to fully relax until the
required accuracy was reached, we calculated the unit cell parameters at a = 5.955 A and
c=9222 A (Table 1), which compares well with an earlier theoretical prediction (a = 5.97A
and ¢ = 9.37 A),Y and experimental values reported by Michel et al.** (Table 1). Our
calculated tetrahedral and octahedral Fe—O bond distances also show good agreement with
experiment and earlier theoretical predictions.*’*8 The fully relaxed ferrihydrite structure
obtained shows an approximately symmetrical tetrahedral Fe3—O bonding arrangement, with
four Fe—O bonds of nearly equivalent length (1.903 A x 1, 1. 913 A x 3) consistent with
tetrahedral Fe®*. The experimental tetrahedral Fe—O bond distance along the c-axis of the
structure is only 1.790 A, while the other three Fe—O bonds in the tetrahedron are 1.952 A in

length.*® The octahedral Fel-O and Fe2—O bond distances are calculated respectively at



1.968 A x 2;2.059 A x 2; 2.029 A; and 2.066 A; 1.942 A x 3; and 2.183 A x 3. The O-H
bond distance in the ferrihydrite structure converged at 0.985 A, similar to the 1.000 A

obtained from a previous theoretical study.*’

The arrangement of the oxygen anions and the high-spin iron cations in ferrihydrite naturally
affects the orientation of the spin magnetic moment of the iron ions. In this study, we have
probed different magnetic configurations and found that the lowest energy (ground) state
corresponds to the ferrimagnetic structure (Figure 1b), in agreement with earlier theoretical
predictions,*” and experimental observations.** The ferrimagnetic structure corresponds to a
layered structure in which planes of Fe moments alternate in alignment along the c-axis.*’*

The magnetic moment for the octahedral Fel and Fe2 are calculated at 4.20 4B and 4.17 uB,

whereas the tetrahedral Fe3 has a magnetic moment of 4.13 uB.

3.2 Surface model and adsorption conditions

The Fh(110) surface slab was constructed of eight layers of iron and contains a total of 112
atoms (Fe = 40, O = 64, and H = 8). The Fh(110) surface has two possible terminations
(term-A and term-B) as shown in the Supporting Information, Figure S1, both of which were
considered in order to determine the most stable termination. To quantify the structural
stabilities of the two terminations of the Fh(110) surfaces, we have calculated their surface

energies (7, ), defined as:

Erelaxed _nE
}/r — slab bulk (3)
2A

where E’** is the energy of the relaxed slab, nE,,, is the energy of an equal number (n) of

bulk Fh units, and A is the area of one side of the slab. Under dehydrated and hydrated

conditions, Term-A of the Fh(110) surface is found to be thermodynamically more stable



than term-B, thus Fh(110)-term-A was employed for the subsequent characterization of
arsenic complexation. The surface energies of the dehydrated and hydrated Fh(110)-term-A
surface are calculated at 0.88 and 0.67 Jm 2, whereas those for Term-B are calculated at 1.24
and 0.98 Jm 2, respectively. As is to be expected, hydration of both terminations is found to
have a stabilizing effect, since the adsorption acts to coordinate the water molecules to the
under-coordinated Fe ions, thus providing a closer match to bulk coordination of the surface

species.

The most stable term-A has four octahedral Fe ions (Feo) in the topmost layer, two of which
are in three-fold coordination with oxygen, whereas the other two are in four-fold
coordination with oxygen. The reduction in the coordination number from six, as is found in
the bulk, can be attributed to the breaking of bonds to create the surface. The tetrahedral Fee
ions are in the second layer of the slab, as shown in blue colour (Figure 2 & 3). When the
most stable Fh(110)-term-A surface is hydrated by adsorbing four water molecules at each
topmost Feoe 10n site, two of the water molecules adsorb molecularly at the four-fold Feoct
sites, whereas the other two spontaneously dissociate upon adsorption at the three-fold Feoc
sites, resulting in the formation of an Fh(110) surface with mixed -OH/-H2O composition
(Figure 2). The major interactions between the adsorbing water molecules and the Fh(110)-
term-A surface occur through oxygen and the Feoc: 1ons. The average Fe—O between the O
atoms of the molecular and dissociated water molecules and the interacting Feoct ions was
calculated at 2.102 A and 1.878 A, respectively. pH-dependent Fh(110) surfaces were
considered by changing the number of H* on the surface, i.e. by adjusting the ratio of surface
-OH/-H20 functional groups on the Fh(110) surface, as has been suggested in the literature
(see Figure 4).°% 3! Under high pH conditions, there will be more H* on the surface; hence we

expect all the water molecules to be dissociatively adsorbed (—OH covered surface), as shown
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in Figure 3. The average Fe—OH bond distance was calculated at1.912 A, whereas the newly

formed O—H bonds converge at 1.03 A.

After hydration and hydroxylation of the Fh(110) surface, the topmost Feo ions become
four- and five-fold coordinated by oxygen, although they are still under-coordinated
compared to the bulk. These sites are hence expected to be reactive toward adsorbing As(III)
and As(V) species. In aerobic waters, As(V) is predominately present as H3AsOg at extremely
low pH (< 2) (pKai= 2.19, pKa= 6.94, and pKas= 11.5); within a pH range of 2 to 11, it is
replaced by H2AsOs~ and HAsO4*. For As(IIl), H3AsOj3 appears at low pH and under mildly
reduced conditions (pKai= 9.20), but it is replaced by H2AsOs3™ as the pH increases. Only
when the pH exceeds 12 does HAsO3> appear. In this study, we have used H3AsO3 and
H3AsOys to characterize the reactivity of As(Ill) and As(V) with the Fh(110) surface covered
with either mixed —OH/~H>O composition (intermediate pH) or solely “OH composition
(high pH). For As(V), we have also investigated the interactions of H2AsO4 as that is the

dominant species in the experimental pH range from 4-9.

3.4 Surface adsorption complexes of H3AsO3

Arsenic species have been found to form predominantly inner sphere complexes at hydrous
iron oxide surfaces.’ ! In order to predict the lowest-energy adsorption complexes of H3AsO3
on the Fh(110) surface at intermediate and high pH conditions, different possible inner- and
outer-sphere adsorption modes were examined. Specifically, three coordination modes have
been evaluated: bidentate binuclear (BB), bidentate mononuclear (BM), and monodentate
mononuclear (MM). However, the BM coordination converts to MM coordination during
energy minimization. The optimized geometries of the H3AsO3 with and without solvation by
four H>O molecules at the mixed -OH/-H>O covered Fh(110) surface are shown in Figure S.
The calculated adsorption energies and interatomic bond distances are summarized in Table
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2. The most stable adsorption geometry of H3AsOs3 at the mixed -OH/-H>O covered Fh(110)
surface was calculated to be a bidentate binuclear complex, BB(Fe—O), with and without
solvation as shown in Figure 5 (a & ¢). In the BB(Fe—O) complexes, the H3AsOs3 species
interacts with the surface through two Fe—O bonds which are calculated at 2.091 A and 1.950
A for the solvated complexes, whereas for the non-solvated complexes they are 2.154 A and
1.981 A, as displayed in Figure S. The adsorption energies for the BB complexes were
calculated at —3.60 eV with solvation and —2.53 eV without solvation. The monodentate
mononuclear (MM) complexes (Figure 5(b & d), wherein the H3AsOs3 species interacts with
the Fh surface through a single Fe—O bonds released an adsorption of —2.49 eV with
solvation and —1.25 eV without solvation. The single Fe—O bonds with and without solvation
were calculated at 1.951 A and 2.104 A, respectively. When H3AsOs is adsorbed in an outer-
sphere configuration (Figure Se), a smaller adsorption energy of 1.25 eV is released
compared to the solvated inner-sphere BB and MM complexes, which released adsorption
energies of 3.60 eV and 2.49 eV, respectively. In the outer-sphere complex, H3AsO3 is
stabilized on the surfaces through hydrogen-bonded interactions as displayed on Figure Se.
The large energy difference between the outer- and inner-sphere complexes suggests that
H3AsO3 will preferentially form inner-sphere complexes on the Fh surface, in agreement with
experimental observations.” !° As is evident from the calculated large adsorption energies, the
inclusion of solvation effects through the introduction of four explicit water molecules near
each adsorbate was found to increase the stability of the H3AsOs species on the Fh surface.
The shorter Fe—O bonds calculated for the solvated H3AsO3 complexes compared to the non-
solvated complexes is consistent with the stronger adsorption obtained with the inclusion of
solvation effects. In both inner-sphere BB and MM complexes, we observe a single
deprotonation of H to form a surface hydroxyl species (O—H 1.011 A), suggesting that

As(III) exist as HyAsO3;™ on the mixed —OH/—H>O covered Fh(110) surface. We also observe
12



hydrogen-bonded interactions between the O ions of the H3AsOs3; and the hydrogen of the
solution water molecules (reflected in the short O—H distances in Figure 5), which we
believe contributed to the stability of H3AsOs3 on the surface. Due to the formation of strong
Fe—O bonds, we observed elongations of the As—O bonds in the BB and MM adsorption
complexes (Table 2), which is confirmed via vibrational frequency analysis, presented in
Section 3.7. The strong Fe—O bonds arise from strong hybridization between the interacting
Fe d-states and O p-states, which are characterized by electron redistribution within the

bonding regions (see Supporting Information Figure S3).

At the -OH covered Fh(110) surface (i.e., more H* on the surface), the optimized adsorption
complexes of H3AsOj3 displayed in Figure 6 reveal that the bidentate binuclear (BB(Fe—0))
configuration is thermodynamically the most stable complex, with an adsorption energy of
—3.39 eV compared to —2.23 for the MM(Fe—O) complex and —1.83 eV for the outer-sphere
complex. The smaller adsorption energies calculated at the -OH covered Fh(110) surface
compared to the mixed -OH/-H2O covered surface, suggest that increasing the H* on the Fh
surfaces has a destabilizing effect on the adsorption of H3AsOs. The two interacting Fe—O
bonds in the BB(Fe—0) complex are calculated at 2.142 A and 2.151 A, whereas the single
Fe—O bond in the MM(Fe—0) complex is calculated at 2.278 A, as displayed in Figure 6.
Hydrogen-bonded interactions (displayed in Figure 6) contribute to the stability of both the

inner- and outer-sphere H3AsOj3 adsorption complexes on the “OH covered Fh(110) surface.

3.5 Surface adsorption complexes of H3AsO4and H2AsO4~

As with H3AsOs, we have considered different possible inner and outer sphere adsorption
geometries for H3AsOs on the Fh(110) surface at intermediate pH (mixed -OH/-H>O
composition) and high pH (-OH composition, i.e., more H* on the surface) conditions, in
order to determine the lowest-energy adsorption structures. The optimized geometries of the

13



most stable inner-sphere bidentate binuclear (BB), monodentate mononuclear (MM) and
outer-sphere complexes of H3AsO4 at the mixed -OH/-H>O covered Fh(110) surface are
shown in shown in Figure 7, whereas the calculated adsorption energies and optimized
structural parameters are reported in Table 3. The formation of bidentate binuclear
(BB(Fe—0)) complexes is found to be energetically favoured over monodentate mononuclear
(MM(Fe—0)) complexes. The BB(Fe—O) complexes of H3AsOs released an adsorption of
4.18 eV with solvation (Figure 7c¢) and 2.85 eV without solvation (Figure 7a. The two
interacting Fe—O bonds for the solvated complex were calculated at 1.965 A and 2.003 A,
whereas the non-solvated bonds are calculated at 2.010 A and 2.077 A, as displayed in
Figure 7. Compared to the BB(Fe—O) complexes, the monodentate mononuclear MM(Fe—O)
complexes released an adsorption energy of 2.84 eV with solvation (Figure 7b) and 1.34 eV
without solvation (Figure 7d). In the solvated MM(Fe—O) complex, the Fe—O bond distance
is calculated at 1.987 A, compared to 2.147 A without solvation. The shorter Fe—O bonds
calculated for the solvated complexes, compared to the non-solvated complexes, is consistent
with the stronger adsorption calculated for the solvated complexes. Similar inner-sphere
adsorption complexes were obtained for H2AsO4 ™, although with slightly smaller adsorption
energies compared to H3AsQO4, as shown in Table 3 and the Supporting Information Figure
S2. The weaker adsorption of H2AsO4 can be attributed to the absence of one hydrogen-
bonded interaction with the surface or to the absence of surface OH bond formation resulting
from deprotonation. Hybridization between the interacting Fe d-states and O p-states to form
the strong Fe—O bonds is shown to be characterized by electron redistribution within the

bonding regions (see Supporting Information Figure S4).

When adsorbed in an outer-sphere complex, H3AsOy is stabilized on the surfaces through

hydrogen-bonded interactions, as displayed in Figure 7e, releasing a lesser adsorption energy
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of 2.13 eV compared to the inner-sphere complexes (Table 3). Whereas no deprotonation
occurs in the outer-sphere complex, we observed that in the inner-sphere complexes a single
deprotonation of H3AsOs occurs to form an H2AsOs derivative and a surface hydroxyl
species (average O—H ~1.005 A). The deprotonation of the inner-sphere complexes can be
attributed to the strong Fe—O interactions, which resulted in the weakening of the O—H bond
and hence their subsequent deprotonation onto the surface. Besides the shorter Fe—O bonds in
the solvated inner-sphere complexes, we also observed that hydrogen-bonded interactions
contribute to the increased stability of H3AsO4 on the surface, as displayed in Figure 7. In
addition to elongations of the As—O bonds, we observed O—H bond stretches especially in the
solvated complex (0.978—1.084 A), which can be attributed to the presence of hydrogen-
bonded interactions between the hydrogen atom of H3AsO4 and the O of the surface (Osut) or

water molecules (Owar), as displayed in Figure 7.

At the -OH covered Fh(110) surface, an initial bidentate binuclear (BB(Fe—O)) configuration
of H3AsO4 converts during energy minimization to a MM(Fe—O)-1 complex (Figure 8a),
with single deprotonation to form H2AsOs at the surface and a surface hydroxyl species
(O—H =1.012 A). This complex released an adsorption energy of 2.87 eV, compared to 2.54
eV for a similar MM(Fe—0)-2 complex without deprotonation (Figure 8b). The interacting
Fe—O bonds are calculated at 1.958 A for the deprotonated complex and 2.048 A for the
protonated complex. The outer-sphere complex, wherein the H3AsOy is stabilized on the

surface through hydrogen-bonded interactions, released an adsorption energy of 2.08 eV.

3.6 As—Fe interatomic distances: Calculated verses EXAFS data

Consistent with the findings in the present study, previous EXAFS studies of arsenic uptake

on goethite and ferrihydrite indicate the prevalence of bidentate binuclear binding rather than

monodentate binding of As(IIl) and As(V) onto the surfaces of these oxides.” !
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Monodentate complexes are considered to form only at very low surface sorption densities.!%
115253 Ona-Nguema et al. found, using EXAFS spectroscopy, that As(III) forms bidentate
mononuclear edge-sharing and bidentate binuclear corner-sharing complexes on ferrihydrite.’
Waychunas er al. stated that bidentate site attachment should be strongly favoured, both
thermodynamically and kinetically, over monodentate attachment for As(II).>!! In the
present DFT study, the As—Fe interatomic distances for the interaction of H3AsOs at the
Fh(110) interface were calculated at 3.616 A and 3.185 A for the MM(Fe—0O) complex, with
and without solvation, respectively. For the BB(Fe—O) complexes, As—Fe interatomic
distances were calculated at 3.573 A and 3.606 A with and without solvation, respectively. In
close agreement with our results, EXAFS data suggest As—Fe interatomic distances in the
range of 2.92-3.44 A, for arsenite—Fh interraction.'® For the H3AsOx adsorption complexes in
the present study, the As—Fe interatomic distances were calculated at 3.268 A and 3.402 A
for the MM(Fe—O) complex, with and without solvation, respectively, whereas in the
BB(Fe—0) complexes, the As—Fe interatomic distances were calculated at 3.312 A and 3.142
A with and without solvation, respectively. EXAFS data showed that an As—Fe distance of
3.21-3.25 A dominates arsenate—sorbed ferrihydrite.'>** Fendorf et al. used EXAFS to
investigate As(V) adsorption on goethite (a—FeOOH) surfaces and, based on the different
atomic distances measured, three complexes were postulated: a monodentate mononuclear
complex (As—Fe = 3.6 A), a bidentate binuclear complex (As—Fe = 3.24-3.26 A), and a

).53

bidentate mononuclear complex (As—Fe = 2.83-2.85 A).* We did not, however, observe any

bidentate mononuclear complexes of H3AsOg at the Fh(110) surface.

3.7. Vibrational properties
In order to determine the stability of the different adsorption complexes and provide an

assignment for the As—O and O—H stretching modes of the adsorbed species, we have
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computed the wavenumbers of the normal modes for the different adsorption configurations
of H3AsO3 and H3AsO4 on the Fh(110) with mixed -OH/-H>O composition (Table 4). No
imaginary modes were observed for either arsenic species in any of the different adsorption
complexes calculated, which suggests that the reported adsorption structures are all stable.
Higher vibrational frequencies were calculated for the deprotonated As—O bonds compared to
protonated As—On bonds, which is consistent with the shorter distances calculated for the
deprotonated As—O bonds compared to the longer ones for the protonated As—On bonds.
Similar results were obtained from Raman spectroscopy by Miiller er al. for As(II) and
As(V) in aqueous solutions and adsorbed on iron oxy-hydroxides. Their results indicate that
the As—OH vibrations occur at lower wavenumbers than the uncomplexed As—O vibrations,
which indicates that As—O bonds are shorter and stronger than As—OH.>® For H3AsQs3, the
three As—O stretching modes were calculated at 622, 570, and 526 cm™! for the non-solvated
MM—(Fe—0O) complex compared to 725, 616, and 559 cm™! for the solvated MM—(Fe—O)
complex. For the BB—(Fe—O) complexes, the solvated As—O stretching modes were
calculated at 771, 665, and 448 cm™!, whereas the non-solvated ones were obtained at 772,
683, and 482 cm! (Table 4). Our assigned As—O stretching vibrational modes of the
adsorbed H3AsOs3 species compare closely with those from an experimental work by Loehr et
al.,>® who reported 710, 655, and 655 cm ! for arsenious acid in aqueous solution.

For the H3AsOs species, higher frequencies were calculated for the deprotonated As—O
stretching modes compared to the protonated As—On modes, in agreement with the shorter
distances calculated for the deprotonated (As—O) bond than the protonated (As—On) bonds.

Frequencies within the range of 800—940 cm™!

can be assigned to the free or deprotonated
As—O bonds, whereas those in the range of 600—760 can be assigned to the protonated
As—Ogy bonds. Loehr et al. reported the As—O stretching mode at 790 cm ™! and the As—On

stretching modes at 610 and 570 cm™!' for HoAsO4 species.® Similar assignments were
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reported by Goldberg et al.® Higher frequencies within the range of 2000-3800 cm ™! can be
assigned to the O—H stretching modes, which are similar to the O—H stretching modes of a

water molecule.”’

4. Summary and conclusions

In summary, we have performed a detailed atomic-level analysis of the structural geometries,
vibrational and electronic properties of the adsorption complexes of H3AsO3 and H3AsO4 on
Fh(110) surface at intermediate and high pH conditions, using periodic density functional
theory calculations with dispersion correction. In agreement with EXAFS studies, our
simulations show that bidentate binuclear complexes of both H3AsOs and H3AsO4 are
thermodynamically more favourable than monodentate mononuclear complexes at the Fh
(110) surface. The relatively large adsorption energies calculated for the deprotonated
complexes can be attributed to a number of factors. First, breaking a very weak O—H bond
from either H3AsO3 or H3AsOq species requires less energy than the energy released in the
formation of the stronger OH bonds with surface oxygen. Second, the lower coordination of
the surface-terminating Feoc: ions contribute to their stronger reactivity towards the adsorbing
H3AsO3 or H3AsO4 species, as reflected in the short Fe—O bonds calculated. Third, the
enhancement in adsorption energy upon solvation can be attributed to the formation of
hydrogen-bonded interactions between the complex and water molecules in solution or on the
surface. However, our calculated adsorption energies are comparable with those calculated
for arsenate at other iron oxyhydroxide (FeOOH) goethite (101), akaganeite (100), and
lepidocrocite (010) surfaces.”” On goethite (101) the adsorption energies for arsenate vary
from Eaugs = —0.97 eV to —4.21 eV. On akaganeite (100), the adsorption of a monodentate
binuclear (mb) protonated arsenate complex was reported at —4.16 eV. On lepidocrocite

(010), the monodentate binuclear complex with protonation was reported to have an
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adsorption energy of E.gs = —3.57 eV. The calculated electronic structures highlight the
importance of the hybridization between interacting surface Fe d-states and the adsorbates O
and As p-states in determining the strength of the adsorbate—adsorbent interactions. We
consider that the unique information, and specifically the distinction of the binding modes of
H3AsO3 and H3AsOy at the Fh(110) surface, as well as the deconvolution of the vibrational
frequencies associated with the adsorption complexes, will provide useful guidance for future
experimental investigations of As(IIl) and As(V) adsorption at the ferrihydrite—water
interface, which should be transferable to other iron oxide minerals. Future investigations will
expand the work presented here to include classical MD simulations which will provide a
complete description of the dynamical processes occurring at the As—water—Fh(110)
interfaces. The calculated adsorption structural parameters and energetics from this work will
be useful in the derivation of force fields to be employed in the classical MD simulations to
simulate more complex systems, including the adsorption of single and multiple As(III) and

As(V) species adsorption from an explicit 3-dimensional aqueous environment.
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List of Tables

Table 1: Lattice constants, selected bond lengths, and Fe magnetic moment for ferrihydrite.

Theory (GGA+U =4 ¢V) Experiment Michel et al.*

Property This work Other work®*’ 6-line-Fh 2-line-Fh
a=b(A) 5.955 5.97 5.928 5.958
¢ (A) 9.222 9.37 9.126 8.965
FelowO (A) 1.968(x 2), 2.059(x 2), 1.981(x 2), 2.075(x 2), 1.933, 2.012(x 2), 1.918, 1.979(x 2),

oct 2.029, 2.066 2.040, 2.068 2.140(x 2), 2.042 2.036(x 2), 2.052
Fe2oe—O (A)  1.942(x 3), 2.183(x 3) 1.952(x 3), 2.206(x 3) 1.874(x 3), 1.964(x 3) 1.883(3), 2.082(3)
Fe3we—O (A) 1.903(x 1), 1.913(x 3)  1.916(x 1) 1.923(x 3) 1.790(x 1) 1.953(x 3) 1.959(x 1) 2.019(x 3)
O-H (A) 0.985 1.000 — —

my(Fe Toc) (1B)
m,(FeZec) (uB)
m,(FeBa) (uB)

4.20
4.17
4.13

4.00
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Table 2: Adsorption energies (eV) and optimized geometries (A) of H3AsOs3 adsorption configurations on Fh(110) surface at intermediate
(-OH/-H>0) and high (-OH) pH conditions, (deprot. = deprotonated).

Surface state Configuration Eags d(As—Ol)  d(As-02) d(As—0O3) d(Omoi-Fe)  d(As—Fe) d(As—Osurr)

Fh(110)-OH/~H,O  MM(Fe—0) -1.25 1.878 1.850 1.826 2.101 3.185 2.389
BB(Fe—0O) -2.53 1.926 1.786 1.7524eprot. 1.982/2.154 3.606 3.502
solv-MM(Fe—O) -2.49 1.863 1.826 1777 geprot. 1.965 3.616 2.879
solv-BB(Fe—O)  —-3.60 1.957 1.777 geprot. 1.7524eprot. 1.957/2.097 3.573 3.459
Outer-sphere —-1.98

Fh(110)—OH solv-MM(Fe-O) -2.23 1.826 1.887 1.763deprot. 2.147 3.692 3.527
solv-BB(Fe—O)  -3.39 1.756 1.831 1.914 2.141/2.302 3.222 2.682
Outer-sphere —-1.83 1.803 1.803 1.852 --- --- ---
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Table 3: Adsorption energies (eV) and optimized geometries (A) of As(V) adsorption configurations on Fh(110) surface at intermediate
(-OH/-H>0) and high (-OH) pH conditions, (deprot. = deprotonated).

Species (Surf state) Configuration Eads d(As-0O1) d(As-02) d(As—03) d(As—04)  d(Omor—Fe) d(As—Fe) d(As—Osur)
H3As04 (—OH/-H20) MM(Fe—0) -1.34 1.818 1.769 1.743 1.641 2.147 3.402 3.580
BB(Fe—0) -2.85 1.765 1.751 1.704 1.7024eprot.  2.010/2.077  3.496 2.921
solv-MM(Fe—0) -2.84 1.774 1.756 1.707 1.687depror.  1.987 3.268 3.349
solv-BB(Fe—0) —4.18 1.757 1.740 1.709 1.7044eprot.  1.965,2.003  3.312 2.257
Outer-sphere -2.13 1.764 1.796 1.769 1.640 - --- ---
H2AsO4 (—OH/~H20) solv-MM(Fe—0) -2.75 1.774 1.756 1.707 1.687deprot.  1.987 3.268 3.349
solv-BB(Fe—0) -3.97 1.757 1.740 1.709 1.7044eprot.  1.965,2.003  3.312 2.257
Outer-sphere —-1.98 1.764 1.796 1.769 1.640 - --- ---
H3AsO4 (—OH) solv-MM(Fe—O)-1 -2.87 1.735 1.748 1.762 1.678deprot.  1.969 3.289 4.063
solv-MM(Fe-0)-2 -2.54 1.730 1.745 1.769 1.683 2.051 3.169 3.217
Outer-sphere -2.08 1.776 1.755 1.744 1.658 --- --- ---
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Table 4: Molecular vibrational frequencies (in cm™) of adsorbed H3AsO3 and H3AsO4 on Fh(110) surface with mixed -OH/-H>0O composition.

v(As—O) v(O—H)

As species Configuration As—On As—On As—On As—O Ol1-H 02-H O3-H

H3As0s MM(Fe—0) 622 570 526 — 3714 3699 2066
BB(Fe—-0) T72deprotonated 683 492 — 3678 2855 deprotonated 2371
MM(Fe—O)-solvated ~ 725deprotonated 616 559 - 3602 3052 2873 deprotonated
BB(Fe—0)-solvated 7T 1deprotonated ~ 665deprotonated 448 — 3027 26424eprotonated  2156deprotonated

H3As04 MM(Fe—0) 709 678 634 938 3708 3596 3468
BB(Fe—0) 855deprotonated 731 696 809 3713 3010deprotonated 2579
MM(Fe—O)-solvated ~ 870deprotonaed 707 672 798 3279 32424eprotonated 2237
BB(Fe—0)-solvated 814deprotonated 757 715 807 23264eprotonated 2304 2223
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List of Figures

Figure 1: (a) Structure of ferrihydrite in terms of FeOgs octahedra and (b) ferrimagnetic spin
ordering indicated by up (blue) and down (yellow) arrows at the Fe sites. (Atomic colour
scheme: Fe = grey, O =red, and H = white).

(a)
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Figure 2: Geometry-optimized structures of Fh(110) surface covered with -OH/-H,O
mixtures in side (a) and top (b) views. (Atomic colour scheme: Feoct = grey, Feret =blue, O =
red, and H = white).
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Figure 3: Geometry-optimized structures of Fh(110) surface covered with only -OH in side
(a) and top (b) views. (Atomic colour scheme: Feocx = grey, Ferec =blue, O = red, and H =
white).
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Figure 4: Schematic diagram of surface protonation-deprotonation processes controlled by
pH conditions.

low pH intermediate pH high pH

(/Fle—OHz J'—lz (F!B—OH o (r!s—ou
N\ N\ —

Few= OH: +H Few= OH: +H+ \Fe_ou

30



Figure 5: Optimized structures of inner and outer sphere adsorption complexes of H3AsO3 on
Fh(110) surface covered with mixed -OH/-H>O. Top (a & b) and bottom (c, d, & e) panels
denote non-solvated and solvated complexes, respectively (atomic colour scheme: Fe = grey,
Osut = red, Omol = light slate blue, As = green, and H = white). Bond distances are in
Angstrom unit.
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Figure 6: Optimized structures of inner and outer sphere adsorption complexes of H3AsO3 on Fh(110) surface covered with -OH. (Atomic colour
scheme: Fe = grey, Osut = red, Omol = light slate blue, As = green, and H = white). Bond distances are in Angstrom unit.
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Figure 7: Optimized structures of inner and outer sphere adsorption complexes of H3AsO4 on
Fh(110) surface covered with mixed -OH/-H>O. Top (a & b) and bottom (c, d, & e) panels
denote non-solvated and solvated complexes, respectively (atomic colour scheme: Fe = grey,
Osut = red, Omol = light slate blue, As = green, and H = white). Bond distances are in

Angstrom unit.
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Figure 8: Optimized structures of inner and outer sphere adsorption complexes of H3AsO4 on Fh(110) surface covered with mixed -OH. (Atomic
colour scheme: Fe = grey, Ogurt = red, Omol = light slate blue, As = green, and H = white). Bond distances are in Angstrom unit.
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