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1. Introduction

While the interactions of both As species with maheénatter have received much attention in the, pedtral
organic matter (NOM) as a ubiquitous sorbent forhas long been neglected by geochemists. However, a
growing body of direct evidence now suggests tluh As(V) and As(lll) can bind to NOM. Several bindg
mechanisms have been hypothesized for As(V) andllAswhich include (i) the formation of ternary
complexes with a polyvalent metal cation formingradge between negatively charged As oxyanions and
organic ligands, (ii) the formation of outer-sphemnplexes with protonated amino groups of NOM, &md

the formation of covalent bonds between phenolatbfixylate groups of NOM and As(lll) or As(V). Tany

As complex formation is by far the most populardaimy mechanism invoked to explain As binding to NOM
suggesting that it is universally accepted and tpaintowards its environmental relevance. Peru$ahese
studies, however, revealed a complete lack of tegilence for ternary As complexes because neitleze
spectroscopic methods employed in these studiesaubd the presence of particulate Fe be ruledTtha. main
objective of this study was therefore to test themition of ternary complexes between As(V) andIFe(
NOM complexes. To this end, we reacted As(V) wi(IF)-humate and —fulvate complexes at pH 7 and
studied the local coordination environments (<5 dk)As and Fe by means of K-edge X-ray absorption
spectroscopy in fluorescence mode at ~80 K. The Xpé&ctra were analyzed by Wavelet-transform arslysi
and shell-fitting.

2. Results and Discussion

Iron K-edge EXAFS spectroscopy Shell-fits were performed on the Fourier-transfairkéweighted Fe K-
edge EXAFS spectrd-fange: 1-12 &, fit k-weight = 3). The final model fits are illustrated Fig. 1A and
EXAFS parameters are summarized in Table 1. Eviglesit features in the Fe K-edge EXAFS and thertesu
transforms are adequately described by a structooéif in which three corner-sharing Fe(O,Qkctahedra
linked by a singlqus-O bridge form a planar Fe trimer. Oxygen coordorahumbers close to six and average
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Fe-O bond distances of 1.99 A are in agreement thittse determined for humic acicLikewise, Fe-C
interactions in the second scattering shell at >A%are in the range of reported values for huntic @nd
organic soils: ® The fitted Fe-Fe bond distance of approximatel63A accords well with corner-sharing
Fe(O,0OH) octahedra and is consistent with the fitted aweriag-O bond distances and an FefpFe bond
angle of 120°. The compliance of our EXAFS datahwittrimeric Fe model indicates that the majoritye in
Fe(lll)-HS complexes is hydrolyzed at neutral pH axists in the form of small oligomeric Fe(lll)espes.

Arsenic K-edge EXAFS spectroscopyShell-fits were performed on the Fourier-filteredweighted As K-
edge EXAFS spectra (Fig. 2). All EXAFS parametdmsble 1) determined for As accord with previousiss
on As(V) sorption to Fe(lll) oxyhydroxides: Fourv@ere found at a mean distance of 1.70 A with amamyee
Debye-Waller parameter of 0.003,Avhich were followed by 0.5-0.7 Fe atoms at ~330 he observed As-Fe
bond distance is commonly explained by a monoderiatuclear {C) As(V) complex in which As(V) shares
two oxygens with two edge-sharing Fe(O,@Btahedrd.Since the predominance of such octahedral linkages
was ruled out for the HS samples, As(V) is likeldging two corner-sharing Fe(O,0Of)ctahedra. Classical
monodentate mononucleaw] complexes of As(V) and bidentate mononuclég) Eomplexes can be excluded
because the As-Fe distances of these complexesdvimulconsiderably longer (>3.6 A fov) or shorter
(<2.9 A for'E) than those determined fof@ complex’ The fact that the coordination number of secoraltsh
Fe is less than unity may suggest that a portiohs¢¥/) is adsorbed in a mononuclésrcomplex stabilized by

a H-bond to a singly coordinated OH group of araeeint Fe(O,0H)octahedron as was proposed for As(V)
adsorption to goethitea(FeOOH)® Other reasons for the low Fe coordination numhensld be sodium
arsenate precipitation upon lyophilization and/oteo-sphere complexation of As(V) to oligomeric dfasters
and/or protonated amino groups of HS molectfi@he fitted Fe coordination numbers imply that begw 25
and 70% of total As(V) formed an inner-sphere carphith oligomeric Fe clusters. Based on the wavele
transform analyses and shell-fits of Fe and As BeeEXAFS spectra, we conclude that at neutral ptVAs
bound to Fe(lll)-HS complexes predominantly as imsghere, bridging-binuclear complex with oligoneeri
Fe(lll) clusters, in which octahedral corner linkagoredominate.

Table 1. Iron and As K-edge EXAFS shell-fit results for Fe(lll)-HS complexes reacted with As(V). Values in bold were fixed in the fit.
Parameters in italics were defined in terms of single scattering paths and subsequently covaried in the fits. Fit uncertainties are given for
the last significant figure. The passive amplitude reduction factor, So2, was fixed to 0.71 for Fe and 1.00 for As. (FA = fulvate, HA =
humate)

Sample Path CN (- R (A)° o’ (A)° AE (eV)® R-factor (-)°
Iron
FA Fe-O 5.7 (3) 1.99 (0) 0.007 (1) 3.9 (6) 0.003
Fe-C 2.9 (13) 2.96 (2) 0.009 (6)
Fe-Fe 2 3.46 (1) 0.014 (1)
Fe-O-Fe-O (collinear) 5.7 4.45 (2) 0.009 (4)
Fe-O-Fe-O (non-colinear) 5.7 3.84 (6) 0.014 (12)
HA Fe-O 5.7 (3) 1.99 (0) 0.006 (1) 4.2 (6) 0.003
Fe-C 3.0 (16) 2.94 (3) 0.011 (7)
Fe-Fe 2 3.47 (1) 0.014 (2)
Fe-O-Fe-O (collinear) 5.7 4.46 (2) 0.006 (3)
Fe-O-Fe-O (non-colinear) 5.7 3.83(5) 0.013 (11)
Arsenic
FA As-O 4 1.70 (0) 0.003 (0) 4.7 (12) 0.007
As-Fe 0.7 (1) 3.29 (1) 0.007
Fe-O-O (triangular) 12 3.08 0.003
As-O-As-O (collinear) 4 3.40 0.012
As-O-As-O (non-colinea 12 3.40 0.006
HA As-O 4 1.70 (0) 0.003 (0) 4.6 (11) 0.006
As-Fe 0.5 (1) 3.30 (1) 0.003
Fe-0-O (triangular) 12 3.09 0.003
As-0-As-O (collinear) 4 3.40 0.011
As-0-As-O (non-colinea 12 3.40 0.006

@ coordination numbeF,mean half path lengthDebye-Waller parametedr,energy-shift parameter

® R-factor =Y(data-fit|)’/y; data®
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Figure 1. Iron (A) and As (B) K-edge EXAFS spectra (left), and magnitude as well as real part of the Fourier transform (right) of
reference compounds and Fe(lll)-HS complexes reacted with As(V). Dotted lines represent the model fits in k-space (left) and R-space
(right). In A the dashed vertical lines indicate the position of Fe in edge- (E) and double corner-sharing Fe(O,0H)s octahedra (DC) in the
structure of ferrihydrite. In B the dashed vertical line marks the position of the As-Fe single scattering (SS) path at R + AR ~2.8 A. (FA =
fulvate, HA = humate)
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