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ABSTRACT

Amorphous iron-arsenate precipitates are significant As sinks in natural and industrial settings and
often serve as precursors to the crystallization of ferric arsenateminerals such as scorodite (FeAsO4·2H2O)
and kankite (FeAsO4·3.5H2O). These amorphous phases have varied structures and compositions depend-
ing on the geochemical conditions under which they form but have not been well characterized except
for the frequently encountered amorphous ferric arsenate (represented as AFeIII in the present study). Here,
we intend to characterize another phase, amorphous ferrous arsenate (AFeII), which is formed in partially
oxidized Fe(II)-As(V) systems, and carry out a comparative study on the properties and related scorodite
mineralization processes relative to those of AFeIII. We synthesized both AFeII and AFeIII, determined
their compositions and structures, and finally examined the amorphous-crystalline phase transition
processes leading to scorodite mineralization. Computed chemical formulas showed AFeIII and AFeII

can be represented by Fe(III)0.99AsO4·4.1H2O and Fe(III)0.48Fe(II)0.43(HAsO4)0.7(AsO4)0.3·4.0H2O,
respectively, with AFeII containing 47.3% Fe(II), as deduced from the pre-edge data of Fe K-edge
X-ray absorption spectroscopy. Structurally, the Fe-O bond at 2.02 ± 0.01 Å in AFeII was significantly
longer than that of 1.99 ± 0.01 Å in AFeIII and scorodite. In addition, AFeII appeared to have a higher
stability (slower kinetics of scorodite crystallization) under either atmospheric or aqueous conditions.
Together with solution chemistrymeasurements, these findings suggest AFeII controls scorodite formation
by limiting the occurrence of aqueous Fe3� and retards the amorphous-scorodite phase transition com-
pared to the case of AFeIII. These findings improve our understanding of iron arsenate system and
may find industrial applications to arsenic sequestration via scorodite mineralization.

Keywords: Iron arsenate crystallization, non-classical nucleation, Fe2�- vs. Fe3�-amorphous
phases, XAFS structural analyses

INTRODUCTION

The geochemical cycle of arsenic in Earth surface environment
is driven primarily by the dissolution of primary materials and
the precipitation of secondary phases. While the primary ones
are well-defined minerals such as arsenopyrite (FeAsS) and loel-
lingite (FeAs2), the secondary precipitates can include arsenate
minerals such as scorodite (FeAsO4·2H2O) and pharmacolite
(CaHAsO4·2H2O) (Zhu et al. 2015, 2019, 2022) as well as their
amorphous precursor solids. Amorphous ferric arsenate (repre-
sented as AFeIII in present study) is one of the most commonly
seen non-crystalline phases in acidic aqueous environments rich
in Fe and As (Carlson et al. 2002; Paktunc et al. 2003, 2004;
Majzlan et al. 2007; Chen et al. 2009; Drahota and Filippi
2009). The non-crystallineAs-Fe phases are responsible as precur-
sors or metastable intermediates for the formation of scorodite
(FeAsO4·2H2O) and kankite (FeAsO4·3.5H2O) (Le Berre et al.
2008; Paktunc et al. 2008). Amorphous ferric arsenate has a
generally accepted chemical formula of FeAsO4·2.4–7H2O
(Fernandez et al. 1995; Jia et al. 2006; Paktunc et al. 2008;Mikutta

et al. 2013), but is not well understood in terms of the local struc-
ture. Based on the lower coordination number (∼2) and shorter
distance (∼3.30 Å) of Fe-As in AFeIII compared to scorodite
(Fe-As coordination number at 4.0 and distance at ∼3.35 Å),
Paktunc et al. (2008) proposed a chain model consisting of
corner-linked FeO6 octahedra bridged by arsenate tetrahedra.
However, Chen et al. (2009) observed higher coordination num-
bers of Fe-As (3.2 and3.8) inAFeIII and hence considered the local
structure to be similar to that of scorodite, i.e., isolated FeO6 octa-
hedra surrounded by 4 arsenate tetrahedra. This scorodite-like
local structure was confirmed by Mikutta et al. (2013) in light
of the similarity of Fe-Fe distance (5.19–5.39 Å) in AFeIII to that
in scorodite (5.15–5.36 Å). More recent studies seem to support
the lower coordination number of Fe and As as reported by Pak-
tunc et al. (2008), but nevertheless the chain model was modified
(replaced corner-sharing FeO6 by isolated octahedra) to accommo-
date the calculated longer Fe-Fe distance (Wang et al. 2016).

Direct interaction of ferric ions with arsenate anions in the lab-
oratory usually produces submicrometer-sized scorodite crystals
(Dutrizac and Jambor 1988; Paktunc et al. 2008; Gonzalez-
Contreras et al. 2010; Majzlan et al. 2012). However, mixing
Fe2� and arsenate followed by ferrous oxidation with air bubbling
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