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ABSTRACT: The main aim of this work was to evaluate the fate of arsenic associated with iron minerals in
contaminated soils. The ageing behavior of synthetic arsenic-bearing poorly crystalline minerals – ferrihydrite
and schwertmannite – was studied. Arsenic showed a passivation effect on poorly crystalline minerals, delaying
their transformation towards more crystalline iron oxides. These results agreed well with studies performed on
contaminated soils and sediments. These results are relevant in order to understand the long-term mobility of
arsenic in contaminated soils and sediments. Iron oxides sequesters arsenic efficiently and, reciprocally, arsenic
stabilize the mineral, delaying its transformation towards more crystalline phases.

1 INTRODUCTION

The main aim of this work was to evaluate the
fate of arsenic (As) associated with iron (Fe) miner-
als in contaminated soils. In particular two different
systems were studied: i) remediation of arsenic con-
taminated soils by addition of zero-valent iron (ZVI)
and ii) immobilization of arsenic by secondary iron
precipitates on acid mine drainage (AMD) systems.

A cost-effective method to reduce the risk, i.e.
mobility and bioavailability, of As in a contaminated
site is to apply in situ stabilization techniques, keeping
the soil on site. This technology is based on changing
the As geochemistry of the soil by adding a chemical
amendment which promotes As immobilization by for
example precipitation or adsorption. Addition of ZVI
to the soil, which will immobilize arsenate after ZVI
oxidation, is usually proposed as an effective in-situ
remedation technique reducing As leaching up to 98%
(Kumpiene et al., 2008; 2006; Mench et al., 2002).The
applicability of these techniques is becoming possible
as more European countries are accepting a risk-based
approach when defining whether the site is contami-
nated or not. In this approach the main risk-defining
factor of a site is the contaminant bioavailability and
mobility and not on its total concentration in the
soil. Although the promising results obtained using
this technique, questions regarding the long-term sta-
bility of the immobilized contaminant in the soil
must be answered before establishing in-situ chemi-
cal stabilization as a widely accepted technique. The
particle size of the Fe oxide particles in the soil will
ultimately define the arsenate adsorption (immobi-
lization), e.g. the smaller the Fe oxide particles are

the higher the arsenate adsorption capacity of the Fe
oxide (Waychunas et al., 2005). Since very small Fe
oxide nanoparticles are formed upon the oxidation
product of metallic ZVI, the immobilization of As
in soils by Fe amendments can reach a high effi-
ciency. The oxidation products of ZVI would be at
first small Fe oxy-hydroxides such as ferrihydrite or
lepidocrocite (γ-FeOOH) (Cornell & Schwertmann,
1996). The ageing of these nanoparticles in the soil
might induce crystal growth and/or phase transforma-
tion, which would plausibly decrease the effectiveness
of the remediation method with time.

Oxidation of iron sulfide minerals present in min-
ing areas lead to AMD. AMD causes acidification
of surface waters in combination with the release
of trace elements (TE), such as As, Cr, U, Mo, Zn
and Cu. AMD has been identified as the main cause
of surface water contamination on the mid-Atlantic
region of the USA (U.S. EPA, 2018). Worldwide, about
20,000 km of water streams and about 72,000 ha of
surface waters were estimated to be seriously dam-
aged as a consequence of AMD (Johnson & Hallberg,
2005).

Iron secondary minerals initially sequester large
amounts of trace elements (TE), such as arsenic. How-
ever, the long-term immobilization of TE in these
mineral phases will be defined by the stability of
these minerals. Schwertmannite is a metastable min-
eral, transforming eventually into more stable phases
such as hematite and goethite (Bigham & Nordstrom,
2000). Jarosite is stable under acidic conditions while
it dissolves at natural pH (Smith et al., 2006). Interest-
ingly, certain cations have been observed to increase
the stability of secondary minerals related to AMD.
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For instance, the presence of Cu significantly enhances
the stability of schwertmannite (Antelo et al., 2013)
and some results show evidences pointing towards
arsenate stabilizing schwertmannite (Regenspurg &
Peiffer, 2005).Yet, the number of studies assessing the
effect of TE on the stability and reactivity of iron oxy-
hydroxysulfates is limited. Summarizing, the bonding
mechanism of sequestration and the effect ofTE on the
reactivity and stability of iron oxyhydroxysulfates are
understudied and can be considered key knowledge to
better understand the mobility of TE in AMD systems.

2 METHODS/EXPERIMENTAL

2.1 Ageing experiments

As-bearing ferrihydrite: Synthetic ferrihydrite was
used for this experiment. Three different As load-
ings were studied, arsenic to iron molar ratio of 0,
0.01 and 0.1. The transformation of ferrihydrite into
hematite was studied by means of differential scan-
ning calorimetry (DSC). Dried-powder samples of
the three materials were heated up in the DSC fur-
nace from room temperature up to 800◦C at a heating
rate of 10◦C min−1 under a synthetic air atmosphere.
In order to better understand the processes taking
place along the transformation curves, samples were
heated up to different temperatures in a muffle oven
at the same heating rate than in the DSC analysis,
10◦C min−1. This different samples were spare for
As K-edge EXAFS, Fe K-edge EXAFS, sequential
extraction and FTIR measurements.

ZVI amended soils: Different sites in Europe that
had been previously in-situ treated by addition of 2%
ZVI were selected in this study. The time from which
the soils were treated changed from 2 to 15 years for the
different sites. We had access to both soil that had been
treated with ZVI but also control samples to which ZVI
was not added. The iron mineralogy of the different
soils was extensively evaluated by means of Fe-K edge
EXAFS as well as sequential extraction.

As-bearing AMD systems: the adsorption of arsenic
on synthetic ferrihydrite was characterized by batch
adsorption experiments as a function of pH, from pH
3 to 9 and from an arsenic to iron molar ratio from 0 to
0.7. Subsequently schwertmannite bearing arsenic to
iron molar ratio of 0.1 and 0 was aged in an electrolyte
background suspension at pH 3, 5 and 7. The Por-
tapego stream at Mina Touro, Spain, shows evidences
of acid mine drainage. Sediments from this stream was
collected. The iron mineralogy of the sediments were
mostly schwertmannite. The same aging experiments,
at pH 3, were carried out with these sediments.

2.2 X-ray absorption spectroscopy

Fe K-edge XAS and As K-edge XAS spectra were col-
lected, at ambient temperature and pressure, on beam
line 7.3, 4.3 and 11.2 at the Stanford Synchrotron
Radiation Lightsource at SLAC National Laboratory

Accelerator, beam line I811 at Max Lab Synchrotron
facility in Sweden, beam line 22 CLAESS at ALBA
Synchrotron light facility and at beam line BM25 at
ERSF. Fe K-edge data of soil samples were measured
on fluorescence mode using a PIPPS detector whereas
synthetic iron oxides were measured on transmission
mode using ionization chambers as I0 and I1. The data
was self-calibrated with a Fe foil placed between I1
and I2. As K-edge spectra were obtained on fluores-
cence mode using a solid state multiple germanium
elements detector.

3 RESULTS AND DISCUSSION

3.1 As-bearing ferrihydrite

The DSC curve of pristine ferrihydrite showed a sharp
transformation event at 435◦C.This event corresponds
to the transformation of ferrihydrite into hematite. The
DSC curves of the As-bearing ferrihydrite showed a
more complex transformation pattern. More impor-
tantly, the transformation events were delayed: at
490◦C for an arsenic to iron molar ratio of 0.01
and at 647◦C for an As/Fe molar ratio of 0.1. The
transformation processes assumed by the DCS curves
were confirmed by Fe-EXAFS. The adsorption of
arsenic thus delayed the thermal transformation of
ferrihydrite.

Arsenic fractionation changed upon the thermal
transformation of ferrihydrite. A higher fraction of
arsenic was associated with the ferrihydrite fraction
instead of with the hematite fraction. Interestingly,
only 5% of arsenic became labile in the exchangeable
fractions. Although this is a low percentage, this could
explain fast arsenic leaching from soils after thermal
treatment. The arsenic atomic environment changed
also upon the thermal transformation of iron as shown
by As K-edge EXAFS.

3.2 ZVI amended soils

The iron mineralogy of all the sites analyzed in this
studied had strong dependence on the initial miner-
alogy of the site and conditions such as humidity,
temperature and organic content. Our results indicated
that the fraction of amorphous iron oxides, i.e. the
most reactive fraction regarding the immobilization
of arsenic, increased upon addition of ZVI. This trend
was observed in all sites independently on the time
after which the amendment was applied to the soils, 2
years, 6 years, 8 years, 12 years and 15 years. These
results showed that the immobilization of arsenic and
other TE was still a success after almost a few decades
from the addition of ZVI.

3.3 AMD systems

The transformation of synthetic schwertmannite as
well as schwertmannite sediments from Mina Touro
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had a strong dependence on the presence of arsenic
in the system during the 300 days in which the trans-
formation was monitored. Higher transformation rate
were observed in the absence of arsenic. In particu-
lar schwertmannite did not transformed into goethite,
or if it did it was to a minor extend, at pH 3 at an
arsenic to iron molar ratio of 0.1. The transformation
of schwertmannite was also pH dependent, obtain-
ing higher degree of transformations at higher pH
values.

4 CONCLUSIONS

One of the main concerns regarding the long-term
immobilization of arsenic is that the main iron oxides
involved in such immobilization are metastable. This
study shows that a metastable iron oxide such as fer-
rihydrite delays its transformation towards more crys-
talline phases in the presence of arsenic. Interestingly,
the immobilization of arsenic contaminated soils by
addition of ZVI was a success for about two decades.
These results are relevant in order to understand
the long-term mobility of arsenic in ZVI-amended
soils and from AMD systems. Iron oxides sequesters
arsenic efficiently and, reciprocally, arsenic stabilize
the mineral, delaying its transformation towards more
crystalline phases.
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