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Abstract

Se is an essential nutrient at trace levels, but also a toxic environmental contaminant at higher concentrations. The mobil-
ity of the trace element Se in natural environments is mainly controlled by the occurrence of the highly soluble Se oxyanions
– selenite [Se(IV)] and selenate [Se(VI)] - and their interaction with geological materials. Since iron oxides are ubiquitous in
nature, many previous studies investigated Se retention by adsorption onto iron oxides. However, little is known about the
retention of Se oxyanions during the formation process of iron oxides. In this paper, we therefore studied the immobilization
of Se oxyanions during the crystallization of hematite from ferrihydrite. In coprecipitation studies, hematite was synthesized
by the precipitation and aging of ferrihydrite in an oxidized Se(IV)- or Se(VI)-containing system (pH 7.5). Hydrochemical
data of these batch experiments revealed the complete uptake of all available Se(IV) up to initial concentrations of
c(Se)0 = 10�3 mol/L (m/V ratio = 9.0 g/L), while the retention of Se(VI) was low (max. 15% of c(Se)0). In case of high initial
Se(IV) concentrations, the results also demonstrated that the interaction of Se with ferrihydrite can affect the type of the final
transformation product. Comparative adsorption studies, performed at identical conditions, allowed a distinction between
pure adsorption and coprecipitation and showed a significantly higher Se retention by coprecipitation than by adsorption.
Desorption studies indicated that Se coprecipitation leads to the occurrence of a resistant, non-desorbable Se fraction.
According to time-resolved studies of Se(IV) or Se(VI) retention during the hematite formation and detailed spectroscopic
analyses (XPS, XAS), this fraction is the result of an incorporation process, which is not attributable to Fe-for-Se substitu-
tion or the Se occupation of vacancies. Se initially adsorbs to the ferrihydrite surface, but after the transformation of ferri-
hydrite into hematite, it is mostly incorporated by hematite. In systems without mineral transformation, however, Se remains
as a sorption complex. In case of Se(VI), an outer-sphere complex forms, while Se(IV) forms a mixture of bidentate mononu-
clear edge-sharing and bidentate binuclear corner-sharing inner-sphere complexes. The results of this study demonstrate that
incorporation of Se oxyanions by hematite is an important retention mechanism in addition to pure adsorption, which may
affect the migration and immobilization of Se oxyanions in natural systems or polluted environments.
� 2017 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Selenium (Se) is a trace element of special concern, since
it is an essential nutrient for organisms at low concentra-
tions, but a toxic contaminant at slightly higher concentra-
tions (Lenz and Lens, 2009). Of concern are therefore not
only Se-deficient agricultural soils in certain regions of the
World, but also Se contaminations of soils or wastewaters
caused by natural and/or anthropogenic factors (Dhillon
and Dhillon, 2003; Lenz and Lens, 2009; Christophersen
et al., 2012; Winkel et al., 2012). In soils in contact with
the atmosphere, the thermodynamically favored Se species
are the oxyanions selenate [Se(VI)] and selenite [Se(IV)].
These higher Se oxidation states are of particular relevance
for the biogeochemical behavior of Se in soils and waters,
since Se(IV) and Se(VI) form species with high solubility
(Séby et al., 2001) which, in turn, is responsible for a high
environmental mobility, bioavailability and toxicity
(Dhillon and Dhillon, 2003; Lenz and Lens, 2009; Winkel
et al., 2015). The fate of dissolved Se(IV) and Se(VI) species
in subsurface systems is primarily determined by interaction
with mineral phases, including processes such as adsorp-
tion, incorporation, and reductive precipitation, which are
the key immobilization mechanisms (Chen et al., 1999;
Grambow, 2008). However, most natural materials like
clays or silicate minerals show only a restricted retention
capacity for Se oxyanions.

In this context, crystalline iron (oxyhydr)oxide minerals
(e.g. hematite and goethite) and their metastable precursors
(e.g. ferrihydrite) are of great importance as they are wide-
spread in nature and capable of anion sorption (Roh et al.,
2000; Sparks, 2003; Adegoke et al., 2013; Blume et al.,
2016). This is the reason why, in particular, the mechanisms
of Se oxyanion adsorption to iron oxide surfaces have been
investigated in detail by a large number of previous studies.
They show that adsorption of Se(IV) and Se(VI) onto iron
oxides can be very efficient at lower pH, but is limited under
near-neutral and alkaline pH conditions (e.g. Balistrieri and
Chao, 1990; Zhang and Sparks, 1990; Parida et al., 1997;
Duc et al., 2003; Martı́nez et al., 2006; Rovira et al.,
2008). This tendency is independent of the type of iron
oxide, since alkaline conditions generally lead to the forma-
tion of a negative charge at the iron oxide surface and
therefore to a poor adsorption of anionic species (Fernán
dez-Martı́nez and Charlet, 2009). Moreover, all iron oxides
show a relatively high adsorption capacity for Se(IV) and
there is only little release of Se(IV) with increasing ionic
strength. Unlike Se(IV), adsorption of Se(VI) is much lower
and is strongly influenced by the presence of competing
anions (Hayes et al., 1987; Su and Suarez, 2000; Rietra
et al., 2001; Jordan et al., 2013; Jordan et al., 2014). Most
authors suggest the difference between Se(IV) and Se(VI)
adsorption is due to the nature of the chemical attachment
and the formation of different types of adsorption com-
plexes. Spectroscopic investigations as well as surface com-
plexation modeling reveal that the adsorption of Se(IV)
onto iron oxides is usually the result of inner-sphere com-
plexation (Fernández-Martı́nez and Charlet, 2009) with a
mostly bidentate character, e.g. for hematite (Catalano
et al., 2006; Duc et al., 2006). By contrast, the poor adsorp-
tion of Se(VI) and the strong impact of competing anions
has been attributed to the formation of outer-sphere com-
plexes (Hayes et al. 1987). However, more recent studies
suggest that adsorption of Se(VI) can occur via both
inner-sphere and outer-sphere complexation (Wijnja and
Schulthess, 2000; Peak and Sparks, 2002; Jordan et al.,
2013). The type of surface complexation depends on pH,
ionic strength, the nature of the iron oxide mineral and
its surface loading (Peak and Sparks, 2002; Fukushi and
Sverjensky, 2007; Fernández-Martı́nez and Charlet, 2009).
Nevertheless, the results of a range of studies of the
Se(VI) adsorption mechanisms onto goethite, ferrihydrite
or hematite (Manceau and Charlet, 1994; Wijnja and
Schulthess, 2000; Rietra et al., 2001; Peak and Sparks,
2002; Fukushi and Sverjensky, 2007; Das et al., 2013)
remain to some extent contradictory.

In addition, there is to the best of our knowledge no
research available investigating the possible role of the
incorporation of Se oxyanions into iron oxide minerals.
Incorporation of anionic trace elements by iron oxides
was demonstrated in several publications. These studies
revealed oxyanion incorporation or occlusion by hematite
for Si(IV) (Liu et al., 2012), P(V) (Gálvez et al., 1999a;
Gálvez et al., 1999b), As(V) (Bolanz et al., 2013; Das
et al., 2015), V(V) (Sracek, 2015) and Tc(VII) (Skomurski
et al., 2010). For this reason, it is conceivable that a reten-
tion mechanism on the basis of incorporation also exists for
the both Se oxyanions, Se(IV) and Se(VI), and that such
mechanisms could affect the migration of dissolved Se
species.

However, incorporation can only be relevant in cases
where iron oxide phases interact with dissolved species dur-
ing their formation or transformation, including recrystal-
lization or sorption induced crystal growth. Since the
formation pathway of crystalline iron oxides commonly
includes amorphous metastable intermediates (Cornell
and Schwertmann, 2003), such processes are very common
in natural systems like soils. Hematite [a-Fe2O3] and
goethite [a-FeOOH], the most stable and widespread iron
oxides under aerobic conditions, usually result from amor-
phous ferrihydrite that recrystallizes in one of the two
phases after a certain period of time. The type of reaction
product depends on the environmental setting, whereby a
near-neutral pH, higher temperatures or lower water activ-
ities favor a transformation of ferrihydrite into hematite
(Kämpf et al., 2011). As these parameters are strongly influ-
enced by the prevailing climatic conditions, goethite repre-
sents the dominant transformation product in soils of all
climate regions, whereas the occurrence of hematite is usu-
ally limited to tropical and subtropical soils (Blume et al.,
2016). Besides that, both minerals also differ in the nature
of their formation mechanism. While the transformation
of ferrihydrite to goethite is caused by a dissolution-
precipitation process, the recrystallization into hematite is
based on an aggregation and phase transformation process
followed by particle growth (Cornell and Schwertmann,
2003; Adegoke et al., 2013; Soltis et al., 2016). These differ-
ences in the recrystallization mechanism are the reason why
we focused on hematite instead of goethite to identify a
potential incorporation of Se oxyanions, as an incorpora-
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tion should be more likely in case of an internal dehydra-
tion and rearrangement than in case of an interim ferrihy-
drite dissolution.

The aim of our work was, therefore, to determine
whether the incorporation of Se oxyanions into hematite
can occur under a range of geochemical conditions. For
this, we characterized the interaction of Se oxyanions with
hematite during its crystallization from ferrihydrite via
coprecipitation experiments, and compared these results
with those from Se adsorption to hematite. In contrast to
many previous Se adsorption studies, all experiments were
conducted at a near-neutral pH and thus under conditions
that are comparable to various systems where migration of
Se oxyanions might be crucial. This includes the critical
zone (e.g. Bajaj et al., 2011; Winkel et al., 2015) but also
Se contaminated sites that are characterized by neutral
pH conditions (e.g. Adams and Pickett, 1998; Das et al.,
2013). Through the combination of hydrochemical data
and detailed analyses of the solid phases via X-ray Diffrac-
tion (XRD), Scanning Electron Microscopy (SEM), X-ray
Photoelectron Spectroscopy (XPS) and X-ray Absorption
Spectroscopy (XAS), it was possible for the first time to
prove the presence of an incorporated Se fraction within
hematite, to identify the nature of the Se retention mecha-
nism and to differentiate between Se coprecipitation and
adsorption in terms of retention capacity and stability.
These results provide useful information about long-term
Se immobilization mechanisms in addition to pure adsorp-
tion, and contribute to a better global understanding of the
Se retention processes in various fields.

2. MATERIALS AND METHODS

2.1. Materials

All solutions were made of analytically pure grade chem-
icals and de-ionized Milli-Q water (18.2 MX cm�1). The Se
stock solutions used in the coprecipitation and adsorption
experiments were prepared by dissolving defined quantities
of Na2SeO3 or Na2SeO4∙10 H2O in Milli-Q water to receive
total Se(IV) or Se(VI) concentrations of 0.1 mol/L and
1.0 mol/L.

2.2. Preparation of synthetic hematite and ferrihydrite

Hematite (Hm) was synthesized in the laboratory by
using a slightly modified method of Schwertmann and
Cornell (2000) in order to reflect formation of hematite
from ferrihydrite (Fh) under conditions that are more com-
parable to natural than to laboratory conditions in terms of
the main hydrochemical parameters. This implies the pre-
requisite that the mineral formation took place in an aqua-
tic aerobic system under neutral to slightly alkaline pH
conditions and at moderate temperatures. Hematite was
synthesized by dissolving 40 g Fe(NO3)3∙9H2O in 500 ml
Milli-Q water. After the addition of 300 ml 1 M KOH
and the immediate precipitation of ferrihydrite (red-
brownish compound), the suspension was titrated and buf-
fered with 50 ml of 1 M NaHCO3 solution before the final
pH of 7.5 was adjusted with additional 25 ml of 1 M KOH.
All solutions were preheated to temperatures of 50 �C and
stirred continuously during the mixing. Afterwards, the
flask was sealed and the prepared suspension stored in an
oven at 50 �C for 10 days. Slightly increased temperatures
of 50 �C were chosen to favor transformation of ferrihy-
drite into hematite rather than goethite, and to speed up
the mineral transformation processes (Schwertmann et al.,
2004). The procedure for the synthesis of ferrihydrite was
identical, except that the synthesis process was terminated
after 1 h. With approx. 8 g precipitated iron oxide forming,
the mass to volume ratio (m/V) between hematite/ferrihy-
drite and the aqueous solution was approx. 9.0 g/L during
these batch experiments. At the end of the respective reac-
tion time, the precipitates were decanted and centrifuged.
While a sample of the solutions was taken for the analysis
of the Fe concentration and pH, the solids were washed 3
times with Milli-Q water to remove NO�

3 and HCO�
3 impu-

rities. Synthesized hematite samples were then dried at
moderate temperatures of 40 �C, while ferrihydrite samples
were freeze-dried to avoid recrystallization processes. After
that, the aggregated particles were ground with an agate
mortar and stored until the analysis or the use in subse-
quent experiments.

2.3. Selenium coprecipitation studies

Since Se(IV) or Se(VI) speciation during the coprecipita-
tion experiment is controlled by the hydrochemical condi-
tions during the hematite synthesis, the procedure of
sample preparation was almost identical to the synthesis
of pure hematite. To investigate the Se(VI) and Se(VI)
uptake by coprecipitation, different volumes of Se stock
solutions were added to the dissolved Fe3+ prior to the
beginning of the first mineral precipitation. Furthermore,
the residual Se concentrations after the experiments were
analyzed and a part of the solid sample was dried without
prior washing with Milli-Q water in order to preserve the
surface characteristics of the sample. Added Se stock solu-
tion volumes were calculated to obtain initial Se concentra-
tions of 10�4–10�2 mol/L after the mixing of all solutions
(m/V ratio = 9.0 g/L). These relatively high Se concentra-
tions reflect extreme natural amounts but were necessary
to increase the Se percentage within the solid iron oxide
samples in order to improve the Se detection for the subse-
quent analyses. Different initial Se concentrations were used
to vary the Fe/Se ratios in the solid samples.

Time-resolved investigations of the recrystallization of
hematite were carried out to examine the role of the precur-
sor phase ferrihydrite onto Se retention. For this, samples
of both the solid precipitate and the solution were collected
and analyzed after several time intervals (10 min, 1 h, 6 h,
1 d, 2 d, 4 d, 6 d, 8 d, 10 d) during the hematite formation
process.

2.4. Selenium adsorption studies

For comparison with the coprecipitation experiments,
we studied also Se adsorption on pure hematite in batch
experiments. The experimental settings were kept similar
to the conditions at the end of the coprecipitation experi-
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ments. This mainly includes the parameters pH, ionic
strength, and the m/V ratio. The ionic strength was calcu-
lated under the assumption that the extremely low solubility
of hematite at pH 7.5 leads to the precipitation of the entire
initial Fe(III) quantity, resulting in a residual ionic strength
of 0.43 mol/L. Since the synthesis is mainly based on the
use of Fe(NO3)3 and KOH solutions, the ionic strength is
determined primarily by KNO3.

For the investigation of the Se(IV) and Se(VI) uptake by
adsorption as a function of the initial Se concentrations in
the range 10�4–10�2 mol/L, 40 ml of 0.43 M KNO3, which
contained a defined volume of a Se stock solution, was
added to 361.8 mg of pure hematite powder in sealable
flasks. Subsequently, the pH was adjusted to 7.5 by drop-
wise addition of either 0.1 M HNO3 or KOH solutions.
Afterwards, the flasks were sealed and shaken for 48 h to
ensure that adsorption equilibrium was achieved. Due to
the strong buffer ability of the hematite, the pH was
checked after 24 and 45 h and if necessary adjusted again
to pH 7.5. The subsequent treatment of the samples was
identical to the procedure after the coprecipitation studies.
This approach allowed the preparation of hematite samples
with varying content of adsorbed Se.

In addition to the adsorption studies with varying initial
Se concentrations, some further similar experiments were
carried out to study the Se(IV) and Se(IV) adsorption onto
hematite depending on pH and the ionic strength. This pro-
vides information on the specific effect of the pH value and
the background electrolyte concentration for the interac-
tion processes during the mineral formation.

2.5. Desorption studies

Se(IV) and Se(VI) desorption was investigated by two
procedures to characterize and compare the stability of
the retention mechanisms. In the first procedure, batch
experiments were carried by mixing a specific amount of
dried hematite powder from previous Se adsorption or
coprecipitation studies with the desorption solution in the
ratio m/V = 9.0 g/L. The desorption solution was made of
0.01 M KNO3 with a pH of 12 (adjusted with KOH) to
exploit the limited adsorption capacity of hematite under
alkaline conditions and to achieve a maximum removal of
adsorbed Se from the hematite surface. The pH was still
low enough to avoid the dissolution of the hematite phase.
After mixing, the suspensions were shaken for 24 h, then
centrifuged and decanted. The residual supernatants were
filtered, before pH was measured and the Se and Fe concen-
tration in the aqueous phase was analyzed. This procedure
was repeated three times and the total amount of removed
Se was calculated as the sum of each desorption step. This
desorption studies enabled also the preparation of hematite
samples with a low fraction of adsorbed Se(IV) or Se(VI).

In the second procedure, Se desorption from Se(IV)-
bearing hematite and ferrihydrite samples was studied as
a function of OH� concentration. The used technique is
based on a method of Doornbusch et al. (2015) for iron
oxide dissolution, but was adjusted for use under alkaline
conditions. For this purpose, a specific amount of Se-
bearing iron oxide powder was treated several times with
NaOH of various concentrations (m/V = 3.4 g/L). In these
experiments, NaOH was used instead of KOH as NaOH
generates solutions with lower ionic strengths, which
reduced difficulties during the subsequent sample analysis
and enabled the use of higher OH� concentrations. In each
step, the mixture was allowed to react for 30 min, before the
suspension was centrifuged and a sample of the supernatant
was collected for Fe and Se analysis. The remaining super-
natant was then discarded and replaced by the next solution
with higher OH� concentration. Overall, eight desorption
steps with increasing OH� concentrations of 10�5, 10�4,
0.001, 0.005, 0.01, 0.05, 0.1 and 0.5 mol/L were used to
study the effect of [OH�] on the desorption behavior. After
the last NaOH solution, the remaining solid was reacted
with 6 M HCl for 48 h to dissolve completely the iron
oxide. This allowed the determination of the total Se and
Fe contents of the solid phase.

2.6. Analytical techniques

2.6.1. Dissolved selenium and iron concentrations

After centrifugation and filtration (0.2 mm filter), all
supernatants were acidified with concentrated high-purity
HNO3 (50 mL). The Se and Fe concentrations in the aque-
ous phase were determined by ICP-OES or ICP-MS
depending on the concentrations. For amounts higher than
1 mg/L, measurements were performed on ICP-OES using
a Varian 715ES. Analysis of samples with lower Fe and
Se concentrations were carried out on an X-Series 2 ICP-
MS (Thermo Fisher Scientific Inc.). Further measurement
parameters are described in the Supporting Information.
The lower detection limits were approx. 0.3 mg/L for both
Se and Fe. Throughout the analyses of both ICP methods,
a certified reference solution was used as standard.

2.6.2. Characterization of the solid phases

At the end of each batch experiment, the dried solid
samples were characterized by several techniques. X-ray
Diffraction (XRD) was used for analysis of the purity and
composition of the synthesized solid materials and per-
formed on a Bruker D8 Advance X-ray diffractometer with
Cu Ka radiation (k = 1.5406 Å) and a LynxEye detector.
All samples were prepared from powders except for the
samples of the time-resolved investigation of the ferrihy-
drite transformation. These samples were prepared by dry-
ing small volumes of suspension directly on the XRD
sample holder. XRD patterns of synthesized hematite were
compared with hematite references (ICDD PDF-2 data-
base) and showed that pure hematite was formed at 50 �C
without any evidences of contamination by goethite or
other crystalline Fe oxides. For synthesized ferrihydrite,
the XRD analysis revealed the formation of the most
poorly crystalline ferrihydrite form, the 2-line ferrihydrite,
which is identifiable by 2 broad peaks in the XRD plot with
maxima at 2h of �35� and �62� (Cu Ka) (Supporting
Information - Fig. A.1).

BET measurements (Brunauer et al., 1938) were con-
ducted on selected hematite and ferrihydrite samples using
a Quantachrome Autosorb 1-MP and 11-point BET-argon
isotherms recorded to calculate the specific surface areas
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(SSA). Prior to the measurement, the sample were out-
gassed in vacuum at 95 �C overnight to remove water and
other volatile surface contaminations. The measurements
gave a specific surface area of 65 m2/g for pure hematite
and of 243 m2/g for pure ferrihydrite. The value of ferrihy-
drite is in good agreement with the given BET results of
200–320 m2/g for 2-line ferrihydrite of Schwertmann and
Cornell (2000), whereas the values for hematite are signifi-
cantly higher than their published data (20–25 m2/g). How-
ever, hematites produced from solution can generally show
SSA up to 90 m2/g depending on their particle size and
shape (Cornell and Schwertmann, 2003). The observed dif-
ference can therefore be explained by the lower synthesis
temperature of 50 �C compared to the original suggested
90 �C, which results in smaller particle sizes and a higher
porosity of the hematite crystals.

The total Se content of the solid phases was determined
by polarized Energy Dispersive X-ray Fluorescence Spec-
troscopy (pEDXRF) using an Epsilon 5 (PANalytical)
equipped with a W X-ray tube and a Ge detector. A Mo
target was selected as polarizing secondary target and the
measurement period was 500 s, resulting in a lower detec-
tion limit for Se of 10 ppm and an analytical precision of
±5%. Standards consisting of mixtures of synthesized
hematite and known amounts of a Se reference material
(pure Se(0) powder or certified Se reference solution) were
utilized for calibration.

Scanning Electron Microscopy with Energy Dispersive
X-ray Spectroscopy (SEM/EDX) was used to characterize
the morphology of the solid phases and to assess the size
of the particles. Images were recorded using a LEO 1530
(Zeiss Inc.) SEM with a NORAN System SIX (Thermo
Electron Corp.) EDX-System. The dried powder samples
were coated with Pt after they were mounted on sample
holders via double-sided carbon tape. The characterization
by secondary electron imaging of the pure synthesis pro-
duct revealed that hematite consists of aggregated bulky
particles with a size of 50 to 100 nm (cf. Section 3.3).

In order to examine the Se oxidation state and to iden-
tify ionic species on the hematite surface, X-ray Photoelec-
tron Spectroscopy (XPS) measurements were performed
using a PHI 5000 VersaProbe II (ULVAC-PHI Inc.) Fur-
ther measurement parameters are described in the Support-
ing Information. By means of XPS analysis, it was possible
to characterize the sorbed surface species and the chemical
composition of unwashed hematite samples (Supporting
Information – Table A.1). As expected, higher amounts
of C and lower amounts of N, K and Na can be found
beside Fe and O in the region near the hematite surface
mainly caused by adsorption of carbonate species
(NaHCO3 buffer) or nitrate. In addition, smaller amounts
of precipitated K and Na salts cannot be completely
excluded in case of unwashed samples.

X-ray Absorption Spectroscopy (XAS) analysis was car-
ried out on selected samples to identify the Se oxidation
state as well as the type and nature of bonding environment
between Se and the iron oxide phases. The examination of
hematite and ferrihydrite samples from coprecipitation,
adsorption and desorption studies allowed for a detailed
characterization of the Se retention mechanisms and
provided information on the identification of Se incorpora-
tion processes. Se K-edge X-ray Absorption Near-Edge
Structure (XANES) and Extended X-ray Absorption
Fine-Structure (EXAFS) spectra were partly collected at
the SUL-X beamline at ANKA (Karlsruhe, Germany),
but mainly at the Rossendorf Beamline (ROBL) at ESRF
(Grenoble, France). The XAS measurement parameters
are described in detail in the Supporting Information.

The evaluation of the XAS data, including dead time
correction of the fluorescence signal, energy calibration
and the averaging of single scans was performed with the
software package SixPack. Normalization, transformation
from energy into k space, and subtraction of a spline back-
ground was performed with WinXAS using routine proce-
dures (Ressler, 1998). The k3-weighted EXAFS data were
fit with WinXAS using theoretical back-scattering ampli-
tudes and phase shifts calculated with FEFF 8.2
(Ankudinov and Rehr, 1997). Statistical analysis of spectra
was performed with the ITFA program package (Rossberg
et al., 2003). Spectra of Se reference samples (crystalline
Na2SeO4 and a Se(IV) solution) were taken from
Scheinost and Charlet (2008).

2.7. Data evaluation and error analysis

Uptake of Se(IV) and Se(VI) by adsorption and copre-
cipitation was evaluated as proportion of the initial Se con-
centration (Se removal in %) or in form of the distribution
coefficient (Kd), which considers the influence of the m/V
ratio between the solid mass (hematite) and the volume of
the aqueous solution. The Kd-value (L/kg) is defined as !
Kd ¼ ½Se�0
½Se�eq

� 1 � V
m

where [Se]0 is the total initial Se concentration (mol/L), [Se]eq
the aqueous Se concentration at equilibrium (mol/L), V

the total volume (L) of the aqueous solution and m the mass
of hematite (kg).

To verify the data quality and to assess the error, several
experiments, each representing a single data point in the
shown graphs, were performed two to three times under
identical conditions. This included a repetition of the exper-
iment as well as an individual sample preparation and anal-
ysis. All replicate experiments provided similar results and
showed a high reproducibility.
3. RESULTS

3.1. Interaction of dissolved Se with hematite

3.1.1. Adsorption of Se(IV) and Se(VI) on hematite

The hematite adsorption capacity for Se(IV) and Se(VI)
as a function of pH is shown in Fig. 1. These results are an
essential basis for the evaluation and interpretation of the
Se coprecipitation data and demonstrate that Se(IV) and
Se(VI) show a completely different adsorption behavior.
Adsorption of Se(IV) is high over a large pH range (pH
2–9) and is even significant at alkaline conditions above
pH 10. In contrast, Se(VI) adsorption onto hematite only



Fig. 1. Adsorption (Ads) of Se(VI) and Se(VI) by hematite (Hm) at m/V of 9.0 g/L. (Left) Se(IV) and Se(VI) adsorption onto hematite
depending on pH and ionic strength (IS) at initial Se concentrations of 10�4 mol/L. (Right) Uptake of Se(IV) and Se(VI) by hematite at pH 7.5
as a function of the Se equilibrium concentration.

Fig. 2. Uptake of Se(IV) and Se(VI) by hematite (Hm) during
coprecipitation (Cop) and adsorption (Ads) as a function of the Se
equilibrium concentration.
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takes place at acidic pH and strongly decreases with
increasing pH. Furthermore, variation of the ionic strength
has no impact on Se(IV) adsorption, whereas the adsorp-
tion edge of Se(VI) is clearly shifted towards lower pH val-
ues (approx. 1 pH unit) in the presence of higher
concentrations of competing NO�

3 anions. Fig. 1 also pre-
sents data (Kd) of Se(IV) and Se(VI) adsorption onto hema-
tite as a function of the Se equilibrium concentration at
pH 7.5. Similar to the data of the pH study, the results indi-
cate that adsorption of Se(IV) is not affected by increasing
ionic strength. In the logarithmic plot, Kd values of both Se
(IV) data sets follow a decreasing linear trend with increas-
ing Se concentrations in the solution. However, the abso-
lute Kd values are very high even at extremely high Se
equilibrium concentrations and the Se surface coverage
increases from 0.5 to 2.5 at/nm2. In contrast, Se(VI)
adsorption is only weakly pronounced at these conditions
and in case of a high ionic strength almost non-existing.
Although Se(VI) adsorption seems to be slightly higher as
long as no competing anions are present, which can be
explained by the shift of the adsorption edge in dependence
of the ionic strength, the general Kd level is still very low
even at minimal Se equilibrium concentrations.

3.1.2. Se(IV) and Se(VI) coprecipitation with hematite

Determining the residual Se concentration in solution
after the coprecipitation experiments allowed the quantifi-
cation of the Se(IV) or Se(VI) uptake during the hematite
formation. Fig. 2 shows a comparison of the Se uptake by
coprecipitation and adsorption as a function of the Se equi-
librium concentration at pH 7.5. Similar to the former
adsorption results, Se(IV) and Se(VI) sorption during
coprecipitation with hematite strongly depends on the Se
speciation. The Se(IV) uptake by coprecipitation is extre-
mely high and rises to values of more than 0.8 mol/kg,
whereas the sorption of Se(VI) is limited over the entire
concentration range (<0.05 mol/kg), cf. Table 1. Regarding
the distinction between Se coprecipitation and adsorption,
it is not possible to see clear differences in case of the
Se(VI) data, due to the extremely low Se(VI) sorption
capacity of hematite at neutral pH conditions. However,
differences are clearly visible for the Se(IV) system in terms
of a significantly higher Se uptake by coprecipitation than
by adsorption. While adsorption of Se(IV) reaches an upper
limit at 0.2–0.3 mol/kg, the Se(IV) uptake by coprecipita-
tion increases steadily without indications of a sorption
limit (at least up to the maximum initial Se(IV) concentra-
tions of 10�2 mol/L).

Due to this significantly higher Se(IV) uptake by copre-
cipitation than by adsorption, it can be concluded that the
retention of Se(IV) during coprecipitation with hematite
cannot be exclusively ascribed to adsorption processes.
Therefore, the observed difference in the uptake behavior
of adsorption and coprecipitation experiments indicates



Fig. 4. Cumulative desorption of Se(IV) from hematite (Hm) and
ferrihydrite (Fh) adsorption (Ads) and coprecipitation (Cop)
experiments as a function of OH� concentration. Initial Se
concentration during the sorption step: c(Se)0 = 10�3 mol/L.
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that both processes are based on different sorption
mechanisms.

3.1.3. Se(IV) and Se(VI) desorption

In a first approach, the reversibility of Se uptake in the
adsorption and coprecipitation samples was investigated by
taking advantage of the low adsorption capacity of hema-
tite at pH 12 (Fig. 1). Therefore, hematite samples from
the Se adsorption and coprecipitation experiments, which
were performed at 2 different initial Se concentrations of
10�4 mol/L and 10�3 mol/L, were treated with a desorption
solution of pH 12 and the fraction of desorbed Se was
determined by analyzing the amount of released Se
(Fig. 3). The results show the known different behavior of
Se(IV) and Se(VI) during the sorption step (bar heights),
but also reveal that for both Se(IV) and Se(VI) the amount
of desorbed Se is significantly higher for the adsorption in
contrast to the coprecipitation samples (Fig. 3 left). This
behavior is also observed for the higher Se loading (Fig. 3 -
right). For all adsorption samples, the treatment with the
desorption solution causes the release of most of the
adsorbed Se(IV) or Se(VI). In case of Se(IV), the release
is equivalent to the hematite adsorption capacity at pH 12
(desorption of 80–90%), indicating that the Se(IV) uptake
by adsorption is totally reversible; at least for samples with
low Se surface coverages (�1 at/nm2). Compared with this,
less than 30% of the taken up Se(IV) or Se(VI) is desorbed
in case of the coprecipitated hematite samples.

The effect of OH� concentration (or pH) on the stability
of the Se retention was examined in detail for selected
coprecipitation and adsorption samples of the Se(IV) sys-
tem, as these samples showed major differences in their
behavior not only in the desorption experiment but also
during the actual Se sorption step. Fig. 4 shows the results
of this study, which contains, beside different types of
Se(IV)-bearing hematite samples, also a sample of a
Se(IV) coprecipitation with the hematite precursor ferrihy-
drite. In general, these results confirm the previous observa-
tion that the desorption behavior between coprecipitated
and adsorbed hematite samples is completely different.
Fig. 3. Cumulative Se desorption from hematite adsorption (Ads) and
(0.01 M KNO3). Sorption conditions: m/V = 9.0 g/L; (a) c(Se)0 = 10�4 mo
Although the first release of Se(IV) starts at comparable
OH� concentrations of about 10�4 mol/L (�pH 10) for
both types of sorption processes, the proportion of des-
orbed Se(IV) increases rapidly for the adsorbed hematite
samples and reaches a total amount of about 80% at the
highest OH� concentration of 0.5 mol/L (�pH 13.7). In
contrast, the coprecipitated hematite samples show a slow
increase of the desorbed Se fraction with an overall propor-
tion of only about 20% at the final stage. This is consistent
with the results of the previous leaching studies at pH 12,
particularly considering the 3-fold desorption in those
experiments. Furthermore, the comparison between ferrihy-
drite and hematite reveals that the desorption behavior of
ferrihydrite is similar to that of the hematite adsorption
samples. However, a comparison of the total Se and Fe
release (Fig. A.4 in Supporting Information) demonstrates
coprecipitation (Cop) experiments after 3 washing steps at pH 12
l/L � q(Se) = 8 mg/L; (b) c(Se)0 = 10�3 mol/L � q(Se) = 80 mg/L.
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that OH� concentrations of 0.5 mol/L are too low to
dissolve significant amounts of the hematite phase
([Fe]released/[Fe]total max. 2 � 10�3).

3.2. Interaction of Se with the precursor ferrihydrite

Poorly crystalline 2-line ferrihydrite occurs as a meta-
stable precursor of hematite that immediately precipitates
from solution after the first increase of pH by adding
KOH to the dissolved Fe3+. Subsequently, the ferrihydrite
phase progressively transforms into well crystalline hema-
tite during the total reaction period of 10 days. The pro-
gress of this transformation process can be identified in
the XRD plot by the time-dependent disappearance of the
2 broad ferrihydrite peaks with maxima at 2h of �35�
and �62�, which are associated with 2-line ferrihydrite
(Fig. 5). Three selected Se(IV) coprecipitation samples show
that the broad ferrihydrite peaks are visible in addition to
Fig. 5. Time-resolved XRD analysis (Cu Ka) of the transformation of 2-
into crystalline hematite. Shown are 3 selected time steps for a series of
peaks of crystalline phases are associated with hematite and KNO3 (prec

Fig. 6. Development of the Se concentration during the coprecipitation
precursor phase ferrihydrite (Fh) in 4 steps and its subsequent transform
the much stronger hematite lines after one and four days,
while they have disappeared almost completely after
10 days and primarily those of hematite are left. Note also
the presence of precipitated background electrolyte KNO3

in all analyzed samples because of the sample drying with-
out prior washing of the suspensions.

Fig. 6 shows the temporal evolution of the Se(IV) or
Se(VI) concentrations in solution during the formation
and transformation of ferrihydrite. In case of Se(IV), the
fast precipitation of ferrihydrite leads to an immediate
Se removal from solution. After titration to pH 7.5 (forma-
tion step 4) almost the entire initial Se amount is removed
from solution, without any further changes within the sub-
sequent 10 days during the ferrihydrite to hematite trans-
formation. The behavior of Se(VI) is very different in so
far as Se is removed from solution to below 20% only at
the time of the first ferrihydrite precipitation (formation
step 2), but then solution concentration of Se(VI) increases
line ferrihydrite (broad peaks with maxima at 2h of �35� and �62�)
Se(IV) coprecipitated hematite samples (c(Se)0 = 10�3 mol/L). All
ipitated background electrolyte).

(Cop) of hematite (Hm). This includes the fast precipitation of the
ation into hematite. Initial Se concentrations: 10�3 mol/L.



Table 1
Equilibrium (residual) concentrations of Fe and Se, the resulting Se removal (in % and log Kd) and the mineral composition (Hm:
hematite, Gt: goethite, Fh: ferrihydrite) of selected samples of coprecipitation experiments with different initial amounts of Se;
‘‘X” c(Se)0 = ‘‘X” � 10�3 mol/L.

# Se species Sample Mineral(s) a Se b pH c c(Fe)eq c(Se)0 c(Se)eq Se sorbed log Kd

[ppm] [mol/L] [mol/L] [mol/L] [%] [L/kg]

1 – Hm (pure) Hm bdl 7.3 1.44E�07 0.00 bdl – –
2 Se(VI) Se(VI)CopHm0.1 Hm 34 7.6 1.33E�07 1.02E�04 8.66E�05 15.3 1.30
3 ‘‘ Se(VI)CopHm1 Hm 280 7.3 8.74E�08 1.02E�03 8.97E�04 12.3 1.19
4 ‘‘ Se(VI)CopHm2 Hm 190 7.7 2.09E�07 2.04E�03 1.80E�03 11.9 1.17
5 ‘‘ Se(VI)CopHm4 Hm 480 7.4 1.78E�05 4.09E�03 4.05E�03 0.9 0.02
6 ‘‘ Se(VI)CopHm6 Hm 760 7.3 3.32E�05 6.13E�03 6.13E�03 0.0 –
7 ‘‘ Se(VI)CopHm8 Hm 1100 7.3 3.38E�06 8.18E�03 8.07E�03 1.2 0.14
8 ‘‘ Se(VI)CopHm10 Hm 1600 7.7 1.25E�05 1.02E�02 1.01E�02 1.0 0.04

9 Se(IV) Se(IV)CopHm0.1 Hm 770 7.7 6.16E�08 1.00E�04 1.07E�07 99.9 5.01
10 ‘‘ Se(IV)CopHm1 Hm 6900 7.6 5.70E�07 1.00E�03 1.19E�06 99.9 4.97
11 ‘‘ Se(IV)CopHm2 Hm + Gt 13000 7.9 7.99E�08 2.01E�03 8.41E�06 99.6 4.42
12 ‘‘ Se(IV)CopHm4 Gt + Hm 21000 8.5 2.59E�06 4.02E�03 4.88E�04 87.9 2.90
13 ‘‘ Se(IV)CopHm6 Gt + Hm 35000 8.5 9.33E�06 6.02E�03 1.05E�03 82.5 2.72
14 ‘‘ Se(IV)CopHm8 Gt + Hm 39000 8.6 6.00E�06 8.03E�03 1.78E�03 77.9 2.59
15 ‘‘ Se(IV)CopHm10 Gt + Hm 50000 8.3 1.45E�05 1.00E�02 2.10E�03 79.1 2.62

16 – Fh (pure) Fh bdl 7.9 2.74E�06 0.00 bdl – –

17 Se(VI) Se(VI)CopFh1 Fh 1500 7.6 1.19E�05 1.02E�03 9.31E�04 8.9 4.34
18 ‘‘ Se(VI)CopFh4 Fh 6200 7.9 7.21E�06 4.09E�03 3.86E�03 5.5 1.04

19 Se(IV) Se(IV)CopFh1 Fh 6200 8.1 7.42E�06 1.00E�03 5.07E�06 99.5 4.23
20 ‘‘ Se(IV)CopFh4 Fh 23000 8.1 3.72E�06 4.02E�03 2.57E�05 99.4 0.81

a Mineral composition (XRD analysis).
b Se content of the solid phase (EDXRF analysis).
c pH after synthesis/coprecipitation.
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rapidly to its final value of more than 90%, where it remains
unchanged for 10 days.

3.3. Effect of the Se concentration on the type of Fe

precipitates

Table 1 compiles the main properties of some selected
synthesized iron oxide samples from coprecipitation exper-
iments with different initial Se concentrations. The data
show that the proportion of sorbed Se is low for all copre-
cipitation samples of the Se(VI) system, but also that the
presence of even extremely high Se(VI) concentrations has
no effect on the formation of pure hematite and on the final
pH. In the Se(IV) system, however, the coprecipitation
causes a high Se retention, while at the same time higher
concentrations of dissolved Se(IV) lead to an incomplete
formation of hematite and instead to hematite-goethite
mixed phases (Fig. A.2 in Supporting Information). In
addition, high initial Se(IV) amounts cause an increase of
the solution pH. This effect is visible at initial Se concentra-
tions of more than 10�3 mol/L, and thus only when a cer-
tain Se/Fe ratio, or a certain Se content of the iron oxide
phase, are exceeded. For the type of hematite synthesized
in this study, this specific Se content is in the range of about
0.7–1.3 wt%. In contrast, the examination on ferrihydrite
samples provide no evidence that a presence of higher
amounts of Se(IV) affect the purity or composition of
formed ferrihydrite.

Samples of the Se(VI)-ferrihydrite system, on the other
hand, show a behavior that is largely in accordance with
the Se retention of the hematite system. At neutral pH con-
ditions, sorption of Se(VI) is also clearly limited compared
to the ferrihydrite retention capacity for Se(IV), but the
interaction does not affect the solid phases.

To what extent the interaction with Se affects the min-
eral formation can also be seen in SEM images of coprecip-
itated samples (Fig. 7). For initial Se amounts of
4 � 10�3 mol/L, it is clearly visible that coprecipitation with
Se(VI) produces only pure hematite (Fig. 7a), whereas
coprecipitation with Se(IV) causes the formation of a
goethite-hematite mixed phase (Fig. 7c). Furthermore,
SEM analyses of comparable hematite adsorption samples
indicate that neither adsorption of Se(VI) nor Se(IV) has
an influence on the hematite phase (Fig. 7b and d). This
behavior was also verified by XRD results of hematite sam-
ples from adsorption studies (Supporting Information -
Fig. A.3).

3.4. Spectroscopic analyses of Se-bearing hematite and

ferrihydrite samples

XPS and XANES analysis were performed to identify
the Se oxidation state on the mineral surface and within
the bulk of Se-bearing hematite and/or ferrihydrite sam-
ples. The Se binding energies determined by XPS show that
neither adsorption nor coprecipitation affects the original
Se oxidation state (Supporting Information - Table A.1).
In the same way, the analysis of the white line positions
of collected Se K-edge XANES spectra indicate that the
Se oxidation state remained unaltered by the reaction with



Fig. 7. SEM images of hematite (Hm) samples of coprecipitation (Cop) and adsorption (Ads) experiments with Se(VI) and Se(VI). Initial Se
concentration of all samples: 4 � 10�3 mol/L. (a) Se(VI) coprecipitation with hematite, (b) Se(VI) adsorption onto hematite, (c) Se(IV)
coprecipitation with hematite; formation of a hematite-goethite mixed phase, (d) Se(IV) adsorption onto hematite.
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hematite or ferrihydrite. For all iron oxide samples within
the same Se system, the position of the absorption edge
exactly matches the white line positions of Se(VI) or
Se(IV) reference spectra (Na2SeO4: 12.663 keV, Se(IV) ref.
solution: 12.660 keV) (Fig. 8).

In order to characterize the Se retention mechanisms in
detail, samples of each system with different natures of Se
sorption - partly more than one of the same type - were ana-
lyzed by Se K-edge EXAFS spectroscopy (Fig. 8). The k3-
weighted v spectra were fit with a FEFF 8.2 file that was
generated with the crystallographic structure of mandari-
noite (Fe2(SeO3)3 ∙ 6H2O, CIF 0005198, Hawthorne,
1984). For all samples of the Se(VI) system, the EXAFS
Fourier transform magnitude is dominated by only one
strong peak at 1.3 Å (uncorrected for phase shift). A fit
of this peak with a single scattering Se-O path lead to oxy-
gen coordination numbers (CN) of 3.3–3.8 and to atomic
distances of 1.65 Å (Table 2), confirming the unchanged
hexavalent oxidation state and the tetrahedral structure of
the Se(VI) anion. Apart from that, no additional peaks
are visible and thus no signs of further shells beyond the
oxygen coordination sphere. For the samples of the
Se(IV) system, the EXAFS Fourier transform show
the oxygen coordination shell at about 1.4 Å (uncorrected
for phase shift, Fig. 8). A fit of those peaks result in coordi-
nation numbers of 2.7–3.0 and atomic distances of 1.70–
1.71 Å (Table 2), confirming the tetravalent Se oxidation
state and the unchanged pyramidal-shaped molecular struc-
ture of Se(IV) (Chen et al., 1999).

In contrast to the Se(VI) system, the Fourier transform
of the EXAFS spectra of Se(IV) samples show further
structural features beyond the oxygen coordination shell.
Two peaks that appear close to each other rise above the
background in the range at 2.5–3.0 Å (uncorrected for
phase shift), whereby the signal intensity, the form and
the distances of those peaks differ in dependency of the
sample origin and the associated Se sorption type. Two
individual single scattering Se-Fe paths were used to
achieve a good fitting of those peaks (Table 2), whereas
the use of only one Se-Fe path or a mixture of Se-Fe and
Se-O paths led to poor results. Note that the Debye-
Waller factors of both Se-Fe paths were kept correlated
to obtain stable fit results.
4. DISCUSSION

4.1. Adsorption data

The observed Se adsorption behavior is consistent with
data of previous studies by Duc et al. (2006) and Rovira
et al. (2008) and suggest that adsorption of Se(IV) onto
hematite can be attributed to a specific adsorption and
the formation of inner-sphere surface complexes. With
maximum values of up to 2.5 at/nm2, the determined Se
surface coverage is in line with other Se(IV) adsorption
studies on hematite or goethite (Su and Suarez, 2000; Duc
et al., 2003; Rovira et al., 2008). These authors also
reported of Se surface coverages in the range of
�2 at/nm2 or higher and they attributed this Se uptake to
the formation of different types of inner-sphere Se(IV) com-
plexes. However, even though there is no direct evidence for
separate Se mineral phases, one cannot fully exclude the
possibility of a Se surface precipitation, particularly in case
of hematite samples that are characterized by high Se
surface coverages.

Furthermore, the low Se(VI) adsorption to hematite and
the strong negative impact of an increasing pH and ionic
strength is in agreement with data of Se(VI) adsorption
studies on other ferric oxide minerals (Su and Suarez,
2000; Rietra et al., 2001; Wijnja and Schulthess, 2002;
Duc et al., 2003; Das et al., 2013).



Fig. 8. Se K-edge XANES and EXAFS spectra of Se(IV)- and Se(VI)-bearing hematite (Hm) and ferrihydrite (Fh) samples of coprecipitation
(Cop) and adsorption (Ads) studies. (If not otherwise indicated, EXAFS Fourier transforms (FT) were calculated over the k-range
3–14.5 Å�1).
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4.2. Stability of the Se retention

Based on the results of the desorption studies, it can be
concluded that Se retention by coprecipitation with hema-
tite is not only the predominant but also the more stable
immobilization process compared to adsorption. However,
since it was not possible to dissolve larger amounts of the
hematite phase with maximum OH� concentrations of
0.5 mol/L (Supporting Information - Fig. A.4), potentially
incorporated Se should not be released in this kind of dis-
solution experiments. The desorption data can therefore
neither confirm nor exclude the existence of a Se incorpora-
tion mechanism. Nonetheless, the similar desorption behav-
ior of the ferrihydrite coprecipitation sample and the
hematite adsorption samples suggests that the interaction
between Se(IV) and ferrihydrite remains adsorption at the
early stage of the coprecipitation process. This means that
the mechanism, which is responsible for the higher stability
of Se in the hematite coprecipitation samples, is definitely
linked to the ferrihydrite recrystallization process. For this
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reason, the formation pathway of hematite must have a sig-
nificant influence on the interaction between dissolved Se
oxyanions and the forming iron oxide.

4.3. Development and implications of the coprecipitation

The temporal development of the hematite formation
(Fig. 5) demonstrates that the transformation of ferrihy-
drite into hematite lasts a few days, during which the dis-
solved Se oxyanions interact with the crystallizing phase.
The early stages of this interaction process (Fig. 6), includ-
ing the fast removal of Se(VI) by ferrihydrite at low pH and
the subsequent release with increasing pH is in line with the
typical pH dependence of oxyanion outer-sphere sorption
already documented in Fig. 1 (left). As tested in own pre-
liminary studies and also described in the literature by sev-
eral authors, Se shows a rapid adsorption kinetic on iron
(III)-oxide minerals (Zhang and Sparks, 1990; Su and
Suarez, 2000; Rovira et al., 2008; Mitchell et al., 2013).
Again, this behavior suggests that the uptake of Se oxyan-
ions in the coprecipitation experiments is different from
adsorption and that the associated retention mechanism is
related to the ferrihydrite-hematite recrystallization.

In addition, the main properties of the Fe precipitates
(Table 1) illustrate that the presence of Se during the crys-
tallization of hematite from ferrihydrite has not only an
impact on the Se retention process but equally influences
the transformation process of ferrihydrite into hematite.
This latter point is, however, only detectable in case of an
exceedance of a certain Se concentration threshold as well
Table 2
Se-K XANES edge energies and EXAFS fit results of hematite and ferri

Sample E0 [keV] Oxygen shell

CNa R [Å]b r2 [Å2]c

Se(VI)CopHm10 12.6629 3.3 O 1.65 0.0020
Se(VI)CopFh4 12.6632 3.6 O 1.65 0.0009
Se(VI)AdsHm8 12.6633 3.6 O 1.65 0.0013
Se(VI)AdsHm4 12.6632 3.6 O 1.66 0.0004
Se(VI)AdsHm1-pH4 12.6632 3.8 O 1.65 0.0010

Se(IV)CopHm1 12.6597 2.9 O 1.71 0.0015

Se(IV)CopHm1 12.6596 3.0 O 1.71 0.0015

Se(IV)CopHm1-DeSo 12.6595 3.0 O 1.71 0.0014

Se(IV)CopFh1 12.6595 2.9 O 1.70 0.0014

Se(IV)CopFh4 12.6595 2.8 O 1.71 0.0013

Se(IV)AdsHm1 12.6596 2.9 O 1.71 0.0016

Se(IV)AdsHm4 12.6598 2.9 O 1.70 0.0018

Se(IV)AdsHm1-pH4 12.6594 2.7 O 1.70 0.0011

a CN: coordination number, error ± 25%.
b R: Radial distance, error ± 0.01 Å.
c r2: Debye-Waller factor, error ± 0.0005 Å2.
# Correlated r2.
§ Upper r2 limit reached. ‘‘X” c(Se)0 = ‘‘X” � 10�3 mol/L. ‘‘DeSo”: Sam
as a strong interaction between the dissolved Se and the fer-
rihydrite/hematite phase, which occurs only for Se(IV). The
identified threshold of 0.7–1.3 wt% Se (or c(Se)0 =
10–3 –2 ∙ 10–3 mol/L) is equivalent to a theoretical Se sur-
face coverage of 1–2 at/nm2. This value also corresponds
with the Se surface coverage at the point, where the adsorp-
tion capacity of hematite for Se(IV) starts to approach an
upper limit and hematite is no longer able to remove all dis-
solved Se(IV) from solution (Fig. 2). However, one has to
consider that in this context not the surface coverage of
hematite but the unknown surface coverage of ferrihydrite,
before the recrystallization to hematite or goethite, has to
be the more relevant parameter. A similar inhibition of
the ferrihydrite recrystallization by oxyanions species was
reported, among others, by Gálvez et al. (1999a). There, a
small amount of phosphate favored the transformation of
ferrihydrite into hematite, whereas higher phosphate con-
centrations caused the formation of goethite. This behavior
was attributed to the formation of inner-sphere adsorption
complexes, which disturb the transformation of ferrihydrite
into hematite due to the increasing negative surface charge
at high phosphate concentrations. This is consistent with
our data, where Se(IV) supposedly also interacts as an
inner-sphere sorbed species with ferrihydrite or hematite.

4.4. Characterization of the retention mechanisms

Based on the results of the XPS analysis, it can be con-
cluded that the interaction processes between dissolved
Se(IV) and hematite cause no changes of the Se(IV)
hydrite samples ðS2
0 ¼ 0:9Þ.

Iron shells DE0 [eV] vres [%]

CN R [Å] r2 [Å2]

14.5 8.1
14.8 8.2
14.4 9.3
15.5 9.5
14.8 8.0

0.7 Fe 2.94 0.0097 # 15.2 13.8
2.5 Fe 3.43 0.0097 #

0.5 Fe 2.95 0.0100 #,§ 15.8 14.1
2.4 Fe 3.41 0.0100 #,§

0.9 Fe 2.98 0.0100 #,§ 15.5 13.9
2.8 Fe 3.43 0.0100 #,§

0.3 Fe 2.89 0.0100 #,§ 15.3 14.4
1.4 Fe 3.34 0.0100 #,§

0.3 Fe 2.88 0.0072 # 15.6 12.8
1.1 Fe 3.34 0.0072 #

0.3 Fe 2.90 0.0056 # 15.5 13.1
1.6 Fe 3.38 0.0056 #

0.3 Fe 2.89 0.0049 # 15.1 12.1
1.3 Fe 3.37 0.0049 #

0.4 Fe 2.91 0.0030 # 15.5 12.8
0.8 Fe 3.38 0.0030 #

ple from desorption study.
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valency. This is also confirmed by the XAS data (Fig. 8),
which show that the Se oxidation state remains unaffected
by the interaction with hematite or ferrihydrite in case of
both Se speciations.

For the Se(VI) system, the unchanged Se oxidation state,
together with the absence of atomic neighbors beyond the
oxygen coordination shell, indicates the presence of a
hydration sphere and hence outer-sphere bonding of the
Se(VI) species for all analyzed iron oxides (Fig. 10a). No
indication for inner-sphere sorption or any evidence of
incorporation was found. Concluding from a number of
previous studies about Se(VI) adsorption on goethite,
Se(VI) species are able to form both inner- and outer-
sphere adsorption complexes depending on the respective
conditions. While some authors solely identified inner-
sphere Se(VI) complexes on goethite (Su and Suarez,
2000; Das et al., 2013), other publications demonstrated
the formation of a mixture of inner- and outer-sphere
adsorption complexes, whereby the distribution of both
types strongly depends on parameters like pH, ionic
strength or the surface coverage (Peak and Sparks, 2002;
Fukushi and Sverjensky, 2007). Especially the pH plays a
key role in this context and leads, at least in case of
goethite, to the formation of mainly inner-sphere complexes
at pH values below 6, whereas a higher pH causes the for-
mation of primarily outer-sphere complexes (Wijnja and
Schulthess, 2000; Rietra et al., 2001). In contrast, the inter-
action of Se(VI) with hematite and ferrihydrite is not so
well studied and partly contradictory in terms of the nature
of the Se(VI) complexes. According to Peak and Sparks
(2002), the behavior of ferrihydrite should be similar to that
of goethite, which is consistent with our results when taking
into account the neutral pH conditions and the mentioned
pH dependency. The hydrochemical conditions during the
mineral synthesis are responsible for a relatively high ionic
strength, which would favor inner-sphere sorption because
of competition effects; however, this was not observed. Our
results are hence in disagreement with those of Das et al.
(2013), who clearly identified inner-sphere Se(VI) com-
plexes on ferrihydrite at comparable neutral pH conditions,
but at substantially lower ionic strengths. Published data of
Se(VI) adsorption on hematite (Peak and Sparks, 2002)
demonstrate an inner-sphere complexation, which is addi-
tionally unaffected by pH. A possible reason for this differ-
ence could be the dominant anion in the used background
electrolyte (here nitrate instead of chloride). While chloride
is known to have one of the lowest adsorption affinities for
iron oxides, the affinity of the oxyanion nitrate is higher and
more comparable with selenate (Neal, 1995), hence nitrate
most likely out-competes selenate at inner-sphere sorption
sites.

In contrast to the Se(VI) system, the EXAFS data of
Se(IV) samples are characterized by 2 Fe shells in addition
to the oxygen coordination sphere (Fig. 8). In general, the
presence of Fe atoms in the second shell implies a direct
linkage of the Se(IV) oxyanions to the iron oxide without
an additional hydration sphere and thus a bonding of an
inner-sphere nature (Fig. 10b). The fit results (Table 2),
which include the first published EXAFS fittings of Se
(IV) interaction with hematite, are in good agreement with
published data of Se(IV) adsorption on other types of iron
(oxyhydr)oxides, particularly in terms of the atomic Fe dis-
tances of 2.88–2.98 Å for the shorter-distant and 3.34–
3.43 Å for the longer-distant Fe atoms. These distances sug-
gest the formation of a bidentate mononuclear edge-sharing
2E arrangement between the SeO2�

3 pyramidal molecule and
the hematite FeO6 octahedra in case of the shorter-distant
Fe atoms, while the longer-distant Fe shell represents
bidentate binuclear corner-sharing 2C complexes (Hayes
et al., 1987; Manceau and Charlet, 1994; Hiemstra et al.,
2007; Missana et al., 2009; Jordan et al., 2014). In case of
Se(IV), the formation of 2E and 2C adsorption complexes
does not cause structural features beyond distances of
3.5 Å, which was also demonstrated by other publications
regarding these two types of Se(IV) complexes on iron
oxide surfaces. 2E and 2C complexes occur in all investi-
gated hematite and ferrihydrite samples at the same time,
and were also observed for ferrihydrite (Manceau and
Charlet, 1994), magnetite (Missana et al., 2009), and
maghemite (Jordan et al., 2013; Jordan et al., 2014). The
only iron oxyhydroxide mineral with different adsorption
characteristics is goethite, for which, by EXAFS and IR
spectrometry or surface complexation modeling, only
corner-sharing 2C complexes were identified (Hayes et al.,
1987; Su and Suarez, 2000; Hiemstra et al., 2007). The for-
mation of corner- and edge-shared complexes on specific
crystal surfaces and their proportions depend on pH, crys-
tal morphology, and the surface coverage (Manceau and
Charlet, 1994; Hiemstra et al., 2007; Missana et al., 2009;
Jordan et al., 2013; Jordan et al., 2014). Since higher cover-
ages favor the formation of both corner- and edge-shared
complexes (Hiemstra et al., 2007), this would explain why
all investigated Se(IV)-bearing hematite and ferrihydrite
samples show both types of surface complexes. Further-
more, the generally needle-shaped morphology of goethite
and the related dominance of {110} faces only allows the
occurrence of 2C complexes (Manceau and Charlet, 1994;
Ona-Nguema et al., 2005). Hematite and ferrihydrite, in
contrast, have a more versatile morphology and are charac-
terized by crystal faces that enable a simultaneous forma-
tion of 2E and 2C adsorption complexes (Trainor et al.,
2004; Ona-Nguema et al., 2005).

The key finding of the fitting is, however, that all hema-
tite samples, for which both adsorption and other retention
mechanisms are conceivable, show significantly higher
coordination numbers and larger Se-Fe distances than the
samples where various retention mechanisms are unlikely
or can be ruled out by the sorption studies as shown above.
This latter group includes hematite and ferrihydrite samples
with only an adsorbed fraction of Se [Se(IV)AdsHm and
Se(IV)CopFh], which are all characterized by smaller coor-
dination numbers and distances of 0.3–0.4 at 2.88–2.91 Å
for the short-distant Fe atoms and of 0.8–1.6 at 3.34–
3.38 Å for the far-distant Fe shell. These coordination num-
bers fit very well with the assumed adsorption model, con-
sisting of a mixture of mononuclear edge-sharing and
binuclear corner-sharing inner-sphere complexes (coexis-
tence of different types of surface complexes inevitably leads
to a reduction of the analyzed coordination numbers). In
contrast, all hematite samples of coprecipitation experi-
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ments [Se(IV)CopHm], show larger coordination numbers
and distances of 0.5–0.9 at 2.94–2.98 Å for the shorter-
distant Fe atoms and 2.4–2.8 at 3.41–3.43 Å for the
longer-distant Fe atoms. Compared to the adsorbed sam-
ples, these coordination numbers, with values clearly above
2.0 in case of the far-distant Fe atom, are too high to be
explained by the formation of typical surface adsorption
complexes.

In order to verify and, at best, confirm the different char-
acteristics of Se coprecipitation and adsorption, a statistical
analysis of the EXAFS spectra was performed using Itera-
tive Transformation Factor Analysis (ITFA) (Rossberg
et al., 2003; Scheinost and Charlet, 2008). Fig. 9 (left) shows
the excellent match between the experimental spectra (black
lines) and their reconstructions (red lines) by two principal
components (PC). The Principal Component Analysis
reveals therefore that two different Se sorption species or
sorption mechanisms are needed to characterize the spectra
of all Se(IV) samples. Furthermore, the Varimax factor
loadings (Fig. 9, right) demonstrate that the Se(IV) adsorp-
tion samples are dominated by PC 2, while PC 1 is mainly
present in the hematite samples of coprecipitation experi-
ments. The latter is particularly true for the afterwards des-
orbed hematite sample [Se(IV)CopHm-DeSo], which
should be completely free from adsorbed Se. (Note that
the other coprecipitation samples contain adsorbed Se
oxyanions with a proportion of approx. 25%; Fig. 3). The
statistical analysis therefore confirms the previous interpre-
tation of the fitting results in terms that the retention mech-
anisms for Se coprecipitation and adsorption are different.

One possible explanation for the EXAFS results of the
coprecipitated hematite samples would be the formation
Fig. 9. Iterative transformation factor analysis of Se K-edge EXAFS
reconstruction (red lines) by two principal components (PC). EXAFS Fou
Varimax loadings of the spectral components. (For interpretation of the r
web version of this article.)
of an independent solid Se and Fe hosting mineral phase.
Missana et al. (2009) reported that under certain circum-
stances, especially low pH values, sorption of Se(IV) onto
magnetite can induce the precipitation of ferric selenite
[Fe2(SeO3)3∙3H2O] as a crystalline species. In a similar
way, Bolanz et al. (2013) demonstrated for As(V) that an
interaction during the ferrihydrite-hematite recrystalliza-
tion causes the formation of angelellite-like clusters
[Fe4As2O11], which are incorporated in the hematite phase
as a separate structural composite. However, both mineral
structures would produce characteristic structural features
in EXAFS FT region beyond 3.5 Å indicative of significant
long-range order, which are absent in our samples. In addi-
tion, even in case of an amorphous or poorly crystalline Se
and Fe containing mineral phase, one would expect to see
distinctive coordination shells caused by the nearest iron
neighbors. Ferric selenite minerals like Fe2(SeO3)3∙3H2O
or mandarionite [Fe2(SeO3)3∙6H2O] are usually character-
ized by 3 Fe neighbors at atomic distances in the range of
3.21–3.33 Å (Hawthorne, 1984; Giester and Pertlik, 1994;
Missana et al., 2009), a coordination shell that does not
occur in any of the analyzed samples. The formation of
an independent Se and Fe containing mineral phase (ferric
selenite) can hence be excluded for the Se-bearing samples
(surface coverages �1 at/nm2) that were used for detailed
spectroscopic analyses.

An alternative, and the more likely, explanation for
higher coordination numbers than the expected ones for
adsorption complexes (in our case higher than 0.5 and
1.0, respectively, for a spectral mixture of 2E and 2C sorp-
tion complexes) are structural incorporation processes.
However, the signal intensity and coordination numbers
spectra. Left: Experimental FT spectra (black lines) and their
rier transforms were calculated over the k-range 2–10.5 Å�1. Right:
eferences to colour in this figure legend, the reader is referred to the
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of the Fe are relatively low, and there is a lack of structural
features beyond 3.5 Å (for uncorrected phase shift), which
is rather untypical for a structural incorporation (inclusion)
based on substitution or the occupation of vacant sites.
Moreover, such an incorporation of oxyanions into the
hematite crystal lattice was proven practically only for
P(V) (Gálvez et al., 1999b) and theoretically for Tc(VII)
(Skomurski et al., 2010). Both P(V) and Tc(VII) have a
tetrahedral structure and are coordinated by 4 oxygen
atoms, which enables to occupy the tetrahedral vacancies
within the hematite crystal structure. Since an occupation
of the hematite tetrahedral or octahedral sites seems to be
unrealistic in case of the pyramidal-shaped Se(IV), this indi-
cates Se(IV) is incorporated in a different form. We assume
that incorporation of Se can be attributed to originally
adsorbed Se oxyanion surface complexes that are entrapped
in the hematite bulk phase during the ferrihydrite-hematite
recrystallization process (incorporated adsorption com-
plexes). Incorporated Se(IV) is consequently bound to the
hematite phase in a way that is similar to Se(IV) adsorption
complexes, which are characterized by a direct linkage and
a specific inner-sphere complexation (2E or 2C complexes)
between the Se(IV) molecules and the hematite (Fig. 10c).
That the transformation of ferrihydrite into hematite can
lead to an incorporation of originally adsorbed species is
also mentioned in Das et al. (2015) for the oxyanion
As(V). Similar to Se(IV) in this study, the authors demon-
strated that As(V) was incorporated into newly formed
hematite via both bidentate mononuclear and binuclear
corner-sharing complexes. Another possible example for
an analogous sorption mechanism was described by
Scheinost et al. (2006) for Sb(V). In this case, EXAFS
results provided indications of a comparable incorporation
of Sb(V) into the structure of an iron oxide mineral. Just
like Se(IV) in our results, this Sb(V) species showed two
sorption complexes with associated coordination numbers
that were larger than the expected ones of surface adsorp-
tion complexes, but were also too small to be explained
by substitution or the occupation of vacancies.

However, even if the atomic Se-Fe distances are prede-
termined to a certain extent in the case of internal Se(IV)
Fig. 10. Schematic representation of the uptake mechanisms of Se oxyanio
the formation of inner-sphere Se(IV) (2E or 2C) complexes and the inco
recrystallization.
adsorption complexes, it cannot be unambiguously deter-
mined whether the additional neighboring atoms of the
hematite phase are responsible for the observed increase
of the number of Fe atoms or not. This is due to the fact
that the local structure of the Se(IV)-hematite network
remains unclear and is likely to be highly variable. More-
over, the additional Se-O and Se-Fe contributions should
lead to increased Debye-Waller factors, which could not
be verified, since the hematite samples with and without
incorporated Se(IV) show similar Debye-Waller factors
and both types of samples reach the prescribed upper limit
in some cases.

The hypothesis of a Se incorporation mechanism is also
supported by the general behavior of Se(VI). Although it is
not possible to directly verify incorporation of Se(VI) into
hematite by EXAFS data, on the basis of the hydrochemical
sorption results, it can, nevertheless, be assumed that also Se
(VI) gets incorporated into hematite during the ferrihydrite
transformation. Especially the Se(VI) behavior in the aqua-
tic phase and the stability of the Se(VI) retention against sub-
sequent desorption (Fig. 3) are clear signs for the presence of
an incorporated Se(VI) fraction. However, since this incor-
porated Se(VI) fraction is, according to the EXAFS data,
still bound in form of outer-sphere complexes, a correspond-
ing Se(VI) incorporation process is definitely not associated
with a change of the surface complexation type (Fig. 10c).
This supports the previous findings of the Se(IV) data eval-
uation, that incorporation of Se oxyanions into hematite
cannot be attributed to substitution or occupation of crystal-
lographic sites within the hematite lattice.

4.5. Conceptual model of the Se retention during the

crystallization of hematite

The combination of hydrochemical and spectroscopic
data lead to the outcome that three individual interaction
processes control the fate of dissolved Se oxyanions during
coprecipitation with hematite via ferrihydrite. The first pro-
cess is the fast coprecipitation of Se oxyanions with ferrihy-
drite. Due to the large specific surface area of ferrihydrite,
high quantities of Se can be adsorbed on the surface. The
ns by hematite. This includes an outer-sphere adsorption of Se(VI),
rporation of Se oxyanions as a result of the ferrihydrite-hematite



N. Börsig et al. /Geochimica et Cosmochimica Acta 206 (2017) 236–253 251
different surface areas of poorly crystalline ferrihydrite and
well crystalline hematite are the reason why the uptake of
Se resulting from coprecipitation is potentially higher than
the Se uptake by pure adsorption on hematite after a com-
pleted mineral formation. The first adsorption of Se on fer-
rihydrite therefore significantly defines the total amount of
sorbed Se during the whole coprecipitation process. Since
the ferrihydrite adsorption capacity for Se, like for all iron
oxides, is strongly influenced by the Se speciation and the
parameters pH and ionic strength, this interaction process
is responsible for the much larger uptake of inner-sphere
bound Se(IV) than of outer-sphere bound Se(VI), at least
under the investigated conditions.

The second interaction process represents the incorpora-
tion of Se during the transformation of unstable ferrihy-
drite into crystalline hematite. Compared to the previous
Se adsorption onto ferrihydrite, the Se incorporation is less
critical for the amount of sorbed Se, but is crucial for the
stability of the Se retention, since the majority of adsorbed
Se oxyanions are incorporated into the hematite during its
crystallization. Coprecipitated Se, with a high fraction of
incorporated Se, is thus more stable against a subsequent
desorption than solely adsorbed Se oxyanions. In case of
high Se concentrations and high adsorption, i.e. under neu-
tral or alkaline pH conditions for Se(IV), the surface cover-
age of ferrihydrite can become so high that the adsorbed Se
complexes prevent a complete transformation of ferrihy-
drite into hematite. In this case, the transformation of fer-
rihydrite in hematite, which involves internal dehydration
and rearrangement processes (Adegoke et al., 2013), seems
to be no longer possible. Instead, the ferrihydrite trans-
forms via dissolution and precipitation that causes the for-
mation of goethite instead of hematite.

The last process is the adjustment of an adsorption/des-
orption equilibrium between the formed hematite and all
dissolved water components in the aquatic phase. The equi-
librium between dissolved and adsorbed Se oxyanions is
influenced by the prevailing hydrochemical conditions, the
presence of competing anions and the hematite properties,
as these parameters determine the type of possible Se
adsorption complexes. However, due to the previous Se
incorporation during the hematite crystallization, most of
the Se is, at that point, no longer in direct contact with
the aquatic phase. The adsorption/desorption processes
therefore affect only the retention behavior and stability
of the smaller adsorbed Se fraction, but not the fraction
of incorporated Se.

5. CONCLUSION

This study has demonstrated that during the crystalliza-
tion of hematite from ferrihydrite under natural conditions,
interacting Se oxyanions are not adsorbed but mainly
incorporated into hematite. This incorporation process fol-
lows the previous adsorption of Se oxyanions onto ferrihy-
drite, the primarily precipitated iron oxide phase, and takes
place during the subsequent transformation of amorphous
ferrihydrite into crystalline hematite. The proportion of
incorporated Se is largely defined by the adsorption capac-
ity of ferrihydrite for Se(IV) and Se(VI) under the prevail-
ing conditions prior to the crystallization process. The
incorporation mechanism itself results from a direct linkage
between the Se oxyanions and the hematite phase, but is not
attributed to substitution or occupation of crystallographic
sites within the hematite crystal lattice. This is why the
incorporated Se oxyanion species are bound to the hematite
phase in a way that is similar to surface adsorption com-
plexes – outer-sphere complexes for Se(VI) and inner-
sphere complexes for Se(IV). Compared to adsorbed Se
oxyanions, the retention of the incorporated Se fraction is
very resistant even at alkaline pH conditions at least as long
as the hematite mineral remains stable.

These results provide new knowledge about the reten-
tion behavior of Se oxyanions in natural environments.
This concerns all places where iron oxides are newly formed
or mineral transformation processes take place, including,
for instance, the oxidized, near-surface regions of contami-
nated areas or within the critical zone. In all these environ-
ments, incorporation of Se oxyanions into iron oxides, and
specifically hematite, can represent a main long-term immo-
bilization mechanism. This may be important for mobility
assessments of Se oxyanions or could be applied for the
treatment of polluted wastewaters.
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