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Abstract: Schwertmannite (SHM) is a naturally occurring mineral that has been shown to effectively
scavenge oxyanions from contaminated water. In this study, Fourier-transform infrared spectroscopy
and X-ray absorption spectroscopy techniques in combination with wet-chemical techniques were
used to study the competitive sorption of Se(IV) and Se(VI) at pH 3. The experiments were conducted
with three types of schwertmannite obtained from oxidative synthesis, biogenic synthesis and high-
pressure compaction at different initial Se concentrations and mixing ratios for 48 h and 56 days,
respectively. A threshold value for the uptake mechanisms was identified, which reflects the amount
of easily exchangeable sulphate (~0.5 mmol/g). At adsorbate concentrations below this threshold,
an inner-sphere corner-sharing bidentate binuclear complex forms upon exchange with sulphate.
At higher concentrations, both oxyanions become bound to SHM through co-occurrence of mainly
inner-sphere and partly outer-sphere corner-sharing bidentate binuclear complexes with Fe(III)
containing surface sites. Single species experiments clearly indicate a higher affinity of SHM for
Se(IV). However, in mixed species experiments, competitive sorption occurs with equal or even
preferential uptake of Se(VI) at concentrations much lower than the threshold value, presumably due
to geometrical similarity between selenate and sulphate, and increasing preference for Se(IV) at high
Se concentrations.
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1. Introduction

Selenium (Se) is an essential micronutrient for humans and animals. Se exists in
different forms but the predominant ones are the oxyanionic species selenite (Se(IV),
SeO3

2−) and selenate (Se(VI), SeO4
2−), which are among the list of oxyanions that cause

severe contamination of natural waters and aquatic environments due to their toxicity,
bioavailability and mobility [1]. The occurrence of these species is typically controlled
by pH and redox conditions with alkaline and well oxidized environments favouring the
predominance of Se(VI) [2]. In contrast, Se(IV) tends to occur in moderately oxidizing and
neutral pH environments [2]. However, both oxyanions have also been found to coexist,
e.g., in industrial mining wastewater [3]. Selenium (Se) pollution and its control has thus
gained increased attention and a variety of physical, chemical and biological technologies
to remove Se from water have been investigated, such as nanofiltration, reverse osmosis,
algae treatment and adsorption [4].

Recent experiments with granulated schwertmannite (SHM) [5], a ferric hydroxo-
sulphate mineral (chemical formula Fe8O8(OH)8-2x(SO4)x with 1≤ x ≤1.75)) that typically
forms under oxic, acidic (pH 2.5–4.5) SO4

2− and Fe-rich conditions, have demonstrated
a large uptake capacity of this mineral of up to 150 µmol Se(IV)/g SHM at pH 3. SHM
has proven to be extremely efficient in the removal of dissolved oxyanions [6–10] such as
AsO3

3−, AsO4
3−, CrO4

2−, MoO4
2− or PO4

3−.
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Hitherto, studies on uptake of Se oxyanions have focussed on ferric (oxyhydro)xides [11–18],
whilst mechanistic studies about the interaction between Se oxyanions and SHM are
scarce. Waychunas et al. [19] have demonstrated that Se(VI) can either directly substitute
sulphate within structural tunnels of SHM or it will sorb onto the outer surfaces of the
crystallites. No change of the basic structure of SHM was observed upon Se(VI) substitution.
Khampila et al. [20] have investigated the adsorption of different oxyanions including
Se(VI) onto SHM. Based on Zeta potential observations, they conclude that Se(VI)-like
sulphate forms an outer-sphere complex, whereas the other oxyanions (phosphate, arsenate
and chromate) form an inner-sphere complex. Marouane et al. [5] have investigated the
adsorption of Se(IV) on granulated SHM. They observed a two-step kinetic adsorption
which they attributed to fast ligand exchange with surface bound sulphate and slower
intraparticule diffusion and/or exchange with structural sulphate. Yet, the mechanisms
of adsorption at the various sorption sites in SHM remains unclear and in particular, the
dependence of the uptake mechanism of Se oxyanions on concentration is an open question.

Hitherto, studies on adsorption of Se oxyanions by ferric (oxyhydr)oxides have been
focused on the uptake of single species, i.e., either Se(IV) or Se(VI). Since wastewater and
mining drainage may contain substantial amounts of both oxyanions [4,21,22], the study of
simultaneous sorption of Se(IV) and Se(VI) is crucial in regard to the competitiveness of the
two species for adsorption sites. In this study, we therefore aim to examine the effect of the
loading concentration of Se(IV) and Se(VI) as well as their mixing ratio on partitioning of
these species into SHM using Se K-edge X-ray absorption spectroscopy near edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS). In order to study the
effect of ageing on partitioning, we have performed sorption studies after various reaction
times up to 56 days.

2. Materials and Methods
2.1. Schwertmannite Samples

Three different SHM specimens were used in the current study. SorbB was generated
by microbial oxidation of Fe(II) in a mine water Fe removal plant operated at pH 2.9–3.2 [23]
which we refer to as biogenic sorbent. SorbP was manufactured by high-pressure com-
paction of SorbB in a briquette press with controllable pressure gradient (GEOS, Freiberg,
Germany) and subsequent granulation to a grain size of 0.63–2 mm. Prior to use, both
SorbP and SorbB were washed 3 times with dilute HNO3 solution at pH 3 and dried in an
oven at 50 ◦C. The third SHM specimen SorbS was oxidatively synthesized as described by
Regenspurg and Peiffer [6]. In brief, 10 g of FeSO4·7H2O were dissolved in 1 L deionised
water to which ~5 mL of 32% H2O2 was added dropwise to accelerate the oxidation of Fe2+

to Fe3+. The solution was stirred at room temperature for 24 h and the pH remained stable
at 2.4. The precipitated orange coloured solids were filtered and oven dried for 1 day at
35–40 ◦C.

2.2. XRD, FTIR, BET and SEM Analyses

X-ray diffraction (XRD) was carried out for the three SHM specimens before and
after sorption experiments after being grounded using Co K radiation (D5000, SIEMENS;
Germany). Diffractograms were evaluated using the DIFFRAC-plus evaluation software
package (Bruker AXS, Germany). Fourier transformed infrared spectra of the samples were
obtained using a Vektor22 Bruker and evaluated using OPUS-NT software.

Surface morphology was studied using scanning electron microscopy (SEM). The
specific surface area (SSA) was determined by the five point N2 point adsorption isotherm
(BET) method (Gemini 2375 v 5.01).

2.3. Selenium Sorption to Different Schwertmannites

Adsorption of Se species was studied at different initial Se concentrations (0.0012, 0.12,
0.66 and 1.2 mM). The initial Se concentrations were selected to cover a range below at, or
above the sorption capacity of approximatively 0.15 mmol/g achieved within 48 h for Se(IV)
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and after more than 140 h for Se(VI) determined in an earlier study [5]. This value reflects
extrapolation of Se Freundlich isotherms (Figure S1 and Table S1 in the Supplementary
Materials), and is also in accordance with the values determined for arsenite [7] and
reflected a maximum solid phase loading of 0.0012, 0.12 and 1.2 mmol/g for single-species
experiments and 0.0012, 0.12, 0.66 and 1.2 mmol/g for mixed-species experiments.

The Se stock solution was prepared by dissolving sodium selenite (Na2SeO3) and
sodium selenate (Na2SeO4) in deionised water (Milli-Q) to have Se(IV) and Se(VI) solution,
respectively. Solutions containing Se were freshly prepared by diluting the Se stock solution
with Milli-Q. Adsorption of Se(IV) and Se(VI) was studied in experiments with only one
species present (single-species experiment) and in mixtures of both Se(IV) and Se(VI)
at ratios of 1:1, 10:1 and 1:10 for SorbS and a ratio of 1:1 for SorbP and SorbB (mixed-
species experiment). Experiments were started by suspending 1 g of SHM in 1 L of 0.01M
KNO3 and allowing for equilibration at pH 3 ± 0.5 for 24 h at 22 ± 2 ◦C on a rotary
shaker (150 rpm) followed by addition of either Se(IV) or Se(VI) or the corresponding
mixture of Se(IV) and Se(VI). Reaction times were 48 h to allow for fast equilibration
reactions (e.g., ligand exchange [5]) step and 56 d to test the effect of slower reactions,
such as intraparticle diffusion or exchange with structural sulphate [5]. The experimental
conditions are summarised in Table 1.

Table 1. Experimental conditions for XAS analysis.

Se(IV)
mM

Se(VI)
mM

Se(IV) + Se(VI)
mM Reaction Time

SorbS 0.12
1.2

0.12
1.2

0.06 + 0.06
0.6 + 0.6

0.6 + 0.06
0.06 + 0.6

48 h

SorbP
0.0012 0.0012 0.0006 + 0.0006 48 h

56 d

0.12 0.12 0.06 + 0.06 48 h

SorbB

0.0012 0.0012 0.0006 + 0.0006 48 h

0.12 0.12 0.06 + 0.06 48 h
56 d

Following equilibration, the solid and aqueous phases were separated by vacuum
filtration on porous membranes (0.2 µm, polyamide, Sartorius, Göttingen, Germany). The
aqueous phase was analysed for Se(IV), Se(VI), sulphate, and Fe(tot). The solid deposited
on the membranes was dried in ambient air, sealed with Kapton tape until XAS analysis.
The amount of adsorbed Se was determined by difference between the initial and the
aqueous Se concentrations determined after the respective reaction times.

2.4. Determination of Aqueous Selenium Species, Sulphate and Total Dissolved Iron

Selenite and selenate were determined by graphite furnace atomic absorption spec-
troscopy (AAS ZEEnit 600s, Analytik Jena AG, Jena, Germany). The analysis was only
possible for single-species experiment. For mixed-species experiment, it was not possible
to distinguish between Se(IV) and Se(VI) by any available analysis technique. Total iron
was determined by inductively coupled plasma emission spectroscopy (ICP-OES, Perkin
Elmer Optima 3200 XL). Sulphate concentrations were measured spectrophotometrically
by the BaCl2-Gelatin turbidimetry method [24] at 420 nm.

2.5. Selenium Solid-Phase Speciation

Selenium K-edge (12,658 eV) X-ray absorption near-edge structure (XANES) and
extended X-ray absorption fine-structure spectra were collected at the Hard X-ray Micro-
Analysis (HXMA) Beamline at the Canadian Light Source (Saskatoon, Canada). The XANES
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data were analysed using Artemis software. The theoretical calculation for EXAFS phases
scattering and amplitudes and were performed by using the software FEFF 7.02 [25,26].
The EXAFS data reduction, Linear combination fitting and the following R space curve
fitting were performed using Athena software [26] and WinXAS [27], respectively. Details
of the Se K-edge XAS analyses are provided in the Supplementary Materials.

3. Results
3.1. Characterisation of Schwertmannite Specimen

The molar mass of SHM as derived from the mean stoichiometry of the granulated
SHM (Fe8O8OH5.4(SO4)1.3) was 792.6 g/mol with a mass fraction of 14.8% or 1.6 mmol
SO4

2− per g SHM. The X-ray diffractograms (Figure 1a) indicate poor crystallisation of
the three specimen with a broad peak at 2 θ of ~42◦ characteristic of schwertmannite [28].
The XRD patterns of the different SHM specimen were slightly different depending on
the synthesis pathway. Peaks characteristic of goethite (20, 25, 45 and 65 degrees) were
identified in traces in all specimen and were relatively prominent in SorbP presumably
due to some ageing during the granulation process. The XRD patterns of the samples
after either 48 h or 56 d showed that the initial mineral phase was maintained during the
sorption experiments (Figure S2 in the Supplementary Materials). A slight difference in
specific surface area (SSA) was observed among the specimens. SorbP had the largest SSA
of 33.5 m2/g compared to 14.7 and ~25 m2/g for SorbB and SorbS, respectively. SorbP
particles consisted of flake aggregates with a length of 2400 nm and a width of 1800 nm.
In contrast, SorbS particles were spherical with smooth rounded surfaces and a mean
diameter of 200–600 nm (Figure 1b).

3.2. Interaction between Se Species, Sulphur and Schwertmannites
3.2.1. Aqueous Phase

There was a clear preference of all SHM specimen for adsorption of Se(IV) in single-
species experiments (presence of either Se(IV) or Se(VI), Figure 2). In the case of SorbB
and SorbP, Se(IV) was almost completely (average 97%) adsorbed irrespective of the initial
Se concentration (0.0012 or 0.12 mM) and reaction time (48 h or 56 d). In contrast, the
adsorbed fraction of Se(VI) achieved only values between 64% and 82% after 48 h; the
values increased after 56 d to 79% and 89%. In the case of SorbS, the adsorbed fraction
at an initial Se concentration of 0.12 mM was slightly lower and had an average of 91%
and 67% for Se(IV) and Se(VI), respectively. At an initial Se concentration of 1.2 mM, the
adsorption rate of Se(IV) was still 96%, while it decreased for Se(VI) to 45%. The difference
observed between SHM specimens in the Se sorption are probably due to the difference in
synthetic methods and in SHM particle sizes.

Addition of Se led to a substantial release of SO4
2− (Figure S3 in the Supplementary

Materials). At a low Se concentration (0.12 mM Se(IV), Se(VI) or as a mixture), the release
rate was ~0.46 mmol SO4

2−/g which makes up 27.4% of the total SO4
2− content. In the

absence of Se, the release rate was 0.36 mmol SO4
2−/g so that approximately one mole

sulphate was released per mole Se (sulphate release 1:1 line in Figure S3, Supplementary
Materials). This 1:1 ratio decreased with increasing Se concentrations, despite an almost
complete uptake of at least Se(IV) (Figure 2). Similar observations have been reported in
previous studies with arsenate [29,30] in which the ratio between sulphate and arsenate
also decreased with increasing initial arsenate concentration. The authors concluded that
at high concentration, sorption of arsenate would involve surface complexation reactions
in which both sulphate and hydroxyl groups are involved so that the exchange ratio is less
than 1.

3.2.2. Solid Phase

The observations made at the aqueous phase are corroborated by FTIR measurements
performed with SorbS. In the absence of Se, this specimen shows the characteristic absorp-
tion bands for SHM [31,32] due to splitting of the ν3 vibration of SO4 at ~1122 cm−1 with
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two shoulder bands at ~1060 and 1180 cm−1, a ν4 (SO4) vibration at 611 cm−1 along with
ν-FeO stretching vibrations at 704 cm−1 and 428 cm−1 (Figure 3a). Consistent with the
sulphate released into solution, we observed that with increasing Se concentration, the
intensity of the SO4

2− band at 1122 cm−1 was decreasing and new features appeared.
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Figure 3. FTIR-spectra of (a) adsorbed Se(IV) and Se(VI) onto SorbS in mixed-species experiment
at different ratio and SorbS as reference. (b) ratio 1:1 (0.12 mM), (c) ratio 1:1 (1.2 mM), (d) ratio 10:1
(0.66 mM) with dominance of Se(IV) and (e) ratio 1:10 (0.66 mM) with dominance of Se(VI). Spectra of
Na2SeO3 and Na2SeO4 salts (c = 0.011 mM and c = 0.010 mM, respectively) are plotted as reference.

A gradual appearance of a triple splitting can be observed between 800 and 920 cm−1

(Figure 3b–e), particularly when both Se oxyanions are equimolar at high concentration
(Figure 3c, ~827 and 883 cm−1) and when Se(VI) is the dominant species (Figure 3e, ~825,
883 and 920 cm−1). Similarly, Su and Suarez [33] observed triplet splitting of the ν3 band
at 824, 891 and 916 cm−1 when increasing amounts of Se(VI) adsorbed onto amorphous
iron oxide which they attributed to the formation of a bidentate bridging complex of Se(VI)
at the surface. In contrast, when both Se oxyanions are equimolar at high concentration
or when Se(IV) is the dominant species (Figure 3c,d), a new vibration signal appeared at
~750 cm−1 which can be attributed to the ν3 vibration of selenite [33,34].
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Overall, these observations imply that with increasing Se concentrations, a change
in bonding of the Se species to SHM occurs. In the absence of Se, a fraction of easily
exchangeable SO4

2− is released into the solution which is regarded to be bound to schw-
ertmannite as a bidentate binuclear inner-sphere complex [35]. At low Se concentrations,
Se oxyanions exchange with sulphate in a 1:1 ratio thereby also forming an inner-sphere
complex, presumably of the same type. With increasing concentration of Se, not only the
exchange ratio decreases but also new features appear in the FTIR spectra. It is obvious
that low Se concentrations will not produce detectable FTIR signals. We therefore conclude
that the appearance of FTIR signals at higher Se concentrations reflects a mixture of a
bidentate binuclear inner-sphere complex of Se with SHM and a second bonding type of Se
not exchanging with sulphate in a 1:1 stoichiometry which we assume to be outer-sphere
bound tunnel sulphate [35].

The critical threshold is the amount of exchangeable SO4
2− which can make up more

than 30% of the total sulphate content of SHM [28,31,36,37], i.e., approximately 0.5 mmol/g
SHM which corresponds to 0.5 mM for our experimental condition of a SHM concentration
of 1 g/L. Hence, at Se concentrations larger than this threshold, exchange with tunnel
sulphate may also be expected for both oxyanions Se(IV) and Se(VI) and the subsequent
formation of a new bonding type.

3.3. XANES and EXAFS Analyses
3.3.1. Single Species

The Se XANES spectra were identical for all SHM specimen and matched the energy
position of the absorption edge of the standard Na2SeO3 for Se(IV) and to Na2SeO4 for
Se(VI), irrespective of the specimen and reaction time (Figure S4 in the Supplementary
Materials), implying that the respective oxidation states of the Se species were unaffected
during the adsorption experiments as well during the XAFS measurements. The spectra
exhibited an absorption maximum at 12,662.9 eV and 12,668.3 eV for Se(IV) and Se(VI),
respectively, followed by a downward oscillation between 12,675.3 eV and 12,734.5 eV for
Se(IV) and between 12,682.2 eV and 12,738.4 eV for Se(VI). These positions are indicative of
an inner-sphere attachment for both Se(IV) and Se(VI) to the SHM surface [38]. However,
at high Se concentration on sorbS, the pre-edge intensity is slightly less that the intensity
observed for sorbB and sorbP, indicative of proportional changes of the inner- and outer-
sphere complexes [34,35].

The radial structure functions (RSFs) of the Fourier transformed data of the EXAFS
spectra (Figure 4) show one strong sinusoidal oscillation at around 1.2 Å, which was fit
with three oxygen atoms at 1.70 Å for Se(IV) and four oxygen atoms at 1.65 Å for Se(VI). At
around 3 Å, there is another broad FT peak visibly fitted corresponding to an iron shell at a
3.33 Å distance [11,39]. The structural parameters coordination number (CN), interatomic
distance (R) and Debye–Waller factors (σ2) obtained from the EXAFS spectra are shown
in Table 2. The Se-O distances ranged between 1.68–1.70 Å for Se(IV) and 1.65–1.67 Å for
Se(VI). These observations are in good agreement with previous EXAFS studies on Se(IV)
and Se(VI) adsorption on ferric (oxyhydr)oxides which revealed Se-O bond distances of
1.68–1.72 Å for aqueous and adsorbed Se(IV) [39,40] and of 1.64–1.66 Å for aqueous and
adsorbed Se(VI) [11,15,41].

3.3.2. Mixed Species

Competitive sorption did not alter the valence state of both Se(IV) and Se(VI) as
indicated by the unchanged position of the absorption edges. Se K-edge XANES spectra
display more or less similar white line (WL) intensity of Se(VI) and of Se(VI) at all equimolar
total Se concentrations after 48 h for all SHM specimen (Figure 5). When one species was
added in excess over the other in experiments with SorbS, the WL intensity of the high-
concentration species clearly became predominant (Figure 6).

EXAFS spectra for the three SHM specimens are similar to the spectra obtained from
the single-species experiments with two shells presenting Se—O and Se—Fe bonding
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(Figures S5 and S6 in the Supplementary Materials). The interatomic distance of the Se—O
bonds ranges between 1.65–1.70 Å and that of the Se-Fe bond between 3.32–3.36 Å which—
as in the single-species—can be attributed to corner-sharing bidentate–binuclear complexes
for both Se(IV) and Se(VI). Similar to the single-species experiments, a decrease of CN
for the Fe-Se bonds could be observed with increasing Se concentration, indicating the
coexistence of inner and outer-sphere complexes (Table 3).
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Table 2. Structural parameters of Se(IV) and Se(VI) adsorbed on SorbB, SorbP and SorbS from single-species experiments at
initial Se concentrations of 0.0012, 0.12 and 1.2 mM after 48 h and 56 d derived from EXAFS spectrum fitting.

CN R (Å) σ2 (Å)

C of Se Species (mM) 0.0012 0.12 1.2 0.0012 0.12 1.2 0.0012 0.12 1.2

48 h

SorbB
Se(IV)—O

2.8 2.8 - 1.70 1.70 - 0.0010 0.0014 -
SorbP 3.0 2.8 - 1.70 1.69 - 0.0018 0.0017 -
SorbS - 2.9 2.5 - 1.68 1.70 - 0.0016 0.0014

SorbB
Se(IV)—Fe

2.0 1.9 - 3.35 3.35 - 0.0077 0.0071 -
SorbP 2.2 1.9 - 3.35 3.34 - 0.0079 0.0083 -
SorbS - 2.2 1.6 - 3.36 3.35 - 0.0083 0.0083

SorbB
Se(VI)—O

3.6 3.5 - 1.65 1.66 - 0.0015 0.0014 -
SorbP 3.7 3.5 - 1.65 1.66 - 0.0015 0.0016 -
SorbS - 3.7 3.6 - 1.65 1.66 - 0.0014 0.0014

SorbB
Se(VI)—Fe

2.2 1.8 - 3.34 3.34 - 0.0060 0.0060 -
SorbP 2.1 1.8 - 3.35 3.34 - 0.0060 0.0062 -
SorbS - 1.9 1.6 - 3.32 3.43 - 0.0061 0.0062

56 d

SorbB
Se(IV)—O

2.9 2.8 - 1.69 1.70 - 0.0010 0.0014 -
SorbP 2.6 2.8 - 1.70 1.70 - 0.0010 0.0014 -

SorbB
Se(IV)—Fe

2.2 1.8 - 3.34 3.35 - 0.0074 0.0065 -
SorbP 2.2 1.8 - 3.35 3.34 - 0.0075 0.0065 -

SorbB
Se(VI)—O

3.5 3.7 - 1.67 1.65 - 0.0015 0.0014 -
SorbP 3.5 3.6 - 1.67 1.65 - 0.0018 0.0014 -

SorbB
Se(VI)—Fe

2.0 1.9 - 3.35 3.33 - 0.0060 0.0060 -
SorbP 2.0 1.9 - 3.35 3.33 - 0.0067 0.0070 -
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Table 3. Structural parameters of Se(IV) and Se(VI) adsorbed on SorbB, SorbP and SorbS at initial Se concentration of 0.0012,
0.12, 0.66 and 1.2 mM after 48 h derived from the EXAFS spectrum fitting.

C of Se (IV) + (VI) (mM)
SeIV—O SeVI—O SeIV/VI—Fe

SorbB SorbP SorbS SorbB SorbP SorbS SorbB SorbP SorbS

48 h

CN

0.0012 (1:1) 1.8 1.7 - 1.3 1.6 1.9 1.9 -
0.12 (1:1) 1.5 2.2 1.9 1.7 0.8 1.3 1.8 1.8 2.3

0.66 (10:1) - - 2.6 - - 0.4 - - 2.0
0.66 (1:10) - - 0.4 - - 3.4 - - 2.0

1.2 (1:1) - - 1.5 - - 1.3 - - 1.5

R(Å)

0.0012 (1:1) 1.70 1.70 - 1.65 1.65 - 3.35 3.35 -
0.12 (1:1) 1.70 1.69 1.69 1.66 1.66 1.66 3.35 3.34 3.32

0.66 (10:1) - - 1.69 - - 1.65 - - 3.34
0.66 (1:10) - - 1.69 - - 1.65 - - 3.34

1.2 (1:1) - - 1.69 - - 1.65 - - 3.36

σ2 (Å)

0.0012 (1:1) 0.0010 0.0010 - 0.0015 0.0015 - 0.0060 0.0060 -
0.12 (1:1) 0.0014 0.0017 0.0014 0.0014 0.0016 0.0014 0.0064 0.0071 0.0071

0.66 (10:1) - - 0.0014 - - 0.0014 - - 0.0071
0.66 (1:10) - - 0.0014 - - 0.0014 - - 0.0071

1.2 (1:1) - - 0.0014 - - 0.0014 - - 0.0071

56 d

CN
0.0012 (1:1) - 2.2 - - 0.6 - - 2.0 -

0.12 (1:1) 2.0 - - 1.1 - - 1.9 - -

R(Å)
0.0012 (1:1) - 1.70 - 1.67 - - 3.38 -

0.12 (1:1) 1.70 - - 1.65 - - 3.35 - -

σ2 (Å)
0.0012 (1:1) - 0.0010 - - 0.0018 - - 0.0071 -

0.12 (1:1) 0.0014 - - 0.0014 - - 0.0065 - -

4. Discussion
4.1. Binding Mechanisms of Se(IV) and Se(VI) onto Schwetmannite

The binding mechanism appears to depend on the ferric (oxyhydr)oxide mineral.
Inner-sphere bidentate–binuclear corner sharing surface complexes are assumed to occur
with goethite, while bidentate mononuclear edge-sharing surface complexes of Se(IV)
were observed with hematite, magnetite and maghemite [13,14,16,17]. Studies about
sorption mechanisms of Se(VI) onto ferric (oxyhydr)oxides are contrasting. Se(IV) tends to
form outer-sphere surface complexes with goethite [11,12,18]; however, an inner-sphere
bidentate surface complex was reported for Se(VI) adsorption at the ferrihydrite and
lepidocrocite surface [15].

At conditions of comparable initial Se concentrations (0.0012 and 0.12 mM) and
reaction time (48 h and 56 d), the coordination number of Se—Fe shells were 1.8–2.2 at an
interatomic distance of 3.34–3.36 Å for Se(IV) and 1.8–2.2 at 3.32–3.35 Å for Se(VI); these
values were almost identical for all three SHM specimens, and indicate the formation
of an inner-sphere bidentate binuclear sorption complex at the surface of all the three
SHM as observed with various ferric (oxyhydr)oxides [11,15,39]. However, when Se initial
concentration was very high (1.2 mM), the Se—Fe coordination number decreased to 1.6
and the interatomic distance increased to 3.43 Å. Wang et al. [35] reported similar small
CNs (0.9–1.2) for the S—Fe shell at similar pH and ascribed the values to the co-occurrence
of both inner-sphere and outer-sphere complexes. Changes in the bonding mechanism
with increasing concentration were also observed in experiments with chromate and
arsenate [34]. At low loading (≤0.4 mmol per g SHM), the oxyanions preferentially formed
a bidentate–binuclear inner-sphere complex at the SHM surfaces, while at high loading
of Cr(VI) (4 mmol per g SHM) also outer-sphere complexes were observed. Similarly,
Jordan et al. [16] studied the effect of surface loading on Se(VI) sorption at maghemite. They
reported the formation of only one (monodentate) surface complex at low surface coverage,
whereas the formations of two (bidentate binuclear and bidentate mononuclear) surface
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complexes were observed at higher surface coverage. Altogether, the initial concentration
of Se seems to influence the mechanism of attachment of the oxyanion onto SHM.

4.2. Competitive Effect on Partitioning of Se(IV) and Se(VI) into Schwetmannite

Linear combination fitting (LCF) analysis revealed a clear dependence of Se uptake on
initial concentrations and on time (Table 4). At low very low equimolar Se concentrations
(0.0012 mM), a slight preference for Se(VI) uptake (47% and 52% for SorbB and SorbP,
respectively) could be observed after 48 h which changed to 66% preference for Se(IV) after
56 d. With higher equimolar concentrations (0.12 mM) but still below the 0.5 mM threshold
value, the preference clearly changed even after 48 h to Se(IV) (51%, 77%, and 60% for
the three SHM specimen). At excess initial equimolar concentrations (1.2 mM), again, the
preference of Se(IV) over Se(VI) with 54% to 46% could be observed.

Table 4. LCF analysis for Se(IV) and Se(VI) in mixture adsorbed on SorbB, SorbP and SorbS (1 g/L)
at initial Se concentration of 0.0012, 0.12, 0.66 and 1.2 mM at pH 3 after 48 h and 56 d.

C of Se (IV) + (VI)
(mM)

SorbB SorbP SorbS

Se(IV) Se(VI) Se(IV) Se(VI) Se(IV) Se(VI)

48 h

0.0012 (1:1) 42 57 47 52 - -
0.12 (1:1) 51 49 77 23 60 40
0.66 (10:1) - - - - 85 15
0.66 (1:10) - - - - 06 94

1.2 (1:1) - - - - 56 44

56 d
0.0012 (1:1) n.a n.a 66 33 - -

0.12 (1:1) 62 37 n.a n.a - -

These observations in combination with FTIR and XAS measurements suggest that at
equimolar concentrations much lower than the observed threshold value, ligand exchange
with inner-sphere bound sulphate is the exclusive uptake reaction. It seems to lead to a
slight preferential uptake of Se(VI), presumably due to the geometric similarity between
sulphate and selenate [19]. With increasing Se concentrations, also, outer-sphere tunnel
sulphate becomes exchanged leading to preferential uptake of Se(IV). With increasing
reaction time, this preference seems to be amplified, supporting an observation made in a
kinetic study on Se uptake in which the overall uptake increased with time up to a factor
of two [5].

A comparison between the three SHM shows that SorbP has a slightly higher uptake
capacity which might be related to the preprocessing steps. However, no major difference
could be observed between the three specimens in regard to their affinity for the Se species
as well as the bonding mechanisms.

Schwertmannite has been suggested to be used as filter material for oxyanions and
was successfully tested for arsenite, arsenate, selenate and selenite [5,30,42]. Hitherto,
these tests were performed under conditions with only one single oxyanion being targeted.
Our study, however, has clearly demonstrated that competition exists for surface sites,
albeit substantially only at concentrations levels that may exceed the content of easily
exchangeable sulphate of 0.0005 mol/g SHM.

We have estimated threshold concentrations Cthreshold for the Se species at which
such competitive effects may occur from their Freundlich adsorption isotherms with
schwertmannite (Table S1, Supplementary Materials)

Cthreshold =

(
0.0005

KF

) 1
nF

KF: Freundlich adsorption coefficient (Ln.mol(1−n)/g)
nF: Freundlich exponent (≤1)
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To be 0.14 and 0.46 mM for Se(IV) and Se(VI), respectively. These values are clearly
higher than the concentration of Se species typically observed in both surface and ground-
water (0.8–5000 nM) [43,44] and in mining wastewater (0.04–150 µM) [45]. This calculation
demonstrates that both natural and industrial water would be treatable without competi-
tive effects. Nevertheless, the co-existence of other oxyanions such as As(V) which may
occur at higher concentration (up ~70 mM) [46] would probably decrease the removal
efficiency of Se oxyanions by SHM, especially since As(V) was demonstrated to have the
strongest sorption affinity among many oxyanions (e.g Se(VI), Mo(VI), Cr(VI)) due to its
sorption via incorporation into the SHM structure [6,8,19,30]. Of particular relevance is
sulphate itself. In the presence of high sulphate concentration such as in natural water
or in mining affected waters (3.12–32.2 mM) [47], sorption of Se oxyanions onto SHM in
particular may be diminished because the affinity of the both anions for SHM is similar [41],
especially at Se concentrations below the threshold concentration. Future research needs to
address such competitive effects.

5. Conclusions

This study investigates the effect of the loading concentration of Se(IV) and Se(VI),
their mixing ratio, as well as the effect of aging on partitioning of these species under acidic
conditions into schwertmannite using Se K-edge XANES and EXAFS in combination with
FTIR. Our results show that a threshold value for the uptake mechanism exists, which is
the amount of easily exchangeable sulphate (~0.5 mmol/g). At adsorbate concentrations
below this threshold, an inner-sphere corner-sharing bidentate binuclear complex occurs
upon exchange with sulphate. At higher concentrations, both oxyanions become bound to
schwertmannite through co-occurrence of mainly inner-sphere corner-sharing bidentate
binuclear and partly outer-sphere complexes with Fe(III) containing surface sites. The
results are significant as they suggest that even though schwertmannite has higher affinity
towards Se(IV), the competitive sorption takes place with equal or even preferential uptake
of Se(VI) at concentrations much lower than the threshold value and increasing preference
for Se(IV) at high Se concentrations. The present study provides novel and important
insights into the competitive sorption of Se(IV) and Se(VI) on schwertmannite. Particularly,
the outcomes of this study could be of high importance for development of water treatment
techniques and geochemical implications.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/min11070764/s1, Figure S1: Freundlich isotherms of Se(IV) and Se(VI) onto schwertmannite
(SorbS). Black lines represent the fitted values using the Solver tool, Figure S2: X-Ray diffractograms
of SHM samples after 48 h and 56 d sorption reaction, Figure S3: Fraction of SO4

2− (mM) released
from SorbS after 48 h at a different Se concentration in single-species and mixed-species and in control
experiment. Single-species measurements were identical for both Se(IV) and Se(VI). The straight line
indicates the 1:1 ratio of SO4

2− replacement by Se species, Figure S4: Se K-edge XANES of Se(IV) and
Se(VI) adsorbed onto (a) SorbS (1 g/L) at Se loading concentration (0.12 and 1.2 mM) after 48 h and
(b) SorbB and SorbP (1 g/L) at Se loading concentration (0.0012 and 0.12 mM) after 48 h and 56 d at
pH 3 as well as Na2SeO3 and Na2SeO4 as references, Figure S5: Normalized k3-weighted Se K-edge
EXAFS spectra (left) and RSF profiles of EXAFS spectra (right) of Se(IV) and Se(VI) in mixture (ratio
1:1) adsorbed onto SorbB and SorbP (1 g/L) at initial Se concentration of 0.0012 and 0.12 mM after
48 h and 56 d at pH 3, Figure S6: Normalized k3-weighted Se K-edge EXAFS spectra (left) and RSF
profiles of EXAFS spectra (right) of Se(IV) and Se(VI) in mixture at different ratios (1:1, 10:1 and 1:10)
adsorbed onto SorbS (1 g/L) at initial Se concentration of 0.12, 0.66 and 0.12 mM after 48 h at pH 3,
Table S1: Freundlich isotherm parameters for Se(IV) and Se(VI) adsorption.
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