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Effects of aluminum incorporation on the
schwertmannite structure and surface propertiest

Sergio Carrero, *? Alejandro Fernandez-Martinez,” Rafael Pérez-Lopez,°
Jordi Cama,? Catherine Dejoie® and José Miguel Nieto & ¢

Schwertmannite is a common nanomineral in acid sulfate environments such as Acid Mine Drainage (AMD)
and Acid Sulfate Soils (ASS). Its high surface area and positively charged surface result in a strong affinity
towards toxic oxyanions such as arsenate in solution. However, natural precipitation of schwertmannite
also involves the accumulation of other impurities, in particular aluminum, an element that is often
incorporated into the structure of Fe-oxide minerals, such as goethite and ferrihydrite, affecting their
structural and surface properties. However, little is known about the effect of Al incorporation in
schwertmannite on the removal capacity of toxic oxyanions found in AMD and ASS (e.g. arsenate). In this
paper, schwertmannite samples with variable Al concentration were synthetized and employed in
arsenate adsorption isotherm experiments at a constant pH of 3.5. Solid samples before and after
arsenate adsorption were characterized using high energy X-ray diffraction and pair distribution function
analyses in order to identify structural differences correlated with the Al content as well as variations in
the coordination of arsenate adsorbed on the mineral surface. These analyses showed limited Al
accumulation on schwertmannite (up to 5%) with a low effect on its structure. The maximum arsenate
sorption capacity (258 mmoly,aso, molge %) was in the range of that with pure schwertmannite, but
a higher proportion of inner-sphere coordination was observed. Finally, Al was found to desorb from
schwertmannite, with adsorbed arsenate preventing this effect and increasing the stability of the mineral.
These results are useful to interpret observations from the field, in particular from river water affected by
AMD and ASS, where similar conditions are observed, and where aluminum incorporation is expected.

Schwertmannite formation in areas affected by acid mine drainage and acid sulfate soils has been described as a natural attenuation process, where
contaminants such as As and Fe are removed from solution. Historically, schwertmannite properties have been described in pure mineral phases, whereas

impurities in schwertmannite, such as Al, are commonly observed in field samples. The identification of the surface properties in impure schwertmannite will

shed light on the reaction, which takes place between schwertmannite and aqueous contaminants in critical areas such as river confluents, treatment plants and

estuaries.

1. Introduction

environments, such as acid mine drainage (AMD) and acid
sulfate soils (ASS) and plays an important role as a scavenger of

Schwertmannite is an Fe oxyhydroxysulfate nanomineral with
a variable chemical composition (FegOg(OH)s_,(SO4),nH,0,
where 1 < x < 1.75)." Usually, it precipitates in acid sulfate-rich

“Institute of Environmental Assessment and Water Research (IDEA-CSIC), 08034,
Barcelona, Spain. E-mail: sergio.carrero@idaea.csic.es; Tel: +34 934 006 100 ext. 695
"Université Grenoble Alpes, Université Savoie Mont Blanc, CNRS, IRD, IFSTTAR,
ISTerre, 38000 Grenoble, France

‘Department of Earth Sciences & Research Center on Natural Resources, Health and the
Environment, University of Huelva, Campus ‘El Carmen’, 21071, Huelva, Spain
‘European Synchrotron Radiation Facility, 71 avenue des Martyrs, Grenoble, 3800,
France

available. See

T Electronic supplementary information

https://doi.org/10.1039/d2em00029f

(ESI)

This journal is © The Royal Society of Chemistry 2022

iron, sulfate and other aqueous contaminants (e.g., As, Cr and
Se).>” The structure of schwertmannite is represented as a dis-
torted akaganeite-like structure with double chains of edge-
sharing FeOg octahedra forming 2 x 2 tunnels, where sulfate
ions are located in inner or outer-sphere coordination
depending on the level of hydration.*’

The accumulation of structural defects makes the coherent
domain size of schwertmannite in the order of a few nanome-
ters, yielding a nanomineral with a high surface area and
sorption capacity.® Under acidic conditions in AMD and ASS (pH
between 2.5 and 3.5), the surface of schwertmannite is positively
charged resulting in a strong affinity for oxyanions, which
increases its environmental importance.”** Two main mecha-

nisms control the adsorption of oxyanions: 1) surface
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complexation and 2) ion-exchange with structural sulfate.'?
Experimental results obtained using synthetic phases have
shown that surface complexation is the main mechanism of As
adsorption on schwertmannite. The adsorption capacity for
As(v) is higher than that for As(m) at pH 3.5-4.5, via the
formation of strong covalent bonds (inner-sphere complexes)
between As and Fe.' Other oxyanions such as selenate,
chromate or molybdate are more prone to be adsorbed via
anion exchange with structural sulfate, mostly forming outer-
sphere complexes.*'>'* Wang et al.®> reported that sulfate in
schwertmannite brings about structural stability that could be
compromised during desorption or exchange reactions.
However, other authors showed that oxyanion incorporation
does not only help maintain the integrity of the schwertmannite
structure, but also increases its kinetic persistence against
dissolution.*®

Aluminum is also a common cation in many acid sulfate
environments and its incorporation into Fe-oxide mineral
structures has been largely reported.>*’*° The replacement of Fe
in octahedral coordination by Al seems to affect the structural
and surface properties. For example, the presence of Al in
goethite does not affect its dissolution, but it retards its crystal
growth.™ About 20 and 30% of Fe in ferrihydrite can be replaced
by Al in octahedral coordination. The limit of AI** incorporation
is likely controlled by the accumulated strain caused by the
different ionic radii between Al and Fe, which leads to
a decrease of the unit cell lattice parameters.>® However, this Al
incorporation in ferrihydrite increases the sorption capacity of
As(v) species but does not affect the binding mechanisms
between Fe and As observed in Al-free both natural and
synthetic ferrihydrite.?>*

Recent field and lab studies have shown that natural
schwertmannite precipitation also controls the solubility of Al
at pH <4.>** The Al incorporation into schwertmannite is pH-
dependent with an increase in pH from 2.5 to 4 inducing
a progressively higher AI** content in schwertmannite (up to
20%). In addition, schwertmannite with a typical pincushion
morphology showed a strong chemical contrast between the
core and needles, with higher AI** concentrations in outer zones
than in inner zones.** However, all the studies of crystal struc-
ture and sorption experiments with schwertmannite have been
done using a pure mineral phase. The possible effects of Al
incorporation into the structure were not taken into account.
There is a lack of knowledge of a potential effect of Al incor-
poration on the schwertmannite adsorption capacity of oxy-
anions and the adsorption mechanism and structural binding
between oxyanions and the mineral surface. Likewise, the
structural stability could be affected by an additional distortion
imposed by the incorporation of Al with an ionic radius smaller
than that of Fe.

To fill this gap in our knowledge of the reactivity of
schwertmannite with Al substitutions, this study examines the
structure of synthetic schwertmannite coprecipitated with Al
and its effect on the As(v) adsorption capacity under river
conditions affected by acid drainage (e.g., pH 3.5 and ionic
strength of 0.1 mol L™").>* The adsorption isotherms of As(v)
were recorded using synthetic schwertmannite with different Al
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contents (between 0 and 30 mmol ge, ') The solids retrieved
from these experiments were examined using high-energy X-ray
diffraction (HEXD) and pair distribution function (PDF) anal-
ysis in order to identify structural differences correlated with
the Al content and to decipher variations in the coordination of
arsenate adsorbed on the mineral surface.

2. Materials and methods

2.1. Synthesis

As(v) adsorption experiments and structural characterization
were carried out with synthetic schwertmannite precipitated
using a modified procedure by Loan et al.* that includes Al in
solution. In pure schwertmannite (Al-Schy o) synthesis, 2.506 g
of a previously dehydrated Fe,(SO,); salt were added to 1 L of
Milli-Q water preheated at 85 °C and stirred for 1 h. For
schwertmannite with coprecipitated Al (Al-Schy g3-¢.32), @ vari-
able amount of Al,(SO,);-18H,0 (0.199 g, 0.499 g and 1.333 g for
Al-Schy o3, Al-Schgos and Al-Schy ;,, respectively, reproducing
AMDs with low, medium and high Al concentrations) was added
into the preheated Milli-Q water before Fe,(SO,); incorporation
with the pH stabilized at 3.5 by the addition of NaOH 0.1 M
Merk solution. The necessary amount of Fe,(SO,); was calcu-
lated to keep the ME concentration (ME = Fe + Al, mol) constant
as proposed by Loan et al.>® The Fe,(SO,); reagent was added
gradually under vigorous stirring, while the pH was kept at 3.5 +
0.1 by continuous addition of 0.1 mol L™ " NaOH. A total of 3 Al-
Sch solids were synthetized with a final ratio of Al/Fe = 0.0025
(Al-Schg ¢3), 0.01 (Al-Schg og) and 0.04 (Al-Schy s,). All precipi-
tates were retrieved by filtering the suspension through a 0.45
um nylon membrane filter, and the solids were washed several
times with Milli-Q water to be dried by lyophilization. The pH
was monitored with a portable multiparametric Crison Mm40+
equipment, previously calibrated with different buffers for pH
4, 7 and 9.2.

2.2. Adsorption experiments

Adsorption isotherms were obtained following the procedure
described by Carrero et al'* As(v) uptake by all Al-Schs was
characterized by calculating the adsorption capacities at
different initial As(v) concentrations (6 x 10”2, 0.1, 0.5, 0.8, 1.0,
1.5, 3.0, 5.0, 7.0 and 10 mmol L "). As(v) solutions were
prepared by dissolving disodium hydrogen arsenate (Na,-
HAsO,-7H,0 = 98% of purity, from Sigma) in Milli-Q water.
Finally, the pH was established at 3.5 &+ 0.1 by the addition of
HCI 0.1 mol L™" (from concentrate HCI 36% Merck reactive),
and the background ionic strength was adjusted to 0.1 mol L™"
with NaCl (=99% of purity, Panreac). Batch experiments were
performed by the addition of 20 mL of As(v)-doped solutions to
0.05 g of solid at pH 3.5 + 0.1, in high-density polyethylene
plastic vials. The suspensions were continuously stirred at room
temperature (23 + 2 °C) and in the dark for 72 h. The pH was
monitored periodically and maintained at 3.5 + 0.1 by the
addition of HCl or NaOH 0.1 mol L.

After the equilibrium period, the samples were centrifuged
and the supernatant was filtered through 0.2 pm nylon

This journal is © The Royal Society of Chemistry 2022
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membrane filters, acidified with HNO;z (65%) to pH < 1 and
stored at 4 °C for further chemical analysis. The composition of
the starting solid was calculated by acid digestion of 0.05 g of
solid in HNO; (65%) and recovered with 50 mL of Milli-Q water
for further chemical analysis. After the adsorption experiments,
each solid was washed several times with Milli-Q water and
dried at 35 °C for 48 h for subsequent PDF analysis.

The amount of As(v) adsorbed by the solids, [XO,]s (mmol
molg. '), was calculated from the difference between the initial
concentration of As, [XO,4], in mmol L *, and the equilibrium
concentration in solution, [XO,]eq in mmol L™, normalized by
the Fe concentration in the solid (MC in molg,) to the volume (V
in L) according to the equation:

%

X0, = (IXOuly — [XOuly) x 11 €y

The non-competitive Langmuir isotherm used to model the
results from the adsorption experiment is defined as:
K1 [XOy4
P =Ty X0ty @)
1 + Ki[XO4],,
where I' (mmolxo, molg. ') is the amount of arsenate sorbed on
the solid, I'max (mmolye, molg. ') is the maximum oxyanion
sorption, K;, (mmol L") is the Langmuir constant and [XO,Jeq
(mmol L) is the oxyanion concentration at equilibrium.

2.3. Analytical techniques

As(v) solutions, before and after each adsorption experiment,
and acid digestions of the starting solids were analyzed for
Fe, Al, As and S by inductively coupled plasma atomic emis-
sion spectrometry (ICP-AES Thermo Jarrel-Ash). Three blanks
and three duplicates were analyzed every 20 samples to check
the analytical accuracy. The detection limits were 140 pg L™
for Al and Fe, 15 ug L™" for As and 300 ug L™ for S. The
analytical error was lower than 5%. In addition, the satura-
tion index of the solid phases and aqueous speciation of
solutions were calculated using the PHREEQC code®” with the
Mintq.v4 thermodynamic database,”® which was enlarged
with data from Bigham et al. to account for schwertmannite
solubility.

Schwertmannite precipitates were lyophilized using a VirTis
Benchtop freeze-dryer (Hucoa-Erloss, Spain) in order to obtain
a dry powder. The water proportion in each solid phase was
calculated by thermogravimetric analysis (TGA) using a TGA-
DSC3+ (Mettler Toledo®). A thermal treatment from 25 to 1000
°C was performed under a N, flow of 20 mL min~t. HEXD and
PDF analyses were performed at the beamline ID22 at the
European Synchrotron Radiation Facility (ESRF) using a mono-
chromatic X-ray beam with an energy of ~70 keV (A = 0.1784 A)
in Debye-Scherrer geometry. The energy was calibrated using
a LaBg standard (NIST SRM660). Samples were loaded in poly-
amide capillaries. The diffraction patterns were collected using
a PerkinElmer flat-panel detector and were integrated using the
program PyFAL*® PDFs were obtained by Fourier transformation
of the reduced structure factor, F(Q), using a Quax = 24.5 At

This journal is © The Royal Society of Chemistry 2022
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with a background scattering correction using the PDFgetX3
program.*

Differential pair distribution functions (d-PDF) were ob-
tained by subtracting a reference PDF of the pure material
(synthetic As(v)-free Al-Sch) from the PDFs of the samples
recovered after adsorption experiments. Retention models of
As(v) adsorbed onto schwertmannite structures were con-
structed from the structure proposed by Fernandez-Martinez
et al.” The partial pair distribution functions of As(v) located in
different structural positions were calculated using PDFgui
software.*!

3. Results and discussion

3.1. Solid phase characterization

HEXD analysis confirms that the X-ray scattering patterns of the
Al-Sch solids match well the diffraction pattern of schwert-
mannite (Fig. 1a).*> The chemical analyses and TGA data indi-
cate their stoichiometry (Table 1, Table S1 and Fig. S1 of the
ESI{). Aluminum incorporation into schwertmannite at pH 3.5
increases gradually with the Al concentration in solution up to
an Fe/(Fe + Al) ratio of 0.95, which seems to be the limit at this
PH (Table 1).>* All the Al-Sch samples display a sulfate content
that is higher than in previously reported chemical formulas of
synthetic schwertmannite," but remains within the range
observed in natural samples.*®** The high sulfate content in
schwertmannite has been related to a significant amount of
outer-sphere complexes occupying sorption positions on the
mineral surface, compensating for the positive surface
charges.*”* The increment in structural Al barely affects the
sulfate content, which shows a slightly decreasing trend in the
presence of Al (Fig. S27).

The diffraction patterns of Al-bearing schwertmannite solids
display broad peaks, which are coincident with those previously
reported for schwertmannite.”?*3**3¢ Although Al concentrations
in Al-Sch samples increase (Table 1), secondary Al minerals,
such as alunite, basaluminite or jurbanite, were not observed
(Fig. 1). This fact suggests that Al is coprecipitated and included
into the schwertmannite structure, as is the case in other Fe
oxide minerals.>®*” The intensity of the diffraction patterns
slightly decreases when increasing the Al content. This lower
intensity in diffraction has been previously associated with an
increase in the structural water content. Nevertheless, results
from TGA do not show a clear correlation between the water
content and Al in schwertmannite (Table S1 and Fig. S1}). The
lower intensity of the X-ray patterns could thus be due to
differences in the density of the final solid.

The PDFs of the Al-Schy ¢3-¢.3> solids compared with the pure
Al-Schy oo sample reveal that the incorporation of Al does not
result in strong structural differences with the pure schwert-
mannite sample, and the coherent domain of the nanoparticles
remains constant (Fig. 1b). The peaks at 3.05 A and 3.39 A,
corresponding to the respective Fe-Fe and Fe-Fe/Fe-O
distances in the Fe framework,” slightly decrease in intensity
concomitantly with an increase in the intensity of a shoulder
located at 1.88 A, which is attributed to the Al-O distance of Al
in octahedral coordination (Fig. 1b).*** These observations

Environ. Sci.. Processes Impacts, 2022, 24, 1383-1391 | 1385
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Fig. 1

(a) Synchrotron-based HEXD patterns of the synthetic Al-Sch solid compared with the standards of schwertmannite (Sch) and basalu-

minite (Bas). The latter was included as a reference of a nanomineral Al-phase reported in an acidic environment. (b) PDFs of Al-Schg oo to Al-
Scho z,. Intensities were normalized to that of the Fe—O peak at ~1.99 A. Arrows indicate the distances affected by Al incorporation in the
schwertmannite structure. (c) Zoomed-in image of the Al-O shoulder indicated with a dashed square.

Table 1 Major components and stoichiometric formula of the synthetic solids employed in this experiment as determined from ICP and TGA

experiments

Sample Fe (mmol g™ ) Al (mmol g™ 1) S (mmol g™ ) Stoichiometry

Al-Schy g0 8.21 0.00 1.73 FegOg(OH),4 65(S04)1 60 8.84H,0

Al-Schg g3 8.34 0.03 1.88 Fe; 082l 0,04(0OH)4.45(S04)1.70° 7.47 H,0
Al-Schy og 8.45 0.08 1.89 Fe; 95Aly.0508(0OH)4.46(S04)1.77 - 6.62H,0
Al-Schg 3, 7.78 0.32 1.62 Fe; 60Alj 3105(0H),4 5(SO4)1.60° 10.4H,0
indicate that octahedral occupation by Fe decreases, whereas 3.2.1. Adsorption isotherms. The adsorption isotherms for

the Al octahedral coordination appears in the structure,
evidencing that Fe is effectively replaced by Al. The small
differences observed between the PDFs of the different samples
at longer distances imply that the Al replacement (up to 5% of
Fe) does not affect strongly the medium-range order of the
schwertmannite structure.

3.2. As(v) uptake onto Al-Sch

Aqueous chemical speciation models with the PHREEQC code
indicate that H,AsO, (arsenate) is the dominant As species
during adsorption experiments with a proportion higher than
95% at pH 3.5 (Table S27t). The time needed to reach equilib-
rium between schwertmannite and arsenate was determined to
be 72 h as arsenate adsorption reaches a maximum and mineral
dissolution is minimized.'*****

1386 | Environ. Sci.: Processes Impacts, 2022, 24, 1383-1391

arsenate on Al-Schs are shown in Fig. 2a (see all fitted param-
eters from Langmuir isotherms and the exchange isotherm in
Table S3 of the ESIT). A non-competitive Langmuir isotherm was
fitted to the experimental data. The sulfate concentration in
solution after equilibrium is well explained via a substitution of
structural sulfate by both arsenate and hydroxyl ions. The
correlation between sulfate in solution and arsenate adsorbed
on the solid is shown in Fig. 2b. The adsorption isotherms of
arsenate on all schwertmannite phases were fitted using
a Langmuir model with maximum arsenate concentrations of
195 mmoly g0, Molge ' and 258 mmoly as0, Mol * for the Al-
Schy 0o and Al-Schy 3, samples, respectively (Fig. 2a). Although
the retention capacity seems to increase gradually with Al in the
schwertmannite structure, the values obtained for arsenate
adsorption onto all schwertmannite samples are within the

This journal is © The Royal Society of Chemistry 2022
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onto different Al-Sch solids. Curves obtained using the Langmuir equations are

shown as continuous lines to compare with the experimental data. (b) Relationship between sulfate released from the solid phase (mmolso,
molge %) and adsorbed aqueous arsenate (MMolaso, molg. Y. The trend line was calculated considering the values from all solids. The exper-
iment was conducted at pH 3.5, an ionic strength of 0.1 mol L™* and oxyanion concentration from 6 x 1072 to 10 mmol L™,

range previously reported in pure schwertmannite.'®*>'*
Nevertheless, this increase in arsenate adsorption capacity with
the Al content has been observed to occur in other Fe-oxide
minerals.”**°

The main process controlling the arsenate adsorption was
the ion exchange with sulfate, where around 50-70% of the
initial sulfate was replaced by arsenate in Al-Schy o, and Al-
Schy 35, respectively (Table S3, Fig. S31), yielding a value that is
higher than in previous studies.** Moreover, exchange coeffi-
cients (R.x) were obtained as the slope of the linear regression of
the relationship between desorbed sulfate (mmolgo, molg. ")
and adsorbed arsenate (mmolg aso, Molg. ') (Fig. 2b). A value
of Rey close to 1 mmolgo, mmoleAsojl can be interpreted as
a complete substitution of the structural sulfate by an equiva-
lently charged oxyanion through an ion exchange mechanism.
Values higher than 1 mmolso, mmoly x50, " would indicate
only a partial substitution. The R values for arsenate varied
between 0.49 and 0.56 (Table S37), indicating an exchange
reaction where two arsenates replace one sulfate to balance the
surface charge. The high sulfate content in schwertmannite
observed in this experiment correlates with the higher propor-
tion of exchangeable sulfate, indicating a greater presence of
outer-sphere complexes onto the mineral surface that is easily
replaced by oxyanions from the solution. Aluminum incorpo-
ration into the schwertmannite structure seems to increase the
amount of exchangeable sulfate but not the total sulfate content
in the Al-Schg 3-0.3, sample compared with that of Al-Schg go.
This fact suggests a reduction of structural sulfate in favor of
surficial complexes with Al incorporation, accounting for the
slight increase in the arsenate retention capacity.

3.2.2. Adsorption mechanisms. The structural coordina-
tion between sorbed arsenate and Al-Schs was characterized by
d-PDF. The d-PDFs showing a short-range order around the
arsenate ion and a semi-quantitative structural model for the
arsenate molecule adsorbed onto the schwertmannite structure
proposed by Fernandez-Martinez et al.” are shown in Fig. 3.
Different molecular models, including arsenate complexes with
(i) a monodentate ligand, (ii) a bidentate binuclear ligand, and

This journal is © The Royal Society of Chemistry 2022

(iii) an electrostatic complex in outer-sphere positions (Fig. 3a),
were compared with experimental d-PDFs to identify the most
accurate structural coordination.

The d-PDF showed a peak at 1.67 A corresponding to the As—
O distance in the arsenate molecule."**"** A second peak at 3.28
A was observed with a similar distance to the As-Fe pair
distance found in previous studies dealing with arsenate
adsorption onto Fe-phases,”* and it is coincident with the
interatomic distances reported by other studies about arsenate
sorption onto Fe oxyhydroxides.”***»** Both peaks were found
in all solids with arsenate concentration higher than 70
mmoly as0, Molge ' (Fig. 3b and S41) at any Al concentration in
schwertmannite. The position and relative intensity between
As-O and As-Fe peaks perfectly match those of a model where
100% of arsenate is bound through a bidentate binuclear inner-
sphere ligand (Fig. 3c and d). This result contrasts with previous
findings reported by Carrero et al.,** where arsenate retention in
schwertmannite by bidentate-binuclear inner-sphere coordina-
tion was limited to 50% of the total at arsenate concentrations
in solution higher than 1 mmoly 4.0, L', whereas Al-phases
(i.e., basaluminite and alunite) can reach 100%.*** This fact
indicates that Al incorporation in the schwertmannite structure
could favor the formation of covalent bonds between As and Fe,
in detriment of outer-sphere and hydrogen bond complexes,
increasing thus the stability of the adsorbed oxyanions.

Finally, the d-PDF showed two negative peaks at 1.46 A and 3
A whose negative intensity increases simultaneously with the
arsenate concentration in the solid (Fig. 3b). The first peak can
be attributed to the S-O distance in tetrahedral sulfate, con-
firming that the anion exchange is the main arsenate retention
mechanism (Fig. 3b). The second peak is coincident with the
Fe-Fe first shell distance and indicates that structural changes
in the Fe-framework are taking place (e.g., formation of Fe
vacancies). This type of structural distortion has been previously
reported during adsorption reactions.'**® However, the Fe-
framework distortion observed in this experiment seems to be
lower than the values reported by Carrero et al.** (Fig. 3b). This
latter study identifies secondary negative peaks associated with
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(a) Structural model of schwertmannite reported by Fernandez-Martinez et al. (2010) including Al replacement (hypothetical coordi-

nation) and doping with arsenate in three surface coordination: (i) outer-sphere, (ii) bidentate-binuclear inner-sphere and (iii) monodentate
inner-sphere ligands. (b) d-PDFs of arsenate onto Al-Schg 3, with 1.5, 3.0, 5.0, and 7.0 mmol L™t of arsenate. (c) Local order of arsenate at the
schwertmannite structure. (d) d-PDFs of the Al-bearing schwertmannite samples doped with 7.0 mmol L™ of arsenate. The signal intensity in (b)

and (d) was normalized with the maximum of the Fe—-O distance.

the distortions of Fe-frameworks (i.e., Fe-O first shell at 1.98 A,
Fe-O second shell at 4.73 A and Fe-Fe second shell at 5.4 A),
which have not been found here, as well as a higher intensity of
the Fe-Fe negative peak at 3 A." This suggests that Al incor-
poration into the schwertmannite structure minimizes the
structural defects during arsenate adsorption, although the
mechanism controlling these effects remains unidentified.

3.3. Stability of Al in schwertmannite

As shown in Fig. 4, Al desorption from the schwertmannite
structure correlates with the total arsenate concentration in the
solids. For each solid, the proportional amount of Al released
from schwertmannite dissolution (less than 5% of total solid)
was subtracted from total Al in solution in order to show the
exact desorbed amount. Al is desorbed from all the Al-Sch solid
samples with a significant Al concentration (i.e., higher than 0.1
mmol g, ') during the arsenate adsorption experiments.
Regardless of the Al content in the solids, around 30% of the
initial Al was desorbed from the Al-Sch samples and displays an
inverse correlation with the adsorbed arsenate, reaching
around 5% of Al desorption when the solid reaches the arsenate
I'max (Fig. 4). Similar desorption reactions have been described
by Antelo et al.*” for schwertmannite coprecipitated with copper
during the first days after mineral formation likely due to the
transformation of schwertmannite into goethite. Moreover, the
aging schwertmannite reactions require more time than that
elapsed for the current arsenate adsorption experiments.'®
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However, As adsorption seems to increase schwertmannite
stability, delaying Al desorption and, subsequently, the aging of
schwertmannite to goethite as previously described in both
natural and synthetic schwertmannite samples.*®3¢4%4°

35 1
O Al-Sch0.08
30 ‘g © Al-Sch0.11
8 s © o AAI-Sch0.32
g | 2
1 %o
220, A_ 9
@ )
E A A
< 15
10 1 R
200 o
5 3
o
0 . . S .
0 0.05 0.1 0.15 0.2 0.25
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Fig. 4 Al released from Al-Sch after 72 h equilibration with the arse-
nate solution as a function of the adsorbed aqueous arsenate
(mmolaso, Molke ).
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The results from structural and chemical analyses shown
here cannot be used to identify the exact structural position at
which Al is included in schwertmannite. The only piece of data
suggesting the substitution by an octahedral iron is the fact that
the Fe-O and Fe-Fe peaks in the PDFs of Al-Sch show a lower
intensity than that of pure schwertmannite. However, this
decrease is not monotonic, and hence is not a strong evidence
of Fe substitution by octahedral Al (Fig. S51). The fact that 30%
of Al in Al-Sch is released to solution without schwertmannite
dissolution suggests that schwertmannite was not a mono-
mineralic precipitate, although thermodynamic calculations
show that acid water solutions are undersaturated with respect
to Al-phases at pH below 4.5, so no secondary Al-phase would be
stable during the adsorption experiments (Table S47).'7333839
The possibility that an Al-rich domain may form within the
schwertmannite structure, in a sort of ordered nanoscopic solid
solution, cannot be ruled out. Experiments probing the struc-
ture with a nm-resolution would be needed to ascertain the
nature of the substitution. Therefore, our study shows evidence
of Fe replacement in octahedral coordination by Al; although
the existence of Al-oxyhydroxide nano-domains within
schwertmannite cannot be ruled out.

4. Conclusions

Aluminum incorporation in schwertmannite, a process that is
frequently observed in iron oxide minerals, has negligible
effects on its structure at least at low pH (i.e., 3.5). Only up to 5%
of Fe octahedral positions were occupied by Al in different
schwertmannite samples synthetized with Al/Fe ratios ranging
from 0.03 to 0.32. In addition, the structural Al incorporation in
schwertmannite does not seem to significantly affect its arse-
nate adsorption capacity, whereas As adsorption prevents Al
release from schwertmannite, which could indicate that not all
Al is replacing the Fe position and could also be located in Al-
oxide nanodomains. Positively noteworthy is that the presence
of Al increases the proportion of covalent bonds between As(v)
oxyanions and the mineral surface, which has important envi-
ronmental implications. Covalent bonds result in increasing
stability of not only oxyanion complexes, retarding oxyanion
desorption reactions, but also delaying the solid transformation
into more stable phases. Hence, the precipitation of schwert-
mannite with high Al contents would allow a more efficient
decontamination of acid water since arsenate would remain
fixed for a longer period of time in AMD- and ASS-affected
environments.

These findings are relevant for most of the acid river water
with a pH range of 2.5-3.5 buffered by Fe-hydrolysis reactions.
However, in areas where acid rivers merge with alkaline water
(e.g. river estuary and river confluences), schwertmannite
supersaturation increases, where these newly formed precipi-
tates are exposed to strong changes in pH, redox and salinity.
These changes in field conditions could increase the incorpo-
ration of Al in schwertmannite, affect the binding between
oxyanions and the mineral surface and accelerate the schwert-
mannite aging towards more stable phases with less adsorption
capacity. It is expected that a deeper understanding of how

This journal is © The Royal Society of Chemistry 2022
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different pH, redox and salinity conditions affect Al-incorpora-
tion in Fe phases will ensure a better prediction of the transport
and retention of metals and oxyanions in these areas impacted
by acid rivers and with a high environmental value.
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