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Abstract

ABSTRACT

The pollution of the aquatic environment by heavy metals and metalloids (from now
on referred as ‘metals’) in solution can be potentially associated with acid mine drainage
(AMD) or with leachates from acid sulfate soils (ASS). Both AMD and ASS derive from
the exposition and oxidation of sulfide minerals contained in mineral ore bodies or in soils
formed under reducing conditions, respectively. In both cases, sulfide oxidation, mainly
pyrite, releases protons, sulfate, ferrous iron and other metals; reducing the pH and
increasing the ionic load in the solution. This pollution is attenuated by precipitation of
nanominerals such as schwertmannite and basaluminite. The schwertmannite structural
framework and its affinity by metals have been previously studied in depth, whereas little
is known about basaluminite. Thus, the main objective of this doctoral dissertation is to
propone a structural model for basaluminite and to study its properties as scavenger of
toxic elements by means of non-conventional techniques based on synchrotron radiation

(e.g. high energy X-ray diffraction and X-ray absorption fine structure).

1)  Firstly, neutralization experiments were conducted using a naturally reduced
AMD with all aqueous Fe as Fe(ll) under atmospheric and anoxic conditions to
elucidate, individually, the sorption capacity of trace elements in solution by
schwertmannite and basaluminite. Under atmospheric conditions, initial
precipitation of schwertmannite led to the total removal of As, Cr, Fe and Pb in
solution, masking the possible basaluminite affinity by these elements, as
occurs in natural systems. However, under anoxic conditions, neutralization of
the reduced solution with all Fe available in solution led first to the
basaluminite precipitation, unveiling a heretofore unknown affinity of this
phase for As and Cr.

2) Secondly, adsorption isotherm experiments were conducted to quantify the
maximum As and Se adsorption capacities on synthetic schwertmannite and
basaluminite, as well as the sulfate competitive effect for surface sorption sites.
In addition, synchrotron-based techniques were used to determine the local
coordination of As and Se complexes in both structural frameworks. The results
showed that oxyanion exchange between structural sulfate and As or Se in

solution was the main removal mechanism. Maximum As adsorption capacity



by basaluminite was twice higher than by schwertmannite and three times
higher than Se by both phases. The presence of sulfate had little effect on the
sorption As capacity; although it had a strong negative effect on Se removal.
Synchrotron results indicated that bidentate binuclear inner-sphere was the
most probable ligand for As on both phases and for Se on schwertmannite,
whereas Se formed outer-sphere complexes in basaluminite.

3) Finally, synchrotron experiments and reverse Monte Carlo analysis were
performed to determine the short-range structure of basaluminite. This
nanomineral showed high sulfate contents with different structural coordination
between natural (outer-sphere position) and synthetic (inner-sphere position)
samples. Both synthetic and natural basaluminites had identical local order with
1.2 nm of coherent domain. On the other hand, Al in basaluminite showed
similar features to Al;z Keggin ions with ~1% and 5% of tetrahedral and
pentahedral coordination, respectively. According to the structural models,
basaluminite revealed similar structural framework to felsébanyaite, which was
formed by octahedral Al layers with vacant positions and high angular and
longitudinal octahedral distortion, where sulfate and water molecules were

emplace in the interlayer space.

In conclusion, this doctoral dissertation describes basaluminite as a strategic
nanomineral on the metals behavior in areas affected by AMD and ASS, and its study has
allowed better understand the natural attenuation processes occurring in systems affected
by sulfide oxidation. This information will help also to improve the efficiency of the
treatment systems and to develop new strategies focused on metal recovery with economic

interest.



Resumen

RESUMEN

La contaminacién del medio hidrico por metales pesados y metaloides (en adelante
‘metales’) en solucion puede estar asociado potencialmente al drenaje acido de mina
(AMD, de las siglas en inglés de Acid Mine Drainage) o a los lixiviados procedentes de
suelos sulfatados acidos (ASS, de las siglas en inglés de Acid Sulfate Soils). Tanto el
AMD como el ASS proceden de la exposicidn y oxidacion de los sulfuros presentes en
depdsitos minerales o en suelos desarrollados en condiciones reducidas, respectivamente.
En ambos casos, la oxidacion de sulfuros, principalmente pirita, libera protones, sulfato,
hierro ferroso y otros metales, reduciendo el pH e incrementando la carga idnica en
solucidn. Esta contaminacion es atenuada por la precipitacion de fases nanominerales tales
como schwertmannita y basaluminita. Las caracteristicas estructurales de schwertmannita
y su afinidad por los contaminantes se han estudiado previamente en profundidad; sin
embargo, poco se sabe aun sobre basaluminita. Asi, el principal objetivo de esta tesis
doctoral es proponer un modelo estructural para basaluminita y estudiar su capacidad para
retener contaminantes por medio de técnicas no convencionales basadas en radiacion
sincrotrén (por ejemplo difraccion de rayos-X de alta energia y absorcion de rayos-X en

estructura fina).

1) En primer lugar, se realizaron experimentos de neutralizacion con un agua
acida reducida en condiciones atmosféricas y andxicas para determinar, por
separado, la capacidad de retencion de elementos trazas en schwertmannita y
basaluminita. Bajo condiciones atmosféricas, la precipitacion inicial de
schwertmannita condujo a la retirada total de As, Cr, Fe y Pb de la solucion,
enmascarando el posible potencial de la basaluminita en los procesos de
atenuacién, como ocurre en condiciones naturales. Sin embargo, en condiciones
andxicas, la neutralizaciéon de la solucion reducida con el hierro en solucion
causé la precipitacion inicial de basaluminita, demostrando una elevada
afinidad de esta fase, no descrita anteriormente, por As 'y Cr.

2) En segundo lugar, se realizaron experimentos de isotermas de adsorcion para
cuantificar la capacidad maxima de adsorcion de As y Se en schwertmannita y
basaluminita sintéticas, asi como el efecto competitivo del sulfato por los sitios

de adsorcidn superficial. Ademas, se emplearon técnicas basadas en radiacion

3



sincrotron para determinar la coordinacion local de los complejos de As y Se en
ambas estructuras. Los resultados mostraron que el intercambio de oxianiones
entre sulfato estructural y As o Se en solucion fue el mecanismo principal de
retencion. La capacidad maxima de adsorcion de As en basaluminita fue dos
veces mayor que en schwertmannita y tres veces mayor al Se en ambas fases.
La presencia de sulfato en solucion no afectd a la adsorcion de As, pero si tuvo
un fuerte impacto en la retirada de Se. Los resultados de sincrotrdn mostraron
que el tipo de coordinacidn méas probable para As en ambas fases y Se en
schwertmannita fue el complejo bidentado binucleado de esfera interna,
mientras que Se en basaluminita se sit0a en posicion de esfera externa.

3) Finalmente, se realizaron experimentos de sincrotron y modelos de simulacién
Monte Carlo para determinar la estructura de rango corto de la basaluminita.
Este nanomineral mostré altos contenidos en sulfatos en diferentes posiciones
estructurales entre muestras naturales (esfera externa) y sintéticas (esfera
interna). Ambas muestras de basaluminita tuvieron idéntico orden local con un
dominio coherente de 1.2 nm. Por otro lado, el Al en basaluminita mostré
caracteristicas similares a los Aly; con estructura Keggin, con ~1% y 5% de Al
en coordinacion tetraédrica y pentaédrica, respectivamente. De acuerdo con los
modelos estructurales, la basaluminita presentd fuertes similitudes a la
felsbbanyaita, la cual estuvo formada por capas de Al octaédrico con posiciones
vacantes y una alta distorsion angular y longitudinal de los octaedros, donde el

sulfato y el agua se alojan en los espacios entre capas.

En conclusion, esta tesis doctoral describe la basaluminita como un nanomineral
estratégico en la movilidad de metales en éareas afectadas por AMD y ASS, y su estudio ha
permitido entender mejor los procesos de atenuacidn natural que ocurren en sistemas
afectados por oxidacion de sulfuros. Esta informacion ayudara también a mejorar la
eficiencia de los sistemas de tratamiento y a plantear nuevas estrategias enfocadas a la

recuperacion de metales con interés econémico.
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The pollution of the hydric resources is one of the biggest environmental problems
worldwide. Due to the vital human needs for water, the different cultures have developed
their activity in the proximity to water resources such as rivers, lakes, coast, etc.
Demographic and industrial growths, mainly after the industrial revolution, have
contributed to the degradation of aquatic environments by generation of solid and liquid
urban, industrial and mining wastes, spilling high amounts of organic compounds, heavy
metals (e.g. Cu, Fe, Pb, Zn) and metalloids (e.g. Al, As, Sh, Se) (Rockstrém et al., 2009).
Metal and metalloid (from now on referred as ‘metals’) pollution is especially dangerous
due to: (i) the toxicity of these elements to animals and plants when they are present at
high concentrations in solution (Valko et al., 2005), (ii) their longtime (bio)availability,
because metals are not biodegradable (Bryan and Langston, 1992) and (iii) the metal
accumulation capacity of some organisms (Clemens, 2006). Areas affected by acid mine
drainage (AMD) and acid sulfate soil (ASS) show high concentration in metals and other
potentially toxic elements (Nordstrom and Alpers, 1999a; Shamshuddin et al., 2014). This
doctoral dissertation focuses on the geochemical and structural characterization of Al and
Fe-hydroxysulfate poorly-crystalline minerals that are common in areas affected by AMD

and ASS, and on their environmental implications in the mobility of metals in these areas.
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1.1. SYSTEMS AFFECTED BY ACID WATER

1.1.1.  Acid mine drainage

One of the main sources of metals in aquatic systems is mining activity, with AMD
being one of the most serious problems due to its extension and difficult remediation
(Nordstrom and Alpers, 1999b; Olias et al., 2006; Younger, 2001). AMD is generated in
sulfide ore bodies, coal and porphyry copper areas by the oxidation and subsequent
dissolution of sulfide minerals in presence of water and oxygen (Fig. 1.1) (Moore and
Ramamoorthy, 1984; Olias et al., 2004; Younger, 1997). Sulfide oxidation is in part
considered as an anthropogenic process associated with metal-mining activities; however,
sulfide oxidation can occur when sulfide minerals are naturally exposed to surface by
geological processes, which result in leachates known as acid rock drainage (ARD).
Weathering of sulfide minerals takes place in mining waste piles, galleries, open-pits and
tailing ponds, involving a set of geochemical and microbiological reactions whose result is
the release to solution of high amounts of protons, sulfate and metals (Lowson, 1982;
Nordstrom and Alpers, 1999a).

e

Figure 1.1: Examples of streams affected by AMD: (a) Leachates from “Perrunal” mine gallery (Huelva,
Spain) with all the iron as ferrous iron and (b) Tinto river with all the iron as ferric iron in solution.

Many kilometers of fluvial courses are affected by AMD worldwide (Johnson and

Hallberg, 2005). Although the most studied cases are located in USA and Canada, streams
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affected by AMD have been described in Africa, Asia, South America, Australia and
Europe. Some examples of areas affected by AMD are: (i) the metal-sulfide mining
districts of Cement Creek on Colorado State (USA; Schemel et al., 2000) and Sudbury
mine on Ontario (Canada; Sracek et al., 2004); (ii) the coal mining districts of
Pennsylvania (USA; Kairies et al., 2005), Korea (Yu and Heo, 2001) and Scotland
(Woulds and Ngwenya, 2004); and (iii) the gold mining districts of Johannesburg (South
Africa; Naiker et al., 2003) and Chine (Zabowski et al., 2001). In Spain, some areas are
significantly affected by AMD such as the coal mines of Galicia, Asturias and Basque
County (Monterroso and Macias, 1998) and the massive sulfide ore deposits of the Iberian
Pyritic Belt (Leblanc et al., 2000; Séinz et al., 2002).

1.1.2. Acid sulfate soils

The origin of ASS is the oxidation of sulfide minerals contained in the soil. This
process often occurs in clayey soils of coastal plains (e.g. tidal swamp and marshland), but
it can be also observed in wetlands, rivers and fossil-marshes (Dent and Pons, 1995).
These soils may attain sulfide concentrations of up to 15%, especially in areas with low
sedimentation rate and high metals and sulfate contribution (e.g. zones affected by AMD)
(Andriesse and Mensvoort, 2005; Fanning et al., 2002). Simultaneously to unripe soil
formation in coastal plains, sulfate and metals are catalytically reduced by bacterial
activity during organic material degradation, precipitating metal sulfides under strongly-
reduced conditions (Burton et al., 2007). Almost all coastal plains show soils composed
by a variable sulfide-clay proportion, which are buried by alluvium as deltas or peats
(Dent and Pons, 1995). Once these soils are exposed again to atmospheric conditions,
sulfides are oxidized, releasing protons, sulfate and metals, and reducing the pH value
below 3 in porewater (Andriesse and Mensvoort, 2005; Astrom, 1998). The exposure and
subsequent sulfide oxidation may be originated by natural processes (e.g. variation in the
sea level and seasonal climatology) or human activity (e.g. marshland soils
remobilization, drying of wet areas and dredging) (Astrém and Spiro, 2000; Dent and
Pons, 1995). ASS formation leads to large extensions of extremely acid soils with high
metal and sulfate concentration (Appleyard et al., 2006; Astrom, 1998), which are
subsequently released to marshlands, rivers or lakes (and in some cases to crops or fishing
areas) (Minh et al., 1997; Shamshuddin et al., 2014).
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Large areas of unripe sulfide-clays affected by ASS are described and studied around
the world (e.g. Finland; Astrém and Bjorklund, 1995; Astrém, 2001). However, especial
attention has been paid to ASS in Queensland (Australia), where the pollution generated
by these processes has important environmental implications for the Great Barrier Reef
development (Powell and Martens, 2005; Preda and Cox, 2001). On the other hand, the
intensive rice agriculture on soils affected by ASS in Vietnam, Indonesia, Thailand and
other Southeast Asia countries has toxic effects on human health (Andriesse, 1992;
Husson et al., 2000; Naruekamon and Masatomo, 2008; Nuttal et al., 2008).

10
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1.2. GEOCHEMICAL REACTIONS

1.2.1. Pyrite oxidation and AMD/ASS generation

As stated before, AMD and ASS are the result of the oxidative dissolution of
sulfides, once these minerals are exposed to atmospheric conditions. Pyrite (FeS,) is the
most abundant sulfide mineral. It commonly occurs in coal fields and metal ore bodies
(Dent and Pons, 1995; Holmes and Crundwell, 2000). Its oxidation releases protons,
sulfate and ferrous iron to the solution (Singer and Stumm, 1970), whereas the weathering
of other minor sulfides, such as chalcopyrite (CuFeS,), sphalerite (ZnS), galena (PbS) or
arsenopyrite (FeAsS), releases sulfate and other metals (Astrom, 1998; Evangelous and
Zhang, 1995; Nordstrom and Alpers, 1999a; Nordstrom, 1982a). These oxidation

processes are known as direct oxidation (see Eq. 1.1-1.5):

FeSy(s) + 3.505 + H,O — Fe** +250,% + 2H" Eq. 1.1
CUFeSy) + 4034 — Cu®" + Fe** + 2S0,” Eq. 1.2
ZnS(g) + 2054 — Zn** +2S0,” Eq. 1.3
PbS) + 205 — Pb** + 250, Eq. 14
4FeAsS) + 110, + 6H0 > 4Fe* + 4H;As0; + 4S0,” Eq. 1.5

In AMD, ferrous iron from pyrite oxidation is oxidized to ferric iron according to Eq.
1.6; on the other hand, in ASS ferrous iron is kept in solution for longer times due to the
typical lower Eh values. When pH is higher than 3, approximately, ferric iron is unstable
in solution and precipitates as Fe hydroxide (e.g. schwertmannite; Eq. 1.7) (Bigham et al.,
1996b, 1990). However, ferric iron is kept in solution at pH values lower than 3, acting as

a pyrite indirect oxidizing agent according to the Eq. 1.8 (Singer and Stumm, 1970).

Fe®* +0.250(q + H* <> Fe*" + 0.5H,0 Eq. 16
8Fe®* + SO,* + 14H,0 <> FegOg(OH)sS0y) + 22H" (pH > 3) Eq. 1.7
FeSy + 14Fe® + 8H,0 — 15Fe” + 250,” + 16H" (pH < 3) Eq. 1.8

11
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In acid environments, indirect oxidation (Eq. 1.8) is several times faster and releases
more protons than direct oxidation (Eq. 1.1); however, the presence of oxygen in solution
is even necessary in the indirect process since ferrous iron has to be previously oxidized
(Eg. 1.6) and this reaction is extremely slow at low pH values (Nordstrom, 1982a). Both
direct and indirect oxidations may be catalyzed by oxidizing bacteria such as
Acidithiobacillus ferrooxidans and Leptospirillum ferrooxidans, increasing the oxidation
rate by several orders of magnitude (Nordstrom and Alpers, 1999a). Frequently, pyrite
oxidation takes place in mine galleries where the oxygen available in solution is limited. If
oxygen is exhausted in these places, the reaction in Eq. 1.8 may continue until ferric iron
is totally consumed and ferrous iron becomes the predominant species in solution
(Younger et al., 2002).

1.2.2. Attenuation processes in AMD and ASS

Metals stability in solution is closely related to the evolution of the solution pH.
When the pH value is lower than 3, metals from sulfide oxidation are stable in solution
and their concentrations in AMD discharges or ASS porewaters can range from hundreds
to thousands of mg L™ (Burton et al., 2007; Lee, 2001; Nieto et al., 2007; Nordstrom,
2011). Whenever the pH increases, solutions start to be supersaturated with respect to
different phases whose precipitation buffers the solution at specific pH intervals (Adams
and Rawajfih, 1977; Bigham et al., 1994). These processes attenuate the pollution in
streams and soils affected by AMD and ASS (Lee et al., 2002). The agents controlling the

attenuation processes are as follow:

e Ferrous iron oxidation. Even at low pH values (around 3.0), high concentrations of
sulfate and ferric iron lead to the solution supersaturation and subsequent
spontaneous precipitation of Fe-oxyhydroxysulfates, mainly schwertmannite
(Bigham et al., 1996b). Schwertmannite precipitation (Eq. 1.7) can remove trace
elements from solution (Bigham et al., 1996a; Nordstrom and Alpers, 1999a).

e Stream confluences. Spontaneous precipitation of schwertmannite occurs until the
equilibrium with the solution is reached. However, this equilibrium is disturbed in
confluences between AMD-affected streams (pH > 3) and pristine or seawater

(surrounding neutral pH), leading to new schwertmannite precipitation and to
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proton release that buffers the pH around 2.5-3.5 (Eq. 1.7) (Olias et al., 2004).
Once all iron is depleted from the solution, the pH increases up to 4.5 and the
solution starts to be supersaturated with respect to Al-phases, precipitating

basaluminite:
4AP* + SO, + 10H,0 — Al,(OH)1,SO, + 10H" Eq. 1.9

Basaluminite precipitation also releases protons that buffer the pH around 4.5-5.5
until all Al is removed from the solution (Fig. 1.2a) (Bigham and Nordstrom, 2000;
Nordstrom, 1982b). Basaluminite also contributes to the sequestration of some
trace elements from the solution (Nordstrom and Alpers, 1999a). Natural
attenuation of pollution by circumneutral water mixing occurs by precipitation and
dilution processes (Dent and Pons, 1995; Sarmiento et al., 2009b).

Host rock dissolution. Waters affected by AMD and ASS can dissolve carbonate
and silicate minerals of the host rock, mobilizing high concentrations of Al, Ca, Si
and other elements. These processes are able to consume acidity, increasing the pH
and decreasing the metal mobility in solution (Eg. 1.10-1.13) (Atanassova et al.,
2013; Morse and Arvidson, 2002):

CaCOy + 2H" — Ca” + H,CO;5 Eq. 1.10
CaMg(COs)ys) + 2H" — Mg*" + Ca®* + 2HCO5 Eq.1.11
KAISisOg(s) + H" + 9/2H,0 — K* + 2H,Si0, + 1/2A1,Si,05(0H),  Eq. 1.12
NaAISiOye + H* + 3H,0 — Na* + AP** + H,Si0, + 30H Eg. 1.13

Carbonate minerals have a much higher capacity to neutralize acidity (Eq. 1.10 and
1.11), than silicates due to the slower dissolution kinetics of the latest (Bowell and
Ptacek, 2003; Cama et al., 2005; Schott et al., 1989). The abundance of carbonate
minerals in the area affected by AMD and ASS determines the pH of the resulting
leachates and their metal concentration.

Active/passive treatment systems. The same geochemical processes controlling
natural contaminant attenuation, i.e. schwertmannite and basaluminite precipitation
at specific pH intervals, is used in artificial treatment systems to improve the water
quality in AMD-affected streams (Fig. 1.2b). These systems are only applicable to

point pollution sources. The main difference between active and passive systems is
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the energy source. Whereas passive systems use only naturally available energy
sources (e.g. gravity, microbial metabolic energy, photosynthesis), active systems
consume high amounts of electricity (Younger et al., 2002). Therefore, passive and
active systems are the common strategies for abandoned and operating mines,
respectively. The procedure in both cases is similar: an initial iron oxidation is
followed by reactive pools where the metal removal is induced by alkaline addition
(e.g. limestone) and/or bio-reducing processes (e.g. sulfate reducing bacteria)
(Caraballo et al., 2011; Macias et al., 2012; Younger et al., 2002). On the other
hand, ASS treatment systems are complex to implement due to that the pollution is
diffuse and it affects large soil areas and groundwater (Powell and Martens, 2005).

b) Inflow outflow
Supernatant
——

Figure 1.2: (a) Confluent point between Odiel river (pristine water) and Agrio river (acid water) with the
schwertmannite and basaluminite precipitation front (Image courtesy of Carlos Ayora, CSIC, Barcelona, Spain).
(b) Schematic cross section of the dispersed alkaline substrate (DAS) reactive tank described by Rétting et al.
(2008).
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1.3. NANOMINERALS IN AMD AND ASS

Contaminant attenuation processes are mainly controlled by the supersaturation and
subsequent precipitation of mineral phases, which includes metal sequestration
mechanisms such co-precipitation, adsorption and ion exchange (Antelo et al., 2012; Asta
et al., 2010; Burton et al., 2009; Lee et al., 2002; Nordstrom, 2011). As previously
mentioned, the precipitation of these phases acts as a pH buffering agent that is associated
with ferric iron and aluminum hydrolysis at solution pH values between 2.5-3.5 and 4.5-
5.5, respectively (Adams and Rawajfih, 1977; Bigham and Nordstrom, 2000; Bigham et
al., 1996a; Burton et al., 2007; Lee, 2001; Nordstrom and Alpers, 1999a; Nordstrom,
1982a, 1982b; Schwertmann et al., 1995). Due to the higher iron, aluminum and sulfate
concentrations in solution, acidic systems are mainly controlled by Fe(111)-SO, and Al-
SO, hydrochemistry (Bigham and Nordstrom, 2000). As previously mentioned, during the
pH-buffering region of hydrolysis of ferric iron , the watercourses are supersaturated with
respect to oxyhydroxysulfates such as jarosite, goethite and schwertmannite, the latest
being described as the predominant mineral phase (Bigham et al., 1990; Burton et al.,
2007; Schwertmann et al., 1995). On the other hand, hydrobasaluminite/basaluminite is
the main newly-formed hydroxysulfate in the aluminum buffer (Adams and Rawajfih,
1977; Bigham and Nordstrom, 2000; Nordstrom, 1982b; Sanchez-Espafia et al., 2011).

1.3.1. Schwertmannite

Schwertmannite is a poorly-crystalline Fe-oxyhydroxysulfate that forms ochre-
colored aggregates of nanoparticles with typical hedgehog morphology. The solubility
products of schwertmannite show a wide range of log K, (from 10 to 28.9; Asta et al.,
2010; Regenspurg et al., 2004) and recent studies indicate that precipitation may take
place at pH between 1.9 and 4.7 (Caraballo et al., 2013). The chemical composition of this
mineral was initially proposed by Bigham et al. (1994) as FegOg(OH)g«(SOy)yx, With x
varying between 1 to 1.75. However, this formula is still object of controversy and later
estimations show higher x values between 1.74 and 1.84 (Yu et al., 1999). The uncertainty
on the x value may be caused by the different locations of the sulfate groups in the

structure. Schwertmannite has been described as a poorly-crystalline mineral with a
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structure similar to a deformed akaganeite with channel-like iron oxide frameworks where
sulfate molecules are located forming inner- and outer-sphere complexes (Fig. 1.3)
(Bigham et al., 1990; Fernandez-Martinez et al., 2010; Wang et al., 2015).

Due to its large specific surface area and its positive charge in acidic water,
schwertmannite efficiently removes metal oxyanions such as As, Cr, Mo and Se from the
solutions (Antelo et al., 2012; Burton et al., 2009; Lee et al., 2002; Regenspurg et al.,
2004; Waychunas et al., 1995b). Arsenic has been described as the metalloid with higher
affinity by this phase. Arsenic adsorption is pH-dependent, reaching the maximum
capacity (between 196 and 333 mmolas mole.™) at pH around 3 (Antelo et al., 2012;
Burton et al., 2009). Schwertmannite adsorption capacity may be questioned due to its
metastable structure, which transforms into goethite and jarosite within months (Acero et
al., 2006; Bigham et al., 1996a). These recrystallization processes involve the releasing of
previously sorbed contaminants because the more crystalline phases show structures with
less surface areas and adsorption sites and, hence, lower retention capacity (Asta et al.,
2010; Loring et al., 2009).
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Figure 1.3: Schwertmannite structure proposed by Fernandez-Martinez et al. (2010).
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1.3.2. Hydrobasaluminite/basaluminite

Hydrobasaluminite and  basaluminite are  poorly-crystalline  aluminum
hydroxysulfates that form plastic clay-like whitish-colored precipitates (Adams and
Rawajfih, 1977; Bannister and Hollingworth, 1948). Hydrobasaluminite
[Al;(OH)1(S0,)-16-34H,0] is the hydrated  variety = of  basaluminite
[Al4(OH)10(S0,)-5H,0]. In natural systems, hydrobasaluminite directly precipitates from
solution at pH between 4.5 to 5.5 (Adams and Rawajfih, 1977; Nordstrom, 1982b).
However, hydrobasaluminite is not frequently described in the literature due to its
spontaneous dehydration under atmospheric conditions, yielding basaluminite in an
irreversible process under natural conditions (Brydon and Singh, 1969; Hollingworth and
Bannister, 1950). The structure of basaluminite has been the object of different studies.
Even though it was initially considered a mineral (Hollingworth and Bannister, 1950),
later studies suggested the idea that basaluminite is actually a nanoscopic version of the
mineral felsobanyaite (Fig. 1.4) (Clayton, 1980; Farkas and Pertlik, 1997). Note however
that hydrobasaluminite is still present in the IMA list of approved mineral species as a

‘grandfathered’ species, due to its discovery prior to the establishment of the IMA itself.

Figure 1.4: Basaluminite structure proposed by Farkas and Pertlik (1997).

Even though basaluminite has been less studied than schwertmannite and other iron

and aluminum phases (e.g. jarosite, goethite and alunite), it is known that some trace
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elements in the acid waters, such as Cu and Si, are susceptible to be removed during
basaluminite precipitation (Bigham and Nordstrom, 2000; Nordstrom, 2011; Sanchez-
Espafa et al., 2011). On the other hand, its positively-charged nature at low pH suggests
that other oxyanion metals could show affinity by this phase.
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1.4. EXPERIMENTAL AND THEORETICAL METHODS IN
NANOSCIENCE

The disorder associated to the schwertmannite and basaluminite structures makes
difficult the use of classical methods such as X-ray diffraction (XRD) for their structural
characterization. Atoms at the mineral-water interface are exposed to interactions with
solvents and ionic species, which cause relaxation effects and deviation from the
theoretical periodic structure (e.g. nanocrystalline diamonds; Palosz et al., 2002). This fact
is especially significant in nanocrystals due to their large proportion of surface atoms
(Gilbert et al., 2004). This structural disorder makes that a non-negligible proportion of
the total scattering is present as diffuse scattering in the powder X-ray patterns. Therefore,
new experimental and theoretical techniques must be applied for the study of these

challenging mineral nanoparticle structures.
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Figure 1.5: (a) 2D view of atomic pairs such as those determined experimentally with the PDF method.
The circles represent the pair interaction of A (in red), B (in green) and C (in blue) atoms with their near
neighbors. (b) 1D plot of the different inter-atomic distances, a so-called pair distribution function (also called
Patterson function).

Synchrotron light sources provide intense photon beams with energies up to the hard
X-ray region, which are generated by accelerating electrons in ‘circular’ storage rings.
Electrons are injected into the storage ring, which is further equipped with electromagnets
and permanent magnets devices that deviate the electrons and focus the X-ray beam
generated for its use in an experimental chamber. X-ray intensities provided by

synchrotron light sources are several orders of magnitude higher than in conventional
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laboratory sources, and the range of energies available covers a wide range from the eV to
keV. Synchrotron light based techniques such as high energy X-ray diffraction (HEXD)
and X-ray absorption spectroscopy (XAS) make use of these special properties of
synchrotron radiation. These techniques have been previously applied to the study of
poorly-crystalline minerals from AMD such as schwertmannite (Fernandez-Martinez et
al., 2010; Wang et al., 2015; Waychunas et al., 1995b). In this work, basaluminite
characterization using these two techniques is presented for the first time. Finally, other
techniques such as nuclear magnetic resonance (NMR) and computational modeling are

used to provide complementary information.

1.4.1. Pair distribution function

Pair distribution function (PDF) analysis has been used during many years to
structural studies of liquids and amorphous materials and it has been recently applied to
the study of natural nanoparticles (e.g. Fernandez-Martinez et al., 2010; Gilbert et al.,
2013, 2004). PDF analysis is based on the real-space analysis of high-energy X-ray
scattering (HEXS) data, obtained from a Fourier transformation of the static structure
factor, S(Q):

1 sin(Qr;j)
S@ = 1+ - T bib; (Qrij)f Eq. 1.14
Where:
Q= @ Eq. 1.15

A

being N the number of atoms in the sample, b; and b; are the atomic scattering factor of
atoms i and j, ry;is the distance between atoms i and j, € is the scattering angle and 4 is the
wavelength. The Debye equation (Eq. 1.14) is applicable for isotropic disordered solids.
The scattering amplitude of these pairs is proportional to their atomic number. Therefore,
pairs which involve heavy atoms are better represented in the S(Q) function. A real-space
analysis of this intensity distribution can be made through a Fourier transformation, where
each sinusoidal function in S(Q) is represented as a peak in the G(r) and the position of the

peak represents the distance between two atoms in the structure:
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1
2m2rp

Gr)—1= J, QIS(Q@) — 1] sin(Qr) dr Eq. 1.16

The function G(r), so-called PDF function, is not a chemical selective technique,
giving a structural description of the local order around all the atoms in the structure (Fig.

1.5). More details about this technique can be found in Egami and Billinge (2003).

1.4.2. X-ray absorption spectroscopy

XAS is a probe of the local structure around selected atom species in solids, liquids
and molecular gases. It is a useful complement of HEXS thanks to its chemically
selectivity. This technique is commonly employed to characterize the local order of
contaminants sequestered by natural nanoparticles (Peak, 2006; Randall et al., 2001;
Waychunas et al., 1995a) and it has been successfully applied to study Fe and S local
order in schwertmannite (Maillot et al., 2013; Waychunas et al., 1995b). XAS is based on
a photoelectron excitation process, and it is based on the measurement of the absorption
coefficient as a function of the incident energy. The absorption edge is observed when the
incident photon has an energy equal to the binding energy of a core-level electron (i.e. 1s,
2s, 2P12, 2Pp2n). When an electron from the core-level 1s, 2s, 2py, or 2p,, is excited, the
edge is called K, L1, L2 or L3, respectively. XAS is traditionally divided into two regions

which give different information:

e X-ray absorption near edge structure (XANES) region. This region is within about
50-100 eV above the absorption edge. The photoelectron is strongly scattered by
the atoms surrounding the studied element and the amplitude of the multiple
scattering is important. The shape of the XANES is strongly sensitive to the formal
oxidation state and the coordination chemistry of the element.

o Extended X-ray absorption fine structure (EXAFS) region. This region is within 80
to 1000 eV above the absorption edge. In this energy range the photoelectron has
sufficient energy for exploring its surroundings, and the absorption signal can be
treated with a multiple scattering approach. A Fourier transformation of the
EXAFS signal provides structural information showing the distance and
coordination number between studied elements and nearest neighboring atoms
(Fig. 1.6). The EXAFS function [y(k)] is defined as:
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x(k) = 3, A(r;, k) sin[2kn; + @, (k, 7)]e 2% =2ri/ 48 Eq. 117

where K is the wave-vector of photoelectron and j involves all the coordination
shells around the excited atom. A(rj, k) is the amplitude factor proportional to the
number of atoms in each shell and inversely proportional to square-distance

between the excited atom and the atom in the j shell (krjz). ®;(k,7) is the phase

shift originated by scattering from excited and neighboring atoms. e~297%" s the

thermal disorder (Debye-Waller factor) and e~27/%®) describes the inelastic

processes during the propagation of the photoelectron.

The determination of the X-ray absorption coefficient can be performed in so-called
transmission and fluorescence modes. Transmission is the appropriate protocol for
samples with high concentrations of the studied element (higher than hundreds of ppm).
On the other hand, fluorescence is common in samples with low concentrations of the
studied element. Further information about XANES and EXAFS can be found in Newville
(2004).

a) b)

X(r)/ A* (a.u.)

0 25 5 75 10
r (A)

Figure 1.6: (a) Schematic 2D atomic interaction during an X-ray absorption process, where atom A (in
red) has been excited and electrons interfere with its neighbor B (in blue) and C (in green) and (b) EXAFS
spectra in real space where the map of atomic neighbors is shown.

1.4.3. Nuclear magnetic resonance

NMR spectroscopy is an energy absorption process by the nucleus in the sample,
when this sample is placed in a magnetic field and it is subjected to radiofrequency (RF)

radiation at the appropriate frequency. The frequency of the incident radiation necessary
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to induce absorption depends on three parameters: (i) the type of nucleus (e.g. *H, ZAl),
(i) the chemical environment of the nucleus, and (iii) the strength and relative orientation
of the externally-applied magnetic field. Nuclei possessing non-zero “spin”, such as *H
(spin-1/2 nucleus), can be imaged as tiny bar magnets. An ensemble of these nuclei will
have a random distribution of magnetic moments. When these nuclei are placed within a
magnetic field, it is energetically more favorable (low-energy state) to be aligned with the
magnetic field, than to be opposed to it (high-energy state). The frequency of the absorbed
NMR signal is the energy difference (4E) between the energy states:

AE = yhB/2n Eq. 1.18

where h is the Planck’s constant (6.63-10** m? kg s?), y is the gyromagnetic ratio
(constant for a particular nucleus) and B is the intensity of the experienced magnetic field
(Tesla).

With the ensemble of nuclei in a magnetic field, the number of nuclei in a lower-
energy state is different compared to a higher-energy state, and this difference is given by
a Boltzmann distribution, according to Eq. 1.19:

% — o~AE/KT — o—hv/KT Eq. 1.19
where Nyign and Nyo,, represent the population (in number) of nuclei in high and low-energy
state, respectively, k is the Boltzmann constant, T is the absolute temperature (K) and v is
the frequency. The intensity of the detected NMR signal is then related to this excess
(usually very small) number of nuclei in the lower energy level. Therefore, the NMR
signal depends on the type of nucleus (y), and is larger in stronger magnetic fields and/or

at lower temperatures.

Different nuclei (e.g. 'H, #Al) will have relatively large differences in their
resonance conditions (i.e. frequencies). However, similar nuclei (e.g. 'H, *H) can have
slight differences in their resonance frequencies, depending on their local environment.
This can occur, for example, if the external magnetic field is partially canceled by an
induced magnetic field originating from the motions of nearby electrons. The magnitude
of this phenomenon depends then on the electron environment around the nucleus (Fig.

1.7) (e.g. coordination, type of bond, etc.). The magnetic field perceived by the nucleus
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(Biocar) Will be slightly altered from the applied field By, so the resonance condition can be

given by:
v = (y/21m)Biocar = (¥Bo/2m)(1 — o) Eq. 1.20
where ¢ is a non-dimensional screening or shielding constant.

The signal measured in NMR is a time-domain signal with contributions from many
different environments of the same type of nuclei. Frequency-domain NMR spectra are
then obtained by Fourier transformation of the recorded time-domain data, which has
usually been acquired after much signal-averaging. The difference between the signals
obtained from a reference B, and the real signal obtained by By is termed the chemical
shift (5), which is expressed in parts per million (ppm, dimensionless number):

§ = Zref"Tsample 4 106 Eq. 1.21

Vsample
where v, is the reference resonance frequency and vggmpe is the sample resonance

frequency. Further information about NMR can be found elsewhere Levitt (2008).

/

s

-20 0 20 40
chemical shift (ppm)

Figure 1.7: Schematic representation of (a) a NMR measurement of an Al Keggin ion (where aluminum
is located in tetrahedral (purple) and octahedral (blue) coordination) and (b) the Fourier transformation where
each aluminum is represented by a single peak with a specific chemical shift. FT: Fourier transformation.

1.4.4. Reverse Monte Carlo analysis

The reverse Monte Carlo (RMC) technique uses a Monte Carlo method to explore
the configurational space and fit the structure factor, S(Q), the PDF, G(r) or both. The
analysis starts from a random atomistic model, and the atomic positions are updated

following a Monte Carlo stochastic method driven by the minimization of:
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Xz = Z(Yexp - ycalc)z /02 Eq 1.22

In the RMC method an atomic displacement is accepted if the 4 decreases. In the
opposite case, it is accepted with a probability p = min(l, exp(—Ax*/2). This allows the
system to escape from local minima. More details about this technique can be found in
McGreevy and Pusztail (1988) and Keen (1998). In this doctoral dissertation, the RMC
analysis has been used to obtain atomistic model of basaluminite. In contrast with RMC
models applied to the study of amorphous materials, this case is challenging because
basaluminite is not amorphous. Therefore, a constrained RMC has been used, using

constrains obtained from other experimental techniques such as ’Al NMR and XAS.
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1.5. AIMS AND OBJECTIVES

Despite its common occurrence in areas affected by AMD and ASS, basaluminite
has been less studied than Fe-oxyhydroxysulfates due to: (i) iron concentrations are often
higher than those of aluminum in these environments; (ii) pure aluminum precipitation is
rare due to the fact that it occurs at higher pH than iron, making that a non-negligible part
of the aluminum co-precipitates within iron phases; (iii) iron phases have been previously
described as scavenger of potentially toxic elements such as As, whereas, up to our
knowledge, only less hazardous elements for animals and plants (e.g. Si) have been
reported to be strongly adsorbed by Al-phases; and (iv) aluminum is a light element
difficult to characterize by conventional and synchrotron techniques. Therefore, structural
and geochemical properties of basaluminite have been largely ignored in the literature,
with only few works reporting their reactivity in AMD and ASS (Adams and Rawajfih,
1977; Clayton, 1980; Farkas and Pertlik, 1997; Hollingworth and Bannister, 1950;
Sanchez-Espafia et al., 2011).

The aim of this doctoral dissertation is to improve our knowledge about the
environmental relevance of basaluminite, addressing its poorly-crystalline structure and its
reactivity using experimental techniques based on synchrotron radiation. The following

objectives were defined:

1. To simulate in the laboratory the contaminant attenuation processes occurring due
to the increase of pH in natural waters and in treatment systems. These processes
lead to precipitation of schwertmannite and basaluminite, in increasing order of
solution pH. In natural aerated waters, this different pH makes that the reactivity of
the aluminum phases is masked by the precipitation of iron phases, which retain
most of the contaminants.

2. To characterize the behavior of the AMD solution when precipitated under anoxic
conditions (i.e. preventing precipitation of iron), simulating systems where
aluminum controls the solution chemistry. These experiments will give an idea of
the real capacity of basaluminite for removal of contaminants, including those

toxic elements (e.g. As and Se).

26



Chapter |

3. To quantify the maximum adsorption capacity of basaluminite for these potentially
toxic elements under controlled environmental conditions. Resulting data will be
compared with those previously reported for Fe-phases, allowing assessing the
potential role of basaluminite in the mobility of contaminants in AMD and ASS.

4. To obtain structural information at the atomic scale about the localization of
contaminants removed by basaluminite. This information can subsequently be
considered in geochemical models describing the long-term fate, transport and
bioavailability of contaminants in the environment.

5. To achieve a new structural and mineralogical definition of basaluminite and to
review its geochemical properties by using a set of advanced high-resolution
techniques available for nanoscience, including both experiments and

computational modeling.
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1.6. THESIS OUTLINE

The present thesis is organized in an introductory chapter, three main chapters with
scientific results and a chapter with general conclusions. Each main chapter consists of a
short abstract, introduction, methodology, results, discussion and conclusions. This
structure has been chosen due to that each main chapter achieves its objectives through
different starting hypotheses and methodological strategies. Thus, each chapter can be
independently read, although some information can become redundant. The resulting

structure is summarized as follows:

Chapter 1: Introduction

This chapter exposes the problem of pollution by AMD and ASS that motivated the
present thesis. The most important mineral phases precipitating in these environments are
explained, indicating the advances and gaps in our knowledge about these phases and their
environmental implications. Finally, experimental and modeling techniques specific for

characterization of poorly-crystalline mineral phases are outlined.

Chapter 2: The potential role of aluminum hydroxysulfates in the removal of
contaminants in acid mine drainage (Carrero et al., 2015)

This chapter describes laboratory neutralization experiments performed using natural
reduced acidic water. Mechanisms of contaminant removal were studied by correlating the
chemical evolution of the experiments with the precipitation of newly-formed phases
(mainly schwertmannite and basaluminite). The main processes controlling the attenuation
of contamination in water courses or treatment systems were inferred, as well as the

heretofore unidentified affinity of basaluminite for potentially toxic elements.
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Chapter 3: Arsenic and selenium scavenging by basaluminite: Insights into the

reactivity of aluminum phases in acid mine drainage

In this chapter, isotherm adsorption experiments of As and Se into basaluminite and
schwertmannite were performed. Both the adsorption mechanisms and the structural
coordination were determined using synchrotron-based experiments such as PDF and
EXAFS. High adsorption capacities and strong retention mechanisms of As and Se into
basaluminite were determined and compared with our own and previously-reported data

for schwertmannite.

Chapter 4: The nanocrystalline structure of basaluminite, an aluminum hydroxide

sulfate from acid mine drainage

This chapter shows the results of a structural characterization of poorly-crystalline
basaluminite obtained by combining synchrotron-based analysis (HEXD-PDF and
EXAFS), Al NMR and reverse Monte Carlo modeling. Similitudes and differences
between basaluminite and the structure of felsdbanyaite are described.

Chapter 5: General conclusions

This final chapter presents the summarized conclusions of the performed research,
including some outlooks.
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ABSTRACT

Sorption of trace elements onto poorly-crystalline Al-hydroxysulfate minerals from
acid mine drainage (AMD) has received less attention compared to similar Fe(l11)-phases
because the former are less abundant in many mine drainage environments. In addition,
Al-hydroxysulfates precipitate at a higher pH, so their sorption characteristics could be
masked or less significant after sorption of trace elements to Fe minerals, which form at
lower pH. In this study, oxidation and titration experiments were conducted with Fe(ll)-
rich AMD solutions under atmospheric and anoxic conditions to elucidate, individually,
the sorption capacity of trace elements in solution by Fe and Al-hydroxysulfates. Under
atmospheric conditions, precipitation of Fe(lll) as schwertmannite, led to total removal of
As, Cr, Fe, and Pb in solution and 50% of Al. Subsequently, contaminant-depleted
solution began to be controlled by precipitation of basaluminite, which acted as an
effective sink for the remaining Al, Cu and Si. On the contrary, under anoxic conditions,
neutralisation of Fe(Il)-rich solutions led first to the basaluminite precipitation, keeping all
Fe available in solution and unveiling a heretofore unknown affinity for As and Cr.
Basaluminite retains 60% of As in solution compared to 100% removal of As by
schwertmannite. However, the sorption capacity of basaluminite is even more significant
than that of Fe-phases, considering that Al concentrations in solution were much lower
than those of Fe. These findings give new insights into the processes controlling
contaminant mobility in anoxic environments (e.g. the bottom of AMD-affected water

reservoirs) and pose new opportunities for treatment strategies.
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2.1. INTRODUCTION

Contamination of receiving waters and sediments by acid mine drainage (AMD) is
one of the main environmental problems associated with mining of sulfide-bearing ore
deposits (Nordstrom and Alpers, 1999a; Nordstrom, 1982a). These acidic waters have
high concentrations of sulfate and metals and metalloids (from now on referred as
‘metals’) and result from the continuous exposure of sulfide-rich mining wastes, derived
mainly from coal fields or massive sulfide ores, to oxygen and water. Pollution by AMD
is a serious environmental problem affecting active and abandoned mining areas around
the world. Examples of contamination by AMD are described in detail in the Appalachian
coalfields (USA) (Herlihy et al., 1990; Powell, 1988), in the Gangreung coalfield (Korea)
(Yu and Heo, 2001; Kim and Chon, 2001) and in the Iberian Pyrite Belt (IPB; Iberian
Peninsula) (Leblanc et al., 2000; Séainz et al., 2002; Sarmiento et al., 2009a), among many
others. The IPB is one of the most strongly AMD-affected areas worldwide (Nieto et al.,
2013). In addition, processes that form AMD can operate within mine waste materials
long after mining has stopped and AMD leachates can persist for many decades or even

centuries after mine operations cease (Younger, 1997).

Acid mine drainage is characterized by high concentrations of sulfate, iron (from
sulfide mineral oxidation, mainly pyrite) and aluminum (from weathering of the host
rocks), in addition to the presence of other trace elements. In cases with limited oxygen
renewal, such as in underground shafts, the emerging acidic water is depleted in oxygen,
and thus contains high concentrations of Fe(ll). In atmospheric conditions, the presence of
oxygen and, mainly, the activity of extremophile microorganisms catalyze the total
oxidation of Fe(ll) to Fe(lll) after a few meters of flow (Nordstrom and Alpers, 1999a).
Under such conditions, both AMD hydrochemistry and mineralogy are controlled mainly
by the SO,-Fe(lll) and SO4-Al systems (Bigham et al., 1996b; Nordstrom and Alpers,
1999a).

In AMD-affected streams, high concentrations of ferric iron and sulfate favor the
spontaneous precipitation of schwertmannite [FegOg(OH)(s.24(SO4)x-NH20; with x varying
from 1 to 1.75], a poorly-crystalline Fe-oxyhydroxysulfate (Bigham et al., 1994, 1990;
Fernandez-Martinez et al., 2010; Yu et al., 1999). Schwertmannite has a high capacity to
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remove trace elements, particularly As and Cr, from AMD solutions (Acero et al., 2006).
The oxidation state seems to be an important factor in the removal processes. For instance,
arsenic mobility may be controlled by As(V) sorption onto schwertmannite under acidic
conditions (Burton et al., 2009; Maillot et al., 2013). Consequently, the spontaneous
nucleation and growth of schwertmannite can lead to a natural attenuation of
contamination (Courtin-Nomade et al., 2003; Fukushi et al., 2003; Schwertmann et al.,
1995). The precipitation of schwertmannite is also induced by the progressive increases of
pH due either to AMD mixing with pristine receiving waters or to alkali addition in AMD
treatment systems. With the progressive increase of pH, after all aqueous iron has
precipitated, aluminum starts precipitating as basaluminite [Al;(SO4)(OH)1-4-5H,0], a
poorly-crystalline Al-hydroxysulfate (Farkas and Pertlik, 1997; Hollingworth and
Bannister, 1950; Nordstrom, 1982b). Basaluminite has been less studied than
schwertmannite, though it is also known that it has a strong potential to remove elements
such as Cu and Si (Bigham and Nordstrom, 2000; Nordstrom and Alpers, 1999a).

The precipitation sequence of schwertmannite followed by basaluminite as the pH is
increased by alkali addition, as well as their influence on the trace element mobility, has
been reported in laboratory titration experiments (e.g. Lee et al., 2002; Sanchez-Espafia et
al., 2011) and field treatment systems (Caraballo et al., 2011; Macias et al., 2012). The
alkaline neutralization of Fe(l11)-Al-SO,-rich AMD solutions exhibits two buffers at pH
ranges between 2-4 and 4.5-6 that are related to Fe and Al hydrolysis, and subsequent
precipitation of schwertmannite and basaluminite, respectively. In this precipitation
sequence the sorption capacity of trace elements by basaluminite evidently is masked by
the previous schwertmannite precipitation. No study concerning the behavior of
contaminants during the exclusive precipitation of basaluminite (i.e. avoiding

schwertmannite formation) has been reported in the scientific literature.

To help bridge this gap, the present study reports the results of AMD neutralization
experiments performed in the laboratory under two different conditions: (i) under
atmospheric conditions, to simulate the oxidation of Fe(ll) to Fe(lll) and the natural
precipitation of Fe in the first instance, and the subsequent formation of Al-
hydroxysulfates; and (ii) under anoxic conditions, using a Fe(ll)-rich AMD solution, to
precipitate first the Al-hydroxysulfates so their reactivity with the natural contaminants
present in AMD can be isolated. Results from the two experiments were compared to

identify the individual trace element removal capacities of poorly-crystalline Fe and Al
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phases. This is relevant not only for AMD-affected receiving waters, but also for other
environments where poorly-crystalline precipitates as basaluminite are present, such as
acid sulfate soils (ASS) (Adams and Rawajfih, 1977; Jones et al., 2011). However,
understanding the geochemical processes controlling metal mobility during Al and Fe
precipitation required further detailed characterization studies beyond chemical analyses.
The low crystallinity of these precipitates limited the use of conventional X-ray
techniques for their mineralogical characterization. In this study, high-energy X-ray

diffraction (HEXD) using synchrotron-based radiation helped to overcome this obstacle.
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2.2. MATERIALS AND METHODS

2.2.1. Field site and sampling description

Laboratory experiments were conducted using Fe(ll)-rich acidic waters collected
from an underground mine gallery at the Perrunal abandoned mining district (IPB, SW
Spain). Some representative samples were collected in September 2012, during the dry
season, when the stream flow was approximately 1 L s*. The pH, redox potential,
electrical conductivity (EC), dissolved oxygen (DO), temperature and Fe(ll)/Fe(lll)
speciation were measured on site. The samples were collected in airtight high density
polyethylene 5 L containers, previously washed in the acid stream, and stored without
exposure to air, in dark conditions and cooled to prevent Fe(ll) oxidation. After collection,
the samples were rapidly transported to the laboratory where the titration experiments
were started immediately. An aliquot (60 mL) was filtered through a 0.45 pum nylon filter,
acidified with HNOs to pH < 1 and stored in plastic vials at 277 K for further chemical

analysis.

2.2.2. Neutralization experiments

Two neutralization experiments by alkaline titration of the Fe(ll)-bearing AMD

samples were conducted in the laboratory under different conditions:

e Oxygen-saturated atmosphere (atmospheric conditions): The experiment consisted
firstly of a spontaneous oxidation of Fe(ll) to Fe(lll) (i.e. pre-titration oxidation),
followed by a titration. To this end, a volume of 4 L of acid water was transferred
to a glass beaker. The experiment was monitored using two, 20 mL aliquots that
were retrieved daily; one aliquot was used to measure pH, redox potential, EC,
temperature, DO and Fe speciation, and the other aliquot was used for chemical
analysis after filtration and acidification. The experiment was performed at room
temperature (300 K) while monitoring water loss due to evaporation. When all
Fe(ll) in solution was oxidized to Fe(lll), an aliquot was filtered through a 0.1 pm
filter and used to carry out the titration by alkaline addition, in duplicate: (i) 100

mL of Fe(l11)-AMD solution were used to obtain the titration curve, and (ii) 200
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mL of Fe(lll)-AMD were titrated to sample the solution at desired pH values
(mainly before, during and after the different buffering regions). The titration
consisted of adding drop-wise a 0.01 mol L™ Ca(OH), solution while constantly
stirring the sample using a magnetic bar. The pH was continuously monitored
using a pH-meter. Solution samples (ca. 20 mL) were filtered and acidified for
major and trace elements analysis.

Oxygen-free atmosphere (anoxic conditions). This experiment was performed in
such a way as to maintain the Fe in its ferrous state throughout the experiment. To
this aim, the AMD solution was deaerated by continuously bubbling N, through the
sample for 1 hour and then storing the sample inside a nitrogen-filled glove box to
prevent oxidation during the experiment. The oxygen concentration in the glove
box was less than 0.4% during the experiment. As in the experiment under
atmospheric conditions, though without the first oxidation step, the Fe(ll)-AMD
solution was first filtered and then titrated using a previously deoxygenated 0.01
mol L* Ca(OH), solution, in duplicate: (i) an aliquot of 100 mL was used to obtain
the titration curve and (ii) another aliquot of 200 mL was used for sampling the
solution at desired pH values during the neutralization. The solution samples (ca.
20 mL) were filtered for Fe speciation analysis and acidified inside the glove box
for analysis of major and trace elements. After obtaining the titration curve, the
final suspension of neutralized acid water and the newly-formed precipitates were
exposed to atmospheric conditions without stirring to induce their spontaneous
oxidation (i.e. post-titration oxidation). Both pH and Fe speciation were also
monitored during this oxidation and solution samples (ca. 20 mL) were collected,

filtered and acidified for major and trace elements analysis.

Several newly-formed solids were observed and collected in each pH-buffering

region during the neutralization experiments. These new solids were one precipitate from

the pre-titration spontaneous oxidation, three precipitates from the titration under

atmospheric conditions, two precipitates from the titration under anoxic conditions and

two precipitates from the post-titration spontaneous oxidation. The latter samples were

examined to determine any phase transformations during the oxidation. All these solids

were separated by centrifugation and then rinsed several times with ultrapure water.
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2.2.3. Analytical techniques

The pH, redox potential, EC and temperature were measured with a portable multi-
parameter Crison Mm40+ instrument, calibrated with different buffers for pH (4, 7 and
9.2) and standard solutions for redox potential (220 and 468 mV) and conductivity (142
and 1471 pS cm* and 12.8 mS cm™). Measured redox potentials were corrected in order
to obtain the Eh with respect to the standard hydrogen electrode (Nordstrom and Wilde,
1998). The DO was measured using a Hanna DO meter HI9143. The Fe(ll)/Fe(lll)
concentration was determined using 1,10 phenanthroline according to standard methods
(Tamura et al., 1974) with a Hach DR/890 spectrophotometer. The aqueous chemistry of
starting solutions and aliquots collected both during spontaneous oxidations and titration
experiments was analyzed by inductively coupled plasma and atomic emission
spectroscopy (ICP-AES; Jobin Yvon Ultimate 2) in the laboratories of the University of
Huelva. The chemical analysis was undertaken following a custom-designed protocol
specific to AMD waters (Tyler et al., 2004). Detection limits were: 140 pg L™ for Al, Fe
and Mg; 15 pg L™ for As, Cr, Na, Ni, Pb and V; 300 ug L™ for Ca and S; 60 ug L™ for
Co, Cu, Mn, Si and Zn; and 680 pg L™ for K. The analytical error for all measurements

was less than 5%.

The newly-formed precipitates were lyophilized to complete dryness using a VirTis
Benchtop freeze-dryer (Hucoa-Erléss, Spain) to avoid oxidation, mainly in those
precipitates obtained under anoxic conditions. After drying, the samples were stored in
plastic vials in an inert atmosphere. The HEXD measurements were conducted using the
beamline ID15B at the European Synchrotron Radiation Facility (ESRF) with a
monochromatic X-ray with an energy of approximately 87 keV (A = 0.1419 A) in
transmission mode, in which the samples were loaded in polyamide (kapton) capillaries.
The energy was calibrated using a CeO, standard (NIST 679b). The diffraction patterns
were collected using a MAR345 image plate 2D detector and data were integrated using
the program Fit2D (Hammersley et al., 1996). The samples were also imaged using a
scanning electron microscope equipped with an energy dispersive X-ray detector to
provide semi-quantitative micro-chemical analysis (SEM-EDS, JEOL JSM5410).
Moreover, after acid digestion using HNO; the newly-formed precipitates were

chemically analyzed using ICP-AES to determine the major and trace elements.
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2.2.4. Geochemical modeling

Speciation-solution and reaction calculations were performed using the geochemical
modeling PHREEQC code (Parkhurst and Appelo, 1999) and the Mintq.v4
thermodynamic database (Allison et al., 1998). This database was enlarged with data from
Bigham et al. (1996b) and Davesne et al. (2010) to account for schwertmannite and green
rust (GR) solubility, respectively. This software was used to calculate aqueous speciation
of solutions and saturation indices of the solid phases [SI = log (IAP/Ks), where Sl is the

saturation index, IAP is the ion activity product and Kj is the solid solubility product].
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2.3. RESULTS AND DISCUSSION

The AMD solution used in the neutralization experiments contained extreme metal
concentrations. In fact, this acidic leachate is one of the discharges that most profusely
contributes to contamination in the Odiel River (Sarmiento et al., 2009a). The sample was
collected at the exit of an underground mine gallery and exhibited acidic pH (3.29) and
low DO concentration (1.30 mg L™; 15%). Its pH value matched an extremely high EC
(5.98 mS cm™), and high sulfate (5990 mg L™) and iron (2040 mg L) concentrations, in
addition to other trace elements such as Al (194 mg L™), As (2mg L™), Cu(@mg L™), Pb
(0.5 mg L™) and Zn (34 mg L ™). Percentages of Fe(Il) measured with respect to total Fe
were higher than 98% (Table 2.1). According to the Eh-pH diagram proposed by Wagman
et al. (1982), the As content in the starting AMD was presumably in the form of As(V),

which was consistent with previous studies of the IPB (Sarmiento et al., 2009a).

2.3.1. Neutralization experiment under atmospheric conditions
2.3.1.1. Pre-titration spontaneous oxidation

During this experiment, an AMD sample was left at the reactor without stirring so
that Fe(Il) would oxidize to Fe(l1l) under atmospheric conditions. The spontaneous Fe(l1)
oxidation took 30 days to complete. During an experiment, the physic-chemical
parameters of the AMD showed important variations (Table 2.1). The total Fe
concentration and pH decreased from 2040 mg L at pH 3.29 initially to 1827 mg L™ at
pH 2.34 when the experiment ended (Table 2.1 and Fig. 2.1a). The oxidation rate of Fe(ll)
to Fe(lll) was calculated from the difference between the initial and final Fe(ll)
concentrations with respect to the time elapsed, and was found to be 1.43-10® mol L™* s,
in agreement with rates reported for AMD solutions from the IPB under similar conditions
(Sanchez-Espafia et al., 2007). Previous research showed significant differences between
abiotic and biotic oxidation rates (e.g. Kirby and Elder Brady, 1998; Nordstrom and
Alpers, 1999a), where the rate could vary between 10™?and 10" mol L™ s, respectively.
The rate obtained in the present study was congruent with a process strongly catalyzed by

iron-oxidizing bacteria.
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Figure 2.1: Variation in the concentration of (a) total iron, (b) aluminum, (c) arsenic, (d) copper, (e) zinc
and (f) lead as a function of pH in the pre-titration spontaneous oxidation and titration experiments under
atmospheric conditions (crosses) and in the titration experiment under anoxic conditions (rhombus). Ochre, blue
and green areas represent different buffers for Fe(l11), Al and Fe(ll), respectively.

According to the geochemical modeling, the AMD solution was supersaturated with
respect to Fe(lll) phases such as ferrihydrite, jarosite, goethite, lepidocrocite and
schwertmannite (Table 2.2). These calculations were congruent with visual observations
of the experiment after oxidation indicating the occurrence of Fe-rich phases owing to the

ochre-colored precipitates that settled to the bottom of the reactor. The hydrolysis and
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precipitation of Fe(lll) released protons (see reactions in Table 2.2), a reaction that was

consistent with the observed decreases in pH and Fe concentrations in solution.

Sample Date time pH Eh T EC DO _ DO SO4 Fe(ll) Fe(lll) Few Fe(ll)/Fet
(h) (mv) (CC)(msem?) (%) (mg LY (%)
Field 11/09/2012 N 329 483 230 598 150 1.30 5990 2006 34 2040 98.3
samples flow
Oxidation 12/09/2012  24.0 3.10 561 25.8 599 141 122 5825 2011 33 2044 98.4
experiment 13/09/2012 505 292 576 25.0 590 123 1.04 5897 1658 329 1987 83.4
14/09/2012 750 287 595 24.0 590 9.00 0.77 5859 1972 84.7 2057 95.9
15/09/2012  99.0 280 602 26.0 5.87 9.20 079 5786 1776 194 1970 90.1
17/09/2012 149 250 617 255 582 890 0.78 5841 1539 306 1845 83.4
18/09/2012 175 2.64 605 26.6 6.89 9.90 085 6156 1618 420 2038 79.4
19/09/2012 197 263 623 265 6.74 9.50 0.81 6411 1346 536 1882 715
20/09/2012 222 258 628 265 6.68 105 0.88 6607 1409 581 1990 70.8
21/09/2012 242 258 635 24.0 6.73 129 113 6536 1299 650 1949 66.7
24/09/2012 252 256 649 24.0 6.67 115 103 6782 941 864 1805 52.1
26/09/2012 274 255 659 23.0 6.63 106 094 7136 774 1076 1850 38.4
29/09/2012 346 249 670 21.0 6.68 11.2 105 7060 761 1112 1874 40.6
01/10/2012 394 245 689 240 6.52 113 1.01 7195 364 1457 1821 20.0
03/10/2012 444 241 722 250 6.52 135 1.18 7474 261 1614 1875 13.9
05/10/2012 490 238 731 24.0 6.55 138 1.22 7310 34.0 1874 1908 1.76
10/10/2012 616 234 838 23.0 734 671 6.40 8766 0.00 1827 1827 0.00

Table 2.1: Evolution of the physical-chemical parameters and Fe speciation during the spontaneous
Fe(Il) oxidation experiment.

Phases Reactions SlI Atmospheric conditions SI Anoxic conditions
Fe(I11)-Buffer  Al-Buffer Mg-Buffer Al-Buffer Fe(Il)-Buffer
Al(OH); am Al(OH); + 3H = AI® + 3H,0 -5.98 -1.43 - -1.26 -
Basaluminite Aly(OH)1S0, + 10H* = -11.6 1.62 - 3.33 -
4AI" + SO, + 10H,0
Boehmite AIOOH + 3H* = AI"® + 2H,0 -3.74 0.77 - 0.97 -
Brucite Mg(OH), + 2H" = Mg* + 2H,0 -135 -9.35 0.22 -9.64 -4.89
Calcite CaCO; = Ca* + CO3? -9.27 -5.12 3.93 - -
Diaspore AIOOH + 3H* = AI"® + 2H,0 -2.04 2.49 - 2.67 -
Fe(OH), Fe(OH), + 2H" = Fe* + 2H,0 - - - -6.19 2.22
Ferrihydrite Fe(OH); + 3H" = Fe™ + 3H,0 0.64 - - - -
Green Rust SO, Feg(OH)12(SOy) + 12H" = - - - -6.52 3.32
4Fe* + 2Fe™ + 12H,0 + SO,
Gibbsite Al(OH);3 + 3H* = AI" + 3H,0 -3.47 107 - 125 -
Goethite FEOOH + 3H" = Fe* + 2H,0 3.34 - - - -
Jarosite (H30)Fe3(S04)2(OH)s + 5H = 6.99 - - - -
3Fe™® + 250,72 + TH,0
Hausmannite Mn3O,+ 8H" + 2e” = 3Mn*? + 4H,0 -13.9 -1.06 14.2 -24.3 -0.61
Lepidocrocite FeOOH + 3H" = Fe*® + 2H,0 2.46 - - - -
Manganite MnOOH + 3H* + e = Mn*? + 2H,0 -2.77 1.52 6.61 -9.95 -0.40
Schwertmannite  FegOg(OH)45(S04); 75+ 20.5H" = 5.12 - - - -

8Fe"® + 1.7550,2 + 12.5H,0
Table 2.2: Saturation indexes for supersaturated phases resulting from the neutralization experiments. All
values were calculated with the PHREEQC code (Mintg.v4 database, Allison et al. 1998). Bold values represent
the supersaturated phases for each pH buffer.

During the spontaneous oxidation, the decrease with time of the Fe concentration

was concomitant with a decrease in the concentration of As and Pb. The removal
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percentages of Fe and Pb in solution reached 15% and 20% (Fig. 2.1a and f). Arsenic
concentration decreased in solution to values below the detection limit (< 15 ug L™) (Fig.
2.1c). This was in agreement with previous studies that highlighted the role of Fe(lll)
phases in the effective removal of As(V) at low pH (Burton et al., 2009). Due to the
important evaporation observed during the experiments (approximately 30 mL d %), As, Fe
and Pb concentrations increased at the end of the experiment (to approximately 0.12 mg
L for As). Evaporation was also certainly the cause of the observed increases (of up to
30%) in the concentrations of other elements such as Al, Cu and Zn (Fig. 2.1b, 2.1d and
2.1e), which appeared to be independent of the precipitation of any newly-formed phase in

this range of pH.
2.3.1.2. AMD titration experiment

The titration curve of the neutralization experiment illustrates the mineral acidity
distribution of the studied solution (Fig. 2.2a). As the pH increased, two main buffering
regions occurred successively in the experiment, corresponding to two newly-formed
precipitates (of ochre- and whitish-colored solids, respectively). The first buffering
(Fe(111)-buffer) occurred at pH between approximately 2.5 and 3.2 and was concomitant
with the decrease of the Fe(l11) concentrations in solution, i.e. from 1827 mg L initially
to values below the detection limit (< 140 pg L™) (Fig. 2.1a). Geochemical modeling
suggested that solutions were supersaturated with respect to Fe(lll) phases such as
jarosite, goethite, lepidocrocite, ferrihydrite and schwertmannite (Table 2.2). As stated in
Section 2.3.1.1,, the precipitation of Fe(lll) released protons, counteracting alkali addition
and buffering the pH of the experiment until all aqueous iron was depleted. The removal
of Fe to below the detection limit (< 140 pg L™) in the Fe(l11)-buffer region occurred after
the addition of 1700 mg L' CaCO; equivalent (Fig. 2.3a). Moreover, As and Pb
concentrations showed a similar trend to that of Fe and were depleted from the solution to
below the detection limit (both < 140 pg L™) (Figs. 2.1c, f and 2.3a), completing the
process that began during the spontaneous oxidation. An important point was that
aluminum concentration decreased suddenly by as much as 50% (Fig. 2.3a) of its initial
value, indicating a possible affinity for Fe(lll)-phases. The concentrations of other
elements in solution also decreased but to a much lesser extent; the final removal

percentages for Cu and Zn were 35 and 20%, respectively (Fig. 2.3a).
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Figure 2.2: Acid mine drainage titration curve under (a) atmospheric and (b) anoxic conditions. Ochre,
blue and green areas represent different buffers for Fe(lll), Al and Fe(ll), respectively. Both curves were

obtained without aliquot sample collection.

The second buffer region (Al-buffer) occurred at pH values between approximately
4.2 and 4.8 (Fig. 2.2a) and matched the Al removal from the solution, i.e. from 152 mg L™
initially to values below the detection limit (< 140 pg L™) (Fig. 2.1b). According to the
geochemical calculations, these observations were consistent with the hydrolysis of Al
and its subsequent precipitation. Indeed, solutions at this pH range were supersaturated
with respect to Al phases such as basaluminite, boehmite, gibbsite and diaspore (Table
2.2). Complete Al removal was achieved after addition of 2250 mg L™ CaCOj5 equivalent
(Fig. 2.3a). The concentration of Cu was strongly correlated with that of Al during the

AMD neutralization, and was also depleted from solution (Figs. 2.1c and 2.3a).

Finally, a third minor buffer region (Mg/Mn-buffer) occurred at pH between
approximately 9.2 and 10.2 (not shown in Fig. 2.2a), and was concomitant with Mg and
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Mn removal from solution, i.e., from initial concentrations of 272 and 56.7 mg L™,
respectively, to values below the detection limit (Mg < 140 pg LY Mn < 60 pg L™). This
buffer region was associated with the potential precipitation of brucite, hausmannite and
manganite according to the geochemical modeling (Table 2.2). In addition, Zn
concentrations were barely affected by Fe(ll)- and Al-buffers during the neutralization.
Theoretically, a different Zn-bearing precipitate could have formed in the pH range 6-8,
but was not perceptible in the experiments due to low Zn concentration (< 35 mg L™) or

to adsorption onto schwertmannite.
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Figure 2.3: Metal removal (%) as a function of alkaline addition (mg L™ CaCOj; equivalent) in the

titration experiments under (a) atmospheric conditions and (b) anoxic conditions.
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The neutralization of AMD with total Fe in solution as Fe(l11) consumed 8200 mg L~
! CaCO; equivalent for a pH variation between 2.34 to 10.2. These results were similar to
those observed in previous studies (Sanchez-Espafia et al., 2011, 2006), where AMD
neutralization with Fe and Al in solution also exhibited two different buffer regions at

similar pH ranges to those observed in the present study.

2.3.2. Neutralization experiment under anoxic conditions
2.3.2.1. AMD titration experiment

The neutralization experiment under anoxic conditions was performed using the
naturally reduced AMD, which contained 98.4% of Fe(ll) in solution (Table 2.1). In this
experiment, two buffer regions were also found (Fig. 2.2b), which were associated with
the successive precipitation of a whitish solid phase followed by a second solid of dark
green color. The first buffer region (Al-buffer) occurred at pH values between
approximately 3.9 and 4.7 and was concomitant with the decrease of Al concentration in
solution, i.e. from 194 mg L initially to values below the detection limit (< 140 pug L™)
(Fig. 2.1b). Geochemical modeling suggested that the solutions were supersaturated with
respect to Al phases such as basaluminite, boehmite, gibbsite and diaspore (Table 2.2).
The removal rate for Al reached 100% in the first Al-buffer region following the addition
of 700 mg L™ CaCOj; equivalent (Fig. 2.3b). As occurred in atmospheric conditions, Cu
behavior was strongly linked to the formation of the Al precipitate (Figs. 2.1d and 2.3b),

in agreement with previous studies (Bigham and Nordstrom, 2000).

The second buffer region (Fe(Il)-buffer) occurred at pH between approximately 6.1
and 8.0, coinciding with the decrease of Fe concentrations in solution from 2000 mg L
initially to values below the detection limit (< 140 pg L™) (Fig. 2.1a). During the course
of this experiment, the iron in solution was mainly in the Fe(ll) oxidation state, with
percentages of Fe(ll) with respect to total Fe of approximately 90%-95%. In this case,
geochemical modeling showed that the solutions were supersaturated with respect to GR
phases (Table 2.2). The removal of Fe reached concentrations below the detection limit (<
140 pg L) after addition of 1500 mg L™ CaCO; equivalent (Fig. 2.3b). In this

experiment, a third buffer region for Mg and Mn was not found, due to the fact that both
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Mg and Mn were depleted from the reduced solutions along with the Fe(ll) at the same pH

range.

Arsenic was removed from the solution in both Al- and Fe(ll)-buffer regions, with
the Al-buffer eliminating approximately 60% of the As (Figs. 2.1c and 2.3h).
Accordingly, this result seemed to indicate that the precipitates of the Al-buffer have high
affinity for As. This result was masked in the titration under atmospheric conditions
because As was removed below the detection limit (< 15 pg L) by precipitation with
Fe(lI1)-phases. On the other hand, Pb concentrations sharply decreased in the Fe(Il)-buffer
region; and hence, its affinity for Fe seemed to be independent of the iron oxidation state,
as could be deduced from comparing both experiments (Figs. 2.3a and 2.3b). Finally, Zn

behaved similarly in both atmospheric and anoxic conditions (Fig. 2.1e).

This titration experiment consumed approximately 5500 mg L™ CaCOj; equivalent
for a pH variation from 3.32 to 10.2. The first Al-buffer region in this experiment
presented similar characteristics to the second Al-buffer region observed under
atmospheric conditions, though with a slight change in the pH range and consumption of
alkalinity. With respect to the Fe removal, both neutralization experiments presented
significant differences. Under anoxic conditions, the Fe(ll)-buffer required to achieve
target pH values was much higher than that observed to achieve Fe(lll)-buffer
precipitation under atmospheric conditions. Although the alkalinity consumed in both
buffers was similar, the Fe(ll)-buffer included Fe(ll), Mg and Mn hydrolysis, whereas the
Fe(l1)-buffer only implicated Fe(lll) hydrolysis. This was expected due to the smaller
number of protons released during the formation of Fe(ll) phases (Eq. 2.1) with respect to
Fe(l1) precipitates (Eq. 2.2) (Table 2.2).

Fes(OH)12(SO,) + 12H* = 4Fe*? + 2Fe*® + 12H,0 + SO, 2 Eq. 2.1
FesOg(OH)45(S04), 75 + 20.5H" = 8Fe™ + 1.7550,2 + 12.5H,0 Eq. 2.2
2.3.2.2 Post-titration spontaneous oxidation

After the titration, the reactor used to obtain the titration curve was removed from the
glove box and left open to the air and without stirring for four days, causing a spontaneous
oxidation of the previously formed precipitates. Initial Al, As, Cu, Fe, Pb and Zn

concentrations in the AMD prior to the beginning of this spontaneous oxidation were
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below the detection limit, whereas Mg, Mn and S concentrations were 266, 2.17 and 1830
mg L, respectively. During the oxidation, the solution pH rapidly decreased from 10.2 to
5.65 and the precipitates that had settled to the bottom of the reactor showed a color
change from dark green to ochre. This change in the nature of the solids indicated that (i)
the solid phases were highly unstable in atmospheric conditions and (ii) oxidation of the
solids must release protons. This proton release process has been associated with the
dissolution of Fe(Il) phases and their subsequent oxidation, hydrolysis and precipitation as
Fe(lll) phases, a very fast process at alkaline pH (Singer and Stumm, 1970). For this
reason, Fe was depleted in solution before and after oxidation. On the other hand, the
evolution of metallic elements in solution showed that concentrations of Mg and Mn (with
final values of 921 and 79.8 mg L™, respectively) increased, but that there was no
variation in concentrations of the remaining elements (Al, Cu, Fe, Pb and Zn), which
remained associated with the solid phase. The metalloid As also remained in the solid

phase; however, the concentration of S in solution increased (to 5520 mg L ™%).

2.3.3. Characterization of newly-formed phases

Identification of the different precipitates obtained during each experiment was
carried out using synchrotron-based HEXD (which produced the diffraction patterns
shown in Fig. 2.4). The mineralogical observations were in agreement with the
thermodynamic calculations. Schwertmannite was found during the pre-titration
spontaneous oxidation and the Fe(lll)-buffer of the neutralization experiment under
atmospheric conditions (Fig. 2.4a). The diffraction pattern was identical to that described
by previous researchers (e.g. Fernandez-Martinez et al., 2010). Precipitates of
schwertmannite occurred as micrometric aggregates composed of S and Fe with
hedgehog-like morphology, as revealed by SEM-EDS (Fig. 2.5a). In addition,
schwertmannite precipitate appeared to be thermodynamically the most stable phase in
both spontaneous Fe(ll) oxidation and Fe(l11)-buffer, as suggested by the sulfur-iron Eh-
pH stability diagram reported by Bigham et al. (1996b). As indicated above, in addition to
Fe, 50% of the Al was removed from solution during the precipitation of schwertmannite.
The fact that schwertmannite was the only phase identified in the pattern implied that Al
was removed within the schwertmannite phase, or that it precipitated forming

nanoparticles of such small size that they were not appreciable in the diffraction patterns.
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Aluminum incorporation in Fe-oxyhydroxides is well known (Schwertmann and Wolska,
1990; Schwertmann, 1984). Previous studies on the influence of Al on the reactivity of
ferrinydrite, another Fe-oxyhydroxide, have shown that the presence of Al does not alter
the As binding mechanisms observed in Al-free ferrihydrites (Adra et al., 2013).
However, little is known about the effect of Al in the reactivity of schwertmannite and
more research is needed to determinate the precise structural location of Al in this Fe(lll)-
phase. In the second Al-buffer region, basaluminite occurred as the only precipitate
according to the HEXD pattern, and exhibited broad diffraction peaks (Fig. 2.4a). A more
exhaustive examination using SEM-EDS confirmed that the Al precipitate was present as
aggregates of micrometric particles chemically composed of Al and S (Fig. 2.5b). Finally,
brucite, manganite and hausmannite were the main phases found in the Mg/Mn-buffer
region that was observed in this neutralization experiment, and in addition to calcite, were
likely formed by dissolution of atmospheric CO, at high pH in the Ca-rich solutions (Fig.
2.43).
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Figure 2.4: Synchrotron-based high-energy X-ray diffraction patterns of newly-formed precipitates
collected during the experiments under (a) atmospheric conditions and (b) anoxic conditions. Diffraction peaks
of feroxyhyte (fxy), ferrihydrite (fh), brucite (brc), calcite (cal), manganite (man) and hausmannite (hs) match
with the standard patterns (PDF) 00-013-0087, 00-046-1315, 01-088-0207, 01-086-2343, 01-074-1842, 01-080-
0382, respectively, and diffraction patterns of schwertmannite (sch) and basaluminite (bas) are identical to those
previously reported by Fernandez-Martinez et al. (2010) and Prietzel and Mayer (2005), respectively.

The precipitates formed in the Al- and Fe(ll)-buffer regions of the neutralization
experiment under anoxic conditions were identified as, respectively, basaluminite and a

complex consisting of feroxyhyte, manganite and brucite (Fig. 2.4b). During the post-
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titration spontaneous oxidation of the final precipitate that resulted from anoxic
conditions, the phase composition changed from an initial mixture of basaluminite,
manganite, brucite and feroxyhyte to a mixture of basaluminite and 6-line ferrihydrite
(Fig. 2.4b). Both ferrihydrite and feroxyhyte appeared as micrometric agglomerates of

globular phases chemically composed mainly of Fe (Fig. 2.5c¢ and d).

Figure 2.5: Scanning electron microscopy images and energy dispersive spectroscopy spectra of newly-
formed precipitates collected during the titration experiments under atmospheric and anoxic conditions: (a)
schwertmannite (sch), (b) basaluminite (bas), (c) feroxyhyte (fxy) and (d) ferrihydrite (fh).

The chemical and mineralogical evolution found in this study under atmospheric
conditions showed similar characteristics with previous titration and oxidation
experiments (Sanchez-Espafia et al., 2011, 2006). However, the processes observed under
anoxic conditions have not been described previously. The presence of feroxyhyte in the
neutralization experiment under anoxic conditions was incongruent with the Fe oxidation
state in solution. Feroxyhyte is a Fe(lll) phase, but the Fe(ll1)/Fet ratio measured during
the titration in anoxic conditions was variable between 5 and 10%. Two explanations are
possible for this observation: (i) feroxyhyte was formed by precipitation of the 5%-10% of
Fe(l11) in the solution, or (ii) the pH range and the Fe(11)/Fe(11l) ratio during the Fe(ll)-
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buffer were congruent with the formation of GR (Davesne et al., 2010; Génin et al., 1996),
a phase for which the solution was supersaturated according to thermodynamic
calculations (Table 2.2). Green rust has been reported to be a highly unstable intermediate
phase present in the transformation of ferrous hydroxide to Fe-oxyhydroxides (Benali et
al., 2001). So, GR was likely oxidized to feroxyhyte during the measurement. Green rust
oxidation has been shown to be concomitant with a decrease of the solution pH,
accompanied by the formation of ferrihydrite or feroxyhyte (or both), especially in
systems that have arsenate or phosphate (or both) in solution (Benali et al., 2001; Refait et
al., 2009). Green rust precipitation during the Fe(ll)-buffer would explain the different
processes observed in the neutralization experiment under anoxic conditions and the

subsequent spontaneous oxidation.

Chemical compositions of the newly-formed precipitates are shown in Table 2.3.
With all pollutants available in solution, spontaneous precipitation of schwertmannite
under atmospheric conditions retained most of the As. Then, induced precipitation of
basaluminite played a fundamental role in Cu and Si removal. Other elements such as Co,
Ni and Zn were depleted from solution in the pH range of the third Mg/Mn-buffer region,
probably as phases undetectable by HEXD due to their low concentrations. Under anoxic
conditions, however, the initial precipitation of basaluminite retained most of the Cr and,
mainly, the As. These findings suggested a high affinity of basaluminite (755 mg kg™;
Table 2.3) for As, although schwertmannite affinity was higher (1550 mg kg *; Table 2.3).
This fact is even more significant considering that Fe concentrations are typically higher
than those of Al in AMD-affected systems. Subsequent GR precipitation removed the
remaining As in solution, as well as other divalent metals. Arsenic affinity for GR has
been previously reported by Bowell (1994) and Randall et al. (2001). Arsenic retention
into Al-phases (e.g. y-Al,O3 and amorphous Al-oxides) has been previously described,
where Al-phases showed high adsorption capability (75 g kg™ in amorphous Al-oxide at
pH approximately 4) with a structural position of inner-sphere complex (Arai et al., 2001;
Goldberg and Johnston, 2001). However, arsenic sorption in basaluminite seems not to
have been described until now. However, this result could mean that a preferential
depletion pathway for Al in solution exists under anoxic conditions. Such conditions exist
in the bottom water of a stratified reservoir affected by AMD (Torres et al., 2013), or in
other environments where Al-hydroxysulfates could be formed preferentially over iron

oxides, as in acid sulfate soils (Adams and Rawajfih, 1977). Finally, the present study
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showed that AMD neutralization processes in oxygen-poor environments could have a

greater efficiency than traditional remediation systems, thus highlighting the need for new

research focused on the development of passive AMD treatment systems for Al-rich acid

mine waters. The findings from this study corroborated those observed in the chemical

evolution of the solutions, and also provided additional information for some elements not

detected in solution, such as Co, Cr, Ni and V.
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2.4. SUMMARY AND CONCLUSIONS

In this study, several oxidation and titration experiments were conducted in the
laboratory using Fe(ll)-rich AMD. The reduced AMD from the abandoned Perrunal mine
presented low pH values (3.29) and high concentrations of sulfate (5990 mg L ™), iron (as
Fe(Il); up to 2040 mg L ™) and other metals (e.g., 194 mg L™ of Al, 2 mg L™ of As, 9 mg

L of Cu). The results of the study justify several conclusions.

1. Under atmospheric conditions, the spontaneous oxidation rate of Fe(ll) to Fe(lll)
(1.43-:10® mol L' s*) was congruent with a reaction catalyzed by the action of
acidophilic bacteria. During the oxidation process, the solution was supersaturated
in Fe(ll1) phases and precipitation of schwertmannite occurred, as predicted using
thermodynamic calculations and confirmed using mineralogical identification. The
precipitation of Fe(lll) as schwertmannite was concomitant with a decrease of the
As and Pb concentrations in solution.

2. Subsequently, the solutions resulting from the spontaneous oxidation were titrated
by addition of a 0.01 mol L Ca(OH), solution to pH close to 10 under
atmospheric conditions. The titration curve exhibited three Fe(lll)-, Al- and
Mg/Mn-buffering regions associated with the supersaturation and precipitation of,
respectively, schwertmannite, basaluminite and a complex of brucite, manganite
and hausmannite. These newly-formed phases seem to exert a significant
mineralogical control on element mobility; in particular, schwertmannite showed
high affinity for (mainly) As, whereas basaluminite selectively concentrated Cu
and Si. Zinc was removed in the Mg/Mn-buffer region, probably as a single newly-
formed phase that was undetectable due to the very low metal concentration in
solution.

3. Under anoxic conditions, the neutralization to pH 10 by alkaline titration of the
Fe(ll)-rich AMD identified both an Al- and a Fe(ll)-buffering region associated
with the sequential precipitation of basaluminite followed by GR. As occurred
under atmospheric conditions, Cu was strongly removed by basaluminite, Pb was
associated with GR, and Zn probably precipitated as a single phase. Surprisingly,

approximately 60% of As in solution was removed in the Al-buffer region.
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4. Spontaneous oxidation under atmospheric conditions was conducted following the

anoxic titration experiment. During the oxidation, the solution pH rapidly
decreased and the Al, As, Cu, Fe, Pb and Zn concentrations remained below the
detection limit. However, Mg, Mn and S were released to solution where their

concentrations increased.

. The precipitation of Al before Fe phases under anoxic conditions revealed that

basaluminite also presents a high affinity for As and, to a lesser extent, Cr.
Although As was removed by schwertmannite precipitation during the spontaneous
Fe(ll) oxidation, the basaluminite retention capacity for As was more significant.
This was because (i) the amount of Fe phases precipitated in the AMD was ten
times higher than the amount of Al phases precipitated, and (ii) the As
concentration in the AMD used in the titration under anoxic conditions was several
times higher than that in the titration under atmospheric conditions, because the As
was previously removed during the pre-titration spontaneous oxidation in the

former.

The affinity of schwertmannite for As and Cr, and the affinity of basaluminite for Cu

and Si are well known. However, this results from this study describe a previously

unidentified affinity of basaluminite for As and Cr, a role heretofore masked by previous

precipitation of ferric phases in natural conditions. These results provide a new view on

several mineral precipitation pathways that could control trace element mobility in anoxic

environments, and open a new research line focusing on the optimization of treatment

systems for acid mine waters.
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ABSTRACT

Basaluminite precipitation may play an important role in the behavior of trace
elements in water and sediments affected by acid mine drainage and acid sulfate soils. In
the present study the affinity of basaluminite and schwertmannite for arsenic and selenium
is compared, and the coordination geometries of these elements in both structures are
reported. Batch isotherm experiments were conducted to examine the sorption capacity of
synthetic schwertmannite and basaluminite and the potential competitive effect of sulfate.
In addition, synchrotron-based techniques such as differential pair distribution function (d-
PDF) analysis and extended X-ray absorption fine structure (EXAFS) were used to
determine the local structure of As and Se complexes. The results show that oxyanion
exchange between sulfate and arsenate or selenate in solution was the main removal
mechanism. Arsenate adsorption capacity by basaluminite was twice higher than in
schwertmannite and three times higher than selenate in both phases. The exchange ratios
were 1:2 and 1:1 sulfate with respect to arsenate and selenate, respectively. High sulfate
concentrations in the solutions did not show a competitive effect for arsenate sorption
capacity, but had strong impact in the selenate uptake, suggesting some kind of specific
interaction for arsenate. Both d-PDF and EXAFS results indicated that bidentate binuclear
inner-sphere was the most probable type of ligand for arsenate on both phases and for
selenate on schwertmannite, whereas selenite forms outer-sphere complexes in the
aluminum octahedral interlayer of basaluminite. Overall, these results show a strong
affinity of poorly-crystalline aluminum phases such as basaluminite towards As and Se
oxyanions, with adsorption capacities on the same order of magnitude as iron oxides. The
results obtained in this study are relevant to the understanding of trace element behavior in
environments affected by acid water, potentially opening new research lines focused on

remediation by natural attenuation processes or engineered water treatment systems.
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3.1. INTRODUCTION

Basaluminite [Al,OH,(SO,4)-5H,0] is a poorly-crystalline Al-hydroxysulfate
commonly found in Al-bearing acid mine drainage (AMD) systems (Bigham and
Nordstrom, 2000; Hollingworth and Bannister, 1950; Nordstrom, 1982b). Farkas and
Pertlik (1997) defined basaluminite as the poorly-crystalline variety of felsébanyaite.
However, although basaluminite can be found in AMD and its thermodynamic properties
are broadly described in the geochemical literature and thermodynamic databases,
felsbbanyaite is considered a rare mineral (Farkas and Pertlik, 1997). Basaluminite
precipitates from acid SO4-Al-rich solutions with low pH values, such as water and
sediments affected by (i) AMD in coalfields areas (Nordstrom, 1982b; Powell, 1988) and
massive sulfide ore deposits (Leblanc et al., 2000); and (ii) acid sulfate soil (ASS) waters
(Adams and Rawajfih, 1977). This precipitation releases protons and is an effective buffer
for the system at a pH range from 4.5 to 5.5 (Bigham and Nordstrom, 2000; Carrero et al.,
2015; Nordstrom and Alpers, 1999a). High Fe concentrations are also present in these
polluted environments, which are controlled by the precipitation of another poorly-
crystalline mineral, schwertmannite [FegOg(OH) (5. (SO4)x-nH,0; with x varying from 1 to
1.75]. Schwertmannite is described as a poorly-crystalline Fe-oxyhydroxysulfate (Acero et
al., 2006; Bigham et al., 1994, 1990; Fernandez-Martinez et al., 2010), which precipitates
at a lower pH than basaluminite (2.5-3.2) (Carrero et al., 2015).

Arsenic and selenium represent a serious environmental problem in watercourses
affected by oxidation of iron sulfides ores (Dreher and Finkelman, 1992; Smedley and
Kinniburgh, 2002). Both toxic elements coexist in streams, groundwater and sediments
affected by AMD and ASS (Appleyard et al., 2006; Dreher and Finkelman, 1992;
Smedley and Kinniburgh, 2002). The acid waters in these environments contribute to the
high mobilization of both elements. Precipitation of poorly-crystalline Al- and Fe-
minerals in AMD- and ASS-affected environments has a significant role in the behavior of
trace elements (Bigham and Nordstrom, 2000; Bigham et al., 1994). Several laboratory
experiments have reported that schwertmannite has a high affinity by As, where the
sorption capacity of As(V) is higher than that of As(lll) at low pH (Acero et al., 2006;
Antelo et al., 2012; Burton et al., 2009), and Se (Waychunas et al., 1995b). Much less is

known about the capacity of basaluminite for removing trace elements. Basaluminite has
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been found to be an efficient adsorbent of elements such as Cu and Si in polluted waters
(Bigham and Nordstrom, 2000; Macias et al., 2012; Nordstrom and Alpers, 1999a).
Recently, a significant affinity towards As has been described in systems where Fe(ll)-
rich AMD solutions are neutralized under reducing conditions (Carrero et al., 2015).
However, the natural neutralization of acid water, typically done under oxic conditions,
implies the precipitation of schwertmannite at a first stage and the concomitant removal of
As and Se from solution, masking the effect of the basaluminite affinity towards these

trace elements.

The high affinity by trace elements of both Al- and Fe-mineral phases seems to be
related to mineral properties such as low crystallinity, small particle size (in the nanometer
scale) and large specific surface areas. However, both phases have been defined as
metastable minerals which can undergo mineralogical transformation during ageing
processes, and thus potentially releasing previously sorbed oxyanions, and inhibiting their
uptake due to the higher crystallinity of the resulting phases (Acero et al., 2006; Asta et
al., 2009; Bigham et al., 1994; Farkas and Pertlik, 1997). Oxyanion sorption onto Fe-
phases has been largely studied using wet chemistry and synchrotron-based techniques
such as extended X-ray absorption fine structure (EXAFS) and Fourier transform of total
X-ray scattering (pair distribution function; PDF) (Burton et al., 2009; Harrington et al.,
2010; Sherman and Randall, 2003). While As(V) adsorption onto Fe-oxide phases present
in AMD is well documented (Catalano et al., 2008; Harrington et al., 2010; Peak and
Sparks, 2002; Waychunas et al., 1995a, 1993), the reactivity of poorly-crystalline Al-
minerals remains less understood. To our knowledge, there are no geochemical and

structural studies on the removal capacity of As and Se by basaluminite.

To fill this gap in our knowledge of the reactivity of Al-phases in acid waters, the
present study examines the sorption capacity of As(V) and Se(VI) onto synthetic
basaluminite and schwertmannite as a function of arsenate and selenate loadings. The
solid phases resulting from these experiments were examined using high energy X-ray
diffraction (HEXD) and EXAFS. These results were compared with previous values

reported in scientific literature.

62



Chapter 111

3.2. MATERIALS AND METHODS

3.2.1. Solid synthesis

Both As and Se adsorption experiments were carried out with synthetic basaluminite
and schwertmannite. Basaluminite was synthesized by addition of 214 mL of a 0.015 mol
L Ca(OH), solution to 30 mL of 0.05 mol L™ Al,(SO4)s-18H,0, according to the method
described by Prietzel and Hirsch (1998). The titration was conducted by drop-by-drop
addition and continuous stirring at room temperature. Synthetic schwertmannite was
precipitated using the procedure described by Adams and Rawajfih (1977), where 2.506 g
of Fe,(SQOy)s, previously dehydrated, was added to 1 L of Milli-Q water, preheated at 358
K, and stirred for 1 h. Both precipitates were recovered filtering the suspension through a

0.45 um nylon membrane filter and the solids were washed several times with pure water.

3.2.2. Adsorption experiments

Adsorption isotherms were performed following the procedure previously described
by Asta et al. (2009). Batch experiments were performed by the reaction of 20 mL of a
As(V) or Se(VI)-doped solutions with 0.05 g of solid in high-density polyethylene plastic
vials. The suspensions were continuously stirred at room temperature (300 K) and in dark
during 72 h. Arsenic and selenium solutions were prepared by dissolution of sodium
hydrogen arsenate (Na,HAsO,4-7H,0 > 98% of purity, from Sigma) and sodium selenate
(Na,SeQ,4 > 98% of purity, from Acros), respectively, in Milli-Q ultrapure water, with
sodium sulfate (Na,SO; > 99% of purity, from Panreac) in sulfate-competition
experiments. Arsenic and selenium uptake by basaluminite and schwertmannite was
characterized by means of determining: (i) the adsorption kinetics at initial concentrations
of 3.0 mmol L™ of As or Se at different times (5, 15, 30 min, 1, 3, 5, 10, 24, 48 and 72 h);
(i) the adsorption capacities at different initial As and Se concentrations (3-10, 5-107,
0.1, 0.4, 0.8, 1.0, 3.0, 5.0, 7.0 and 10 mmol L™) without competitive effect; and (iii) same
as (i) but in the presence of different SO,* concentrations (5.0, 8.0, 10, 50 and 100 mmol
L) for constant As and Se concentrations (1.0 mmol L™). Finally, the pH was established

at 3.5 £ 0.1 and 5.0 £ 0.1 for schwertmannite and basaluminite, respectively, by addition
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of HCI (36%) from Merck, and the background ionic strength was adjusted to 100 mmol
L™ with NaCl (> 99% of purity, Panreac). The pH was monitored with a portable
multiparametric Crison Mm40+ equipment, previously calibrated with different buffers
for pH (4, 7 and 9.2).

The amount adsorbed by the solids, [XO4]s (mmol moleya™), was calculated by the
difference between the initial concentration of As or Se, [XO,]o in mmol L™, and the
equilibrium concentration in solution, [XO4]eq in mmol L™, normalized by the Fe or Al
concentration in the solid (MC in molg) to the volume (V in L), according to the
equation 3.1:

14

- Eq.3.1

[X0,]5 = ([X04]o — [X04].q) X

After the equilibrium period, the samples were centrifuged and the supernatant was
filtered through 0.2 um nylon membrane filters, acidified with HNO3 (65%) to pH < 1 and
stored at 277 K for further chemical analysis. Solid composition was calculated by acid
digestion of 0.05 g of solid in HNO3 (65%) and recovered with 50 mL of Milli-Q
ultrapure water for further chemical analysis. After adsorption experiments each solid was
washed several times with Milli-Q ultrapure water and dried at 308 K for 48 h for
subsequent PDF and EXAFS analysis.

3.2.3. Analytical techniques

Both As and Se solutions, before and after each adsorption experiment, and solid
digestions were analyzed for Al, As, Fe, S and Se by inductively coupled plasma atomic
emission spectrometry (ICP-AES Thermo Jarrel-Ash) in the laboratories of the IDAEA
(CSIC) in Barcelona. Three blanks and three duplicates were analyzed every 20 samples
to check the analytical accuracy. Detection limits were: 140 pg L™ for Al and Fe; 15 pg L’
! for As and Se; 300 pg L™ for S; and the analytical error was lower than 5%. In addition,
the saturation index (SI) of the solid phases and aqueous speciation of solutions was
calculated by using the PHREEQC code (Parkhurst and Appelo, 1999) with the Mintq.v4
thermodynamic database (Allison et al., 1998), which was enlarged with data from

Bigham et al (1996b) to account for schwertmannite solubility.
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Schwertmannite and basaluminite precipitates were lyophilized using a VirTis
Benchtop freeze-dryer (Hucoa-Erléss, Spain) in order to obtain a dry powder. The water
proportion in both phases was calculated by thermogravimetric analysis (TGA) using a
TGA92-12 SETARAM, with a N, flow of 1.8 I/h. The BET-determined surface area of
schwertmannite and basaluminite was measured using 5-point N, adsorption isotherms
with a Micromeritics ASAP 2000 surface area analyzer. HEXD and PDF were performed
at the beamline ID31 at the European Synchrotron Radiation Facility (ESRF) using a
monochromatic X-ray beam with energy of ~87.5 keV (A = 0.1411 A) in Debye-Scherrer
geometry. The energy was calibrated using a CeO, standard (NIST 679b). Samples were
loaded in polyamide (kapton) capillaries. The diffraction patterns were collected using a
Perkin-Elmer flat-panel detector and were integrated using the program Fit2D
(Hammersley et al., 1996). PDFs were obtained by Fourier transformation of the structure
factor, S(Q) (Qmax = 24.5 A™), with the background scattering corrected using PDFgetX3
(Juhés et al., 2013). Finally, differential pair distribution functions (d-PDF) were obtained
by subtracting a reference PDF of the pure material (synthetic As- or Se-free basaluminite
and schwertmannite) from the PDFs of the samples recovered after adsorption
experiments. Structural models of arsenate and selenite adsorbed onto both structures
were constructed from the structure proposed by Fernandez-Martinez et al. (2010) and
Farkas and Pertlik (1997) for schwertmannite and basaluminite, respectively. Partial pair
distribution functions of arsenate and selenate located in different structural positions were

calculated using PDFgui software (Farrow et al., 2009).

EXAFS data were collected at the Spanish CRG beamline BM25 at the ESRF. the
BM25A beamline was equipped with a -200 K ethanol cooled double Si(111) crystal,
which gives an energy resolution of 4E/E = 1.5-10™. The experiment was carried out at 50
K of temperature using a continuous liquid helium flow cryostat Optistat CF provided by
Oxford Instruments. X-ray absorption spectroscopy measurements were performed both in
transmission and fluorescence mode. For fluorescence mode Sirius liquid nitrogen cooled
multi-element solid state X-Ray detector from e2v was employed. The detector accounts
with 13 Si(Li) crystal sensors mounted on a low noise electrically restored FETSs. Three
high-precision low-noises home designed ionization chambers were used for transmission
mode measurements. A mix of gases was selected to be introduced in the ionization
chambers at 0.90 bar in order to get the rate of absorption required for each chamber.

Samples were prepared in pellets using a BN matrix, and measured in transmission mode
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at 50 K. The necessary amount of sample in each pellet was calculated with Absorbix
v3.02 (Michalowicz et al., 2009). EXAFS data were scanned in a range from 11.8 to 12.8
keV for As and 12.6 to 13.6 keV for Se, with a 0.2 eV step size in the edge region.
EXAFS data reduction was performed using the Athena and Artemis software from the
IFFEFIT package (Ravel and Newville, 2005). Same structural models used for PDF
analyses were refined in the EXAFS data analysis. Debye-Waller factors, interatomic
distances, coordination numbers and Fermi energy levels were fitted using a least square
refinement algorithm. Statistical F-tests (Joyner et al., 1987; Michalowicz et al., 1999)
were applied to determine the statistical significance of different tested hypothesis
involving different number of shells added to the models. Only those models which
improved the fit between theory and experimental EXAFS at the 90% level of confidence

were selected.
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3.3. RESULTS AND DISCUSSION

3.3.1. Phase characterization

The HEXD analysis of the starting solids confirmed the nature of schwertmannite
and basaluminite (Fig. 3.1). The diffraction pattern of schwertmannite was identical to that
described in previous studies (e.g. Fernandez-Martinez et al., 2010). Also, the
basaluminite pattern presented broad diffraction peaks at 1.80°, 3.58° and 5.5° 20 angle, as
those described by (Farkas and Pertlik, 1997). Surface areas for schwertmannite and
basaluminite were of 42.3 and 80.6 m? g* respectively. The value for schwertmannite was
within the values reported by Burton et al. (2009), Paikaray et al. (2011) and Antelo et al.
(2012). The value for basaluminite matches values found for similar Al-hydroxysulfates
(Duetal., 2014).

schwertmannite

Relative intensity

basaluminite

| | 1 | | | | 1
2 4 6 8 10 12 14 16

20 (A = 0.1411 A)

Figure 3.1: Synchrotron-based HEXD of synthetic schwertmannite and basaluminite. Diffraction peaks
are identical to those previously described by Farkas and Pertlik (1997) and Fernandez-Martinez et al. (2010)
for basaluminite and schwertmannite, respectively.

Chemical analysis and TGA data reveal a unit cell formula of schwertmannite of
F6808(OH)4_15(SO4)1_92'8.95Hzo and A|4(OH)g.02(504)1.4g'4.56H20 for basaluminite. In

both cases, sulfate concentration was higher than in previously reported chemical
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formulas of schwertmannite (FegOg(OH)s.2x(SO4)x, With X ranging from 1 to 1.75, Bigham
et al., 1996b) and basaluminite (Al;OH,SO4-5H,0, Hollingworth and Bannister, 1950).
High sulfate concentration in schwertmannite have been related to a significant amount of
outer-sphere complexes (Fernandez-Martinez et al., 2010). Although less is known about
basaluminite, this phase has been described as a poorly-crystalline variety of
felsdbanyaite, where all the sulfate is located in the interlayer, in an outer-sphere position

(i.e. keeping its surrounding hydration layer) (Farkas and Pertlik, 1997).
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Figure 3.2: Adsorption of arsenic (o) and selenium (A) (mmolxos moleea™) at different time intervals (h)
onto (a) schwertmannite and (b) basaluminite. The experiment was conducted at an ionic strength of 200 mmol
L, 3.0 mmol L™ oxyanion concentration and 2.5 g L™ of solid phase.

3.3.2. Sorption Kinetics

Speciation analyses with the PHREEQC code result in H,AsO, (arsenate) and
Se0, (selenate) as the dominant species with proportions higher than 90% within the 3-5
pH range. The time necessary to reach equilibrium between the solid phases and As- or
Se-rich solutions is shown in Figure 3.2. The adsorption kinetics of both oxyanion onto
schwertmannite and basaluminite show that, in all cases, the equilibrium was reached
before 72 h. In addition, Al and Fe concentrations in solution during equilibrium were
always lower than 0.99 mmol L™ and 0.15 mmol L™, respectively, indicating a maximum
dissolution of solid phases of 2% and 4.5% for schwertmannite and basaluminite,
respectively. Accordingly, a reaction time of 72 h was considered enough to reach the

equilibrium between solid and liquid phases without excessive solid dissolution, in
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agreement with other kinetic studies previously reported by Burton et al. (2009) and
Antelo et al. (2012).

To check for possible dissolution of the two solids and precipitation of other phases,
Sl of solutions with respect to Al, As, Fe and Se-bearing phases were determined by using
the PHREEQC code (Table 3.1). The results show that the solutions were undersaturated
with respect to all As and Se-bearing phases and supersaturated with respect to
schwertmannite and basaluminite. High-energy X-ray diffraction patterns confirmed the

purity of the systems under study (Fig. 3.1), with no noticeable peaks from other phases.

Phases Formulas As solution  Se solution Phases Formulas As solution  Se solution
As,0s(cr) As;05 -12.8 - Al(OH); am  Al(OH)3 -1.43 -1.44
FE(OH)2_7C|0_3 Fe(OH)2_7C|g_3 5.21 5.54 Al,O3 Al,O3 -0.93 -0.92
Fey(S04)s Fey(SO4)s -18.0 -16.8 AIOH(SO,) AIOH(SO,) 022 0.17
Ferrihydrite Fe(OH)s 0.28 0.62 As,0s(cr) As,0s(cr) -16.5 =
Goethite FeOOH 2.98 3.32 Basaluminite Al,(OH)3,S0, 2.32 2.34
Hematite Fe,03 8.36 9.04 Boehmite AIOOH 0.77 0.79
H-Jarosite (H3O)Fe3(S04)2(OH)s  3.36 4.75 Diaspore AIOOH 2.47 2.49
Lepidocrocite ~ FeOOH 2.10 2.44 Gibbsite Al(OH); 1.06 1.07
Mahemite Fe;05 0.55 1.24 Mansfieldite  AlAsO4:2H,0 -0.37 -
Na-Jarosite NaFes(S04)2(0H)s 412 5.49 Na,SeO, Na,SeO, - -6.54
Na;SeO, Na;SeO, - -6.56 SeO; SeO; - -32.6
Schwertmannite FegOg(OH)43(S04)18s 2.14 5.21

Scorodite FeAsO4:2H,0 -0.21 -

SeO; SeO; - -29.6

Table 3.1: Calculated saturation index for supersaturated Fe-As-Se-S and Al-As-Se-S mineral phases of
reacted solution using the PHREEQC code (Mintqg.v4 database, Allison et al., 1998). Bold values represent the
supersaturated phases for each adsorption experiment.

3.3.3. Oxyanion uptake from solution

Adsorption isotherms for arsenate and selenate in schwertmannite and basaluminite
are shown in Figure 3.3. The experimental data were fitted using a non-competitive
Langmuir isotherm following the expression:

K1[X04]eq
MAX 1 +K1[X04leq

=T Eqg. 3.2

where I" (mmolyoq4 moIFe,A.'l) is the quantity of arsenate or selenate sorbed on the solid,
Tmax (MMOlxos MOlgya™) is the maximum oxyanion sorption, K. (mmol L™) is the
Langmuir constant and [XO,]eq (mmol L™ is the oxyanion concentration in equilibrium.
Sulfate concentrations in equilibrium can be related to the substitution of structural sulfate

by both oxyanions and OH" ions. Given that anion exchange was considered as a possible
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scenario in the adsorption processes (Burton et al., 2009), As- and Se-free blank solutions
were also prepared in order to account for sulfate substitution by OH™ ions. The ion
exchange isotherm is described by the molar fraction of charge Exos of the anion XO,
adsorbed onto the solid [(mmol Kg™)-(mmol Kg™*)™] against the molar fraction of charge
Exos Of the XO, anion remaining in solution [(mmol L™)-(mmol L™)™]. The molar fraction
of charge, Exoa, is defined as:

Eyoq = 2204 Eq. 3.3

Nrotal

with Nyo4 being the normality of ion XO, and Ny, the total normality of both exchanged
ions. The exchange isotherm and the correlation between corrected sulfates concentration
in solution with respect to oxyanion adsorbed on the solid are shown in Figures 3.4 and

3.5, respectively.
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Figure 3.3: Adsorption isotherm of arsenic (o) and selenium (A) (MMolxos MOlra™) onto (a)
schwertmannite and (b) basaluminite. Curves obtained using the Langmuir equations are drawn for comparison
with the experimental data. The experiment was conducted at ionic strength of 100 mmol L, 3-10%to 10 mmol L’
! oxyanion concentration and 2.5 g L™ of solid phase.

3.3.3.1. Arsenate adsorption onto solid phases

The adsorption isotherm of arsenate in both phases was perfectly fitted by a

Langmuir model, with higher arsenate concentrations in basaluminite (326 mmol 04
mol™) than in schwertmannite (128 mmolizas0s Molee™) (Fig. 3.3). The values obtained
in this study for arsenate adsorbed onto schwertmannite were within the range previously
reported for this phase (Antelo et al., 2012; Burton et al., 2009), and were higher than
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values reported for Fe-phases such as hydrous ferric oxide, magnetite (Dixit and Hering,
2003), goethite, jarosite (Asta et al., 2009), and Al-phases such as y-alumina (Li et al.,
2011).
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Figure 3.4: lon exchange isotherm: exchange between As(o)/Se(A) with sulfate onto (a) schwertmannite
and (b) basaluminite. The experiment was conducted at ionic strength of 100 mmol L?, 3.10° to 10 mmol L™
oxyanion concentration and 2.5 g L™ of solid phase.
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Figure 3.5: Relationship between sulfate release from the solid phases (mmolsos Molrgart) and adsorbed
arsenic () or selenium (A) from the solution (MmMolxos MOlgear™).

lon exchange seems to be one of the main processes controlling the oxyanion
adsorption in both solid phases. Exchange isotherms show that, at equilibrium, around
35% and 50% of initial structural sulfate in schwertmannite and basaluminite,

respectively, was substituted by arsenate (Fig. 3.4). In addition, exchange coefficients (Rey)
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were obtained as the slope of the linear regression of the relation between desorbed sulfate
(mmolspy moIFe,A.'l) and adsorbed arsenate (Mmoly;asos moIFe,A.'l) (Fig. 3.5). A value of
Rex close to 1 mmolsos mmolyos™ can be interpreted as complete substitution of the
structural sulfate by an equivalent charged oxyanion through an ion exchange mechanism.
Values lower than 1 mmolso, mmolxos ™ would indicate only a partial substitution. The Ry
values for arsenate were 0.48 and 0.41 in schwertmannite and basaluminite, respectively.
These R, values are in agreement with the anion charge: arsenate (H,AsO,) has exactly
half the negative charge than sulfate (SO,), therefore, two arsenates were adsorbed per

every sulfate removed from the solid phases.
3.3.3.2. Selenate adsorption onto solid phases

Equilibrium selenate concentrations removed by both solid phases were lower than
for arsenate (Fig. 3.3). The Langmuir model shows a good agreement with the
experimental data and maximum selenate adsorption capacity in basaluminite (122
mMmOlseo4 moIA{l) was lower than in schwertmannite (153 mmolseoy moIFe'l). Sorption
capacity of selenate onto schwertmannite was higher than previous values reported for
other iron phases for both selenite and selenate (Jang et al., 2015; Peak and Sparks, 2002;
Rovira et al., 2008). Furthermore, basaluminite shows also higher affinity for selenate
than other Al-oxyhydroxides (Peak, 2006).

The exchange isotherm revealed that structural sulfate was replaced by selenate up to
a 65% and 45% in schwertmannite and basaluminite, respectively, without reaching a
steady state in the maximum exchange percent for the concentration range used in this
experiment (Fig. 3.4). Moreover, the R, value was around 1 mmolsos mmolseos ™ in both
phases, indicating that all selenate adsorbed from the solution was removed by ionic
exchange mechanisms in a stoichiometric proportion (Fig. 3.5). Synthetic schwertmannite
and basaluminite precipitated in this experiment were representative of solid phases with
high sulfate concentrations. Relative high sulfate content in the mineral structure has been
associated with a greater presence of outer-sphere complexes onto the structure of
schwertmannite (Fernandez-Martinez et al., 2010) and basaluminite (Farkas and Pertlik,

1997), where sulfate could be easily removed due to its low energetic stability.
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3.3.4. Sulfate competition

Percentages of arsenate and selenate adsorbed on both solid phases at different
solution initial sulfate concentrations are given in Table 3.2. Arsenate sorption on both
solids was complete regardless of the sulfate concentration. On the other hand, selenate
sorption onto both phases decreased as sulfate concentration increased in solution (Table
3.2). These results indicate that both phases present higher affinity for arsenate than for
selenate. A similar competitive effect for arsenate on schwertmannite has been reported by
Paikaray et al. (2011) and Song et al. (2015), where arsenate removal from the solution
showed a weak dependence with the sulfate concentration in solution. On the contrary,
other studies have shown that when arsenate and sulfate containing solutions are put in
contact with minerals with exchangeable structural sulfate groups (e.g. jarosite), the total
adsorption was lower than in minerals without structural sulfate groups (e.g. goethite).
This is due to sulfate in solution competing with the exchangeable sites of jarosite, and to
the high affinity of arsenate to specific binding sites on goethite surface sites (Asta et al.,
2009; Loring et al., 2009; Sherman and Randall, 2003). Nevertheless, the isotherm
adsorption carried out in this study indicated that arsenate could enter in the structure by
two different mechanisms, where the ion exchange accounted for the 50% of the total
arsenate removed. On the other hand, the isotherms showed that selenate uptake can be

explained by just an ion exchange process.

Phases [SOZ] (mol L™) % As sorbed % Se sorbed

Schwertmannite - 100 75
0.005 100 49
0.008 100 41
0.01 100 37
0.05 100 20
0.1 99 6.5

Basaluminite - 100 65
0.005 100 30
0.008 100 35
0.01 100 25
0.05 100 15
0.1 100 13

Table 3.2: Comparison of the As and Se (%) adsorbed in the presence of
several sulfate concentrations at constant As and Se concentration of 1 mmol L™,
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Figure 3.6: The d-PDF of (a) arsenate and (b) selenate onto basaluminite in the sample loaded with 1,
10, 30, 50 mmol L of As and Se. The signal intensity was normalized by the maximum of Al-O distance.

3.3.5. Oxyanion adsorption mechanisms
3.3.5.1. Differential PDF

Differential PDFs (d-PDFs) showing the short-range order around both oxyanions on
basaluminite and schwertmannite are shown in Figures 3.6 and 3.7, respectively. Semi-
quantitative structural models were carried out for arsenate and selenate in the
nanostructure proposed by Farkas and Pertlik (1997) for felsdbanyaite, described as a

microcrystalline mineral version of basaluminite (Fig. 3.8), and by Fernandez-Martinez et
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al. (2010) for schwertmannite (Fig. 3.9). Experimental d-PDFs were compared with
modeled ones generated from different molecular models, including surface complexes
with (i) a monodentate ligand, (ii) a bidentate binuclear ligand, (iii) a bidentate

mononuclear ligand, and (iv) electrostatic complex in outer-sphere position (Figs. 3.8a

and 3.9a).
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Figure 3.7: The d-PDF of (a) arsenate and (b) selenate onto schwertmannite in the sample loaded with 1,

10, 30, 50 mmol L of As and Se. The signal intensity was normalized by the maximum of Fe-O distance.
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Figure 3.8: (a) Basaluminite structure reported by Farkas and Pertlik (1997) doped with arsenate or
selenate located in: 1) monodentate inner-sphere, 1l) bidentate binuclear inner-sphere, Ill) bidentate
mononuclear inner-sphere and VI) outer-sphere theoretical position; and the most probable structural location
of (b) arsenate and (c) selenate onto basaluminite. The theoretical d-PDF models were drawn for comparison
with the experimental data. The signal intensity was normalized by the maximum of Al-O distance.

Basaluminite As d-PDF showed a peak at 1.67 A corresponding to As-O distances in
As(V) (Sherman and Randall, 2003; Harrington et al., 2010) (Fig. 3.6a). In addition, a
second shell at 3.15 A was observed, which is in agreement with previous As-Al distances
described in adsorption experiments on Al-phases (Arai et al., 2001; Li et al., 2011) (Fig.
3.6a). This second neighbor was less clear, with a background close to the signal intensity,
due to the low atomic number of Al. The agreement between the relative intensities of As-
O and As-Al distances indicates that arsenate was bound through a bidentate binuclear
inner-sphere ligand (Fig. 3.8b). On the other hand, the Se d-PDF showed only a clear first
shell at 1.63 A. (Fig. 3.6b). This was attributed to the formation of electrostatically bound
outer-sphere complexes. A weak peak at 4 A was associated with the Se-O distance with
O located in the octahedral layer (Fig. 3.8c). Finally, both As and Se on basaluminite d-
PDFs showed two negative peaks at 1.46 A and 2.38 A, whose intensities increased
concomitantly with the oxyanion concentration into the solids. These peaks can be
attributed to S-O and O-O distances of sulfate tetrahedra, confirming that oxyanion

retention into the structure is done through an anion exchange process.
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Figure 3.9: (a) Schwertmannite structure by Fernandez-Martinez et al. (2010) doped with arsenate or
selenate located in 1) monodentate inner-sphere, IlI) bidentate binuclear inner-sphere, Ill) bidentate
mononuclear inner-sphere and VI) outer-sphere theoretical position; and the most probable structural location
of (b) arsenate and (c) selenate onto schwertmannite. The theoretical d-PDF models were drawn for comparison
with the experimental data. The signal intensity was normalized by the maximum of Fe-O distance.

Two main peaks can be observed in the As on schwertmannite d-PDF at 1.67 A and
3.28 A (Fig. 3.7a). The first As correlation can be assigned to the As-O distance. The
second As peak was at similar distance to the As-Fe pair found in previous d-PDF
experiments of As sorption onto Fe-phases (Harrington et al., 2010), and it matches As-Fe
interatomic distances obtained from EXAFS studies of As sorption onto Fe-
oxyhydroxides (Loring et al., 2009; Sherman and Randall, 2003; Waychunas et al., 1993).
The relative intensity between As-O and As-Fe peaks indicated that, at low As
concentration in solution, arsenate formed bidentate binuclear inner-sphere ligands,
whereas at concentration higher than 10 mmol L™, 50% of oxyanions were located in
bidentate binuclear inner-sphere and 50% in outer sphere position (Fig. 3.9b). In the case
of Se, two peaks at 1.63 A and 3.25 A relative to the Se-O and Se-Fe pairs respectively
can be observed (Fig. 3.7b) (Peak and Sparks, 2002; Waychunas et al., 1995b). Analysis
of the relative peak intensities of the modeled and experimental d-PDFs yield a 25% of
selenate with a bidentate binuclear inner-sphere ligand and a 75% in outer-sphere position
(Fig. 3.9¢). Similarly to basaluminite, the oxyanion adsorption was concomitant to sulfate
desorption (negative peaks at 1.46 A and 2.38 A). In addition, d-PDFs from
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schwertmannite showed negatives peaks at 1.98 A, 3 A (Fig. 3.7), 473 A, 5.4 A and
6.35A (not show in Fig. 3.7), mainly in the case of arsenate adsorption. These peaks are
coincident with interatomic distances of Fe-O (first shell), Fe-Fe (first shell), Fe-O
(second shell), Fe-Fe (second shell) and Fe-Fe (third shell), respectively (Fernandez-
Martinez et al., 2010). The presence of these peaks indicates that structural changes are

present in schwertmannite during oxyanion adsorption.
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Figure 3.10: (a) K3-weighted and (b) Fourier transform amplitude of EXAFS spectra at the As and Se K-
edge adsorbed onto basaluminite. Experimental and fit curves are displayed in black and red colors,
respectively.

As K-edge EXAFS models in basaluminite.

Model Path  Neighbor N ¢’ R AE, VAP
1 As-Or Oneshell 4.096 +0.053 0.0023 +0.0007 1.689+0.003 6.918+1.991 13 73552
2 As-Or  Shell 1 4,050+ 0.019 0.0024+0.0001 1.689+0.001 7.239+0.294 13  940.9
As-Oo  Shell 2 5.380 +1.946 0.0184+0.0028 2.768+0.015 7.239 + 0.294
As-Al  Shell 3 1 (fixed) 0.0064 + 0.0010  3.184 +0.032 7.239 +0.294
3* As-Or  Shell1 4.050+0.018 0.0024+0.0001 1.689+0.001 7.239+0.294 12 537.9

As-Op  Shell 2 5.380+1.946 0.0065+0.0023 2.768+0.015 7.239+0.294
As-Al_ Shell 3 2.021+£0.550 0.0196 +0.0023  3.184 +0.006 7.239 + 0.294

Se K-edge EXAFS models in basaluminite.

Model Path  Neighbor N o’ R AEg VAP

1* Se-Or  Oneshell 4.004 £0.032 0.0019 £ 0.0002 1.648+0.036 8.061+0.614 13 1273.9

2 Se-Or  Shell 1 3.996 £ 0.038 0.0018 £ 0.0003 1.648+0.030 7.782+0.699 13 1676.2
Se-Al  Shell 2 1 (fixed) 0.0022 £ 0.0094 3.184+£0.032 7.782 £ 0.699

Table 3.3: Modeling parameter for As K-edge EXAFS in (1) 100% outer-sphere ligand, (2) 50%
bidentate binuclear inner-sphere ligand, and (3) 100% bidentate binuclear inner-sphere ligand and Se
K-edge EXAFS in (1) 100% outer-sphere ligand and (2) 50% bidentar binucleate inner-sphere ligand in
basaluminite. *best fit according to F-test.
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Figure 3.11: (a) K3-weighted and (b) Fourier transform amplitude of EXAFS spectra at the As and Se K-
edge adsorbed onto schwertmannite. Experimental and fit curves are displayed in black and red colors,

As k-edge EXAFS models in schwertmannite.

r(A)

Model Path Neighbor N o’ R AEg Vo Ay

1 As-Or One shell 3.448+0.048 0.0010 +£0.0008 1.684+0.003 6.938+0.944 12 1248.1

2% As-Op  Shell 1 3.900+0.068 0.0019 +0.0002 1.694+0.002 6.747+1.038 10 484.0
As-Fey,i  Shell 2 2 (fixed) 0.0082 + 0.0019 3.295+0.002 6.747 +1.038

3* As-Or Shell 1 3916 £0.071 0.0019+0.0002 1.678+0.002 8.711+1.262 10 4714
As-Fem,  Shell 2 1 (fixed) 0.0092 + 0.0023 2.743 £0.023 8.711+1.262
As-Fepi  Shell 3 2 (fixed) 0.0092 £ 0.0023 2.919+0.019 8.711 +1.262

Se k-edge EXAFS models in schwertmannite.

Model Path Neighbor N ¢’ R AE, VAP

1 Se-Or One shell 3.712+0.039 0.0017 £0.0005 1.648+0.002 8.057+0.927 11 828.9

2* Se-Oo Shell 1 3.704 £0.031 0.0017 +£0.0002 1.648+0.002 8.114+0.677 10 4423
Se-Feyi  Shell 2 2 (fixed) 0.0098 + 0.0026  3.341+0.024 8.114 +0.677

3 Se-Or Shell 1 3.776 £0.076 0.0018 £ 0.0003 1.648 +0.003 8.498+0.977 10 508.5
Se-Fem,  Shell 2 1 (fixed) 0.0128 £ 0.0052 2.696 +0.044 8.498 + 0.977
Se-Feyp; Shell 3 2 (fixed) 0.0128 £ 0.0052 2.891 +0.046 8.498 + 0.977

Table 3.4: Modeling parameter for As K-edge EXAFS in (1) 100% outer-sphere ligand, (2) 100%
bidentate binucleate inner-sphere ligand, and (3) 100% bidentate mononuclear inner-sphere ligand
and Se K-edge EXAFS in (1) 100% outer-sphere ligand, (2) 100% bidentate binuclear inner-sphere
ligand, and (3) 100% bidentate mononuclear inner-sphere ligand in basaluminite. *best fit according

to F-test.

3.3.5.2. As and Se K-edge EXAFS

Arsenic and selenium K-edge EXAFS, and the parameters of the different structural

models tested are shown in Figures 3.10 and 3.11 and Tables 3.3 and 3.4 for basaluminite

and schwertmannite, respectively. Arsenic EXAFS in basaluminite was characterized by
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the presence of two shells at 1.69 + 0.01 A and 3.18 + 0.01 A, that are attributed to As-O
and As-Al distances (Fig. 3.10a). Peaks attributed to As-O distance were consistent with
undistorted arsenate tetrahedron with coordination number of 4.05 £+ 0.02. Three different
models were considered during the fitting process: (i) an arsenate in outer-sphere position
(just one shell); (ii) a surface complex with a monodentate ligand; and (iii) a surface
complex with a bidentate binuclear ligand. This third model, with an As-Al coordination
number of 2.02 £ 0.55 (bidentate binuclear) yields the best fit, and a 99.9% of confidence
in the F-test (Table 3.3). On the other hand, Se EXAFS in basaluminite was best described
as an outer sphere complex, where only a peak at 1.65 + 0.04 A was observed and
associated to the Se-O distance with coordination number of 4.01 + 0.03 (Fig. 3.10b).
None of the complexes involving inner-sphere ligands gave F-test values that were above
the confidence level (Table 3.3). These results agree with the d-PDF data. It is worth
noting that a broad, medium-range correlation can be observed in the d-PDF data of
selenate in basaluminite at d ~ 4 A, which matches with the distance from the center of the
interlayer to the Al-hydroxide layer (distance not visible in EXAFS). This reinforces the

conclusion that sulfate is exchanged by selenate occupying the same structural position.

Arsenic EXAFS in schwertmannite shows similar results to the d-PDF: A first
interatomic distance corresponding to an As-O shell at 1.69 + 0.01 A with a coordination
number of 3.90 + 0.07 and a second shell corresponding to an As-Fe distance at 3.29 +
0.01 A (Fig. 3.11a). Again, three different structural models were considered, including
one in outer-sphere position, a complex with a bidentate binuclear inner-sphere ligand,
and another one with mononuclear bidentate inner sphere ligand. In this case, the F-test
yields similar values of statistical significance for the second neighbor shells, meaning
that both the binuclear and the bidentate mononuclear ligands are equally significant (Fig
3.11b) (Table 3.4). In view of past investigations, the formation of binuclear complexes is
privileged (Waychunas et al., 1993), although the possibility that a monodentate ligand is
present (Loring et al., 2009) or even that different types of complexes (inner- and outer-
sphere) are present simultaneously cannot be ruled out. Finally, selenate absorbed in
schwertmannite shows a similar distribution of interatomic distances in both EXAFS and
d-PDF data, with two shells centered at 1.65 + 0.01 A and 3.34 + 0.02 A, related to the
pairs Se-O and Se-Fe, respectively. A coordination number for the Se-Fe shell of 2 (fixed
value), was found, indicating that selenate is covalently bonded through an inner-sphere

ligand. Results from d-PDF and EXAFS models of arsenate and selenate in
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schwertmannite were coincident in their structural location. In addition, the relative
intensities of the peaks from the d-PDFs give information about the proportion of
complexes with inner and outer-sphere ligands. As d-PDF and EXFAS models have
shown, schwertmannite present different sorption position where inner-sphere was filled

in first place and, once it was completely occupied, oxyanions started to be placed in
outer-sphere position.
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3.4. CONCLUSIONS

This study reports on the basaluminite capacity as scavenger of toxic metals present
in AMD-affected systems such as Se and As. It also provides new details about
schwertmannite adsorption mechanisms of these elements. Basaluminite showed higher
sorption capacities of arsenic and selenium than schwertmannite, controlled by two
mechanisms: (i) ionic exchange with structural sulfate in both mineral structures and (ii)
surface complexation forming inner- and outer-sphere complexes. Arsenate and selenate
retention in schwertmannite were controlled by a combination of bidentate binuclear
inner-sphere and outer-sphere ligands, whereas in basaluminite arsenate and selenate
formed bidentate binuclear inner-sphere and outer-sphere complexes, respectively. The
formation of inner-sphere complexes with strong covalent bonds has important
environmental implications. Both basaluminite and schwertmannite are metastable solid
phases which are exposed to changes in field conditions and aging towards more stables
phases with less retention capability. Covalent bonding results in an increase stability of
the oxyanion complexes, retarding release and enhancing colloidal transport in streams
affected by AMD and ASS, as well as delaying the solid transformation into more stable

phases.

Basaluminite played an important role as scavenger of arsenic and selenium,
showing higher retention values and proportion of inner-sphere ligands than
schwertmannite, especially for As. Schwertmannite has been considered the solid phases
with highest capacity to remove trace elements from environments affected by acid
waters. However, the fact that it precipitates at a more acidic pH than basaluminite has
masked the basaluminite adsorption capacity. It is expected that a deeper understanding of
the adsorption mechanisms and of the basaluminite structure will ensure better prediction
of the transport and retention of adsorbed elements during the aging of this still relatively

unknown mineral.
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ABSTRACT

Basaluminite is a poorly-crystalline aluminum hydroxysulfate that precipitates in
waters affected by acid mine drainage (AMD) and in acid sulfate soils (ASS). Its ability to
sequester potentially toxic elements, such as Cu and As, makes it an important component
of AMD systems, with strong environmental implications. Although it was initially
described as a mineral, basaluminite is now considered a nanoscale variety of
felsbbanyaite, a rare mineral. In the present study, chemical analyses of natural and
synthetic basaluminites are combined with data from advanced nanoscale characterization
techniques such as high-energy X-ray diffraction (HEXD) and pair distribution function
(PDF) analyses, extended X-ray adsorption fine structure (EXAFS) and nuclear magnetic
resonance (NMR). X-ray scattering data are analyzed with reverse Monte Carlo (RMC)
modeling in order to obtain an atomistic representation of the disordered present in this
nanomineral. Sulfur K-edge EXAFS results show that sulfate is coordinated to the
aluminum-octahedral framework of basaluminite mainly through an outer-sphere ligand,
though the existence of inner-sphere ligands seems to be slightly significant in synthetic
samples. PDF analyses show that both synthetic and natural basaluminites have identical
short-range order, with ~1.2 nm coherent domain size, and share structural characteristics
with felsdbanyaite. Interestingly, 2’Al NMR shows the presence of, respectively, ~1% and
5% of tetrahedral and pentahedral coordinations. RMC models of basaluminite highlight
the presence of structural point defects. The understanding of this nanocrystalline
character has important implications in terms of the reactivity of this nanomineral in AMD
and ASS. The lack of correlation between the spatial and temporal occurrence of
basaluminite and fels6banyaite suggests that the similarities between both mineral
structures could be fortuitous, and highlights the need for a re-evaluation of the status of

basaluminite as a nanomineral.
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4.1. INTRODUCTION

Hydrobasaluminite [Al4(OH)14(S0,)-34H,0] and basaluminite
[Al4(OH)1((S0O,4)-5H,0] are the names given to the white precipitates formed in streams
affected by acid mine drainage (AMD) and in acid sulfate soils (ASS) with high
aluminum and sulfate concentrations, when the solution pH values are around 4.5 (Adams
and Rawajfih, 1977; Bannister and Hollingworth, 1948; Bigham and Nordstrom, 2000;
Hollingworth and Bannister, 1950; Nordstrom, 1982b). The progressive pH increase due
either to AMD mixing with pristine water or to alkaline addition in AMD treatment
systems leads to solution oversaturation with respect to Al-hydroxysulfate phases, and to
the formation of this poorly-crystalline precipitate. Jurbanite and alunite are other
observed Al-phases in the 3-7 pH range, depending on the sulfate activity, although its
metastable character kinetically favors hydrobasaluminite precipitation (Caraballo et al.,
2011; Nordstrom, 1982b; Sanchez-Espafa et al., 2011). These phases have important
environmental implications because their precipitation supposes the main mechanisms of
Al and S removal from AMD. In parallel, their high surface area and positive charge in
acid waters provide high affinity to potentially hazardous elements (e.g. As and Cu)
present in basins impacted by AMD and in ASS (Bigham and Nordstrom, 2000; Carrero et
al., 2015; Nordstrom and Alpers, 1999a). Aluminum phases have been less studied than
Fe-phases (i.e. schwertmannite, jarosite and goethite) in these environments due to: (i) Fe-
bearing phases precipitate at lower pH value, removing As and other toxic elements
previously to the formation of Al-phases (Bigham and Nordstrom, 2000; Sanchez-Espafia
et al., 2006), and (ii) Al-phases show low crystallinity, which makes difficult their
structural characterization (Adams and Rawajfih, 1977; Bigham and Nordstrom, 2000;
Caraballo et al., 2015).

Both hydrobasaluminite and basaluminite were first described by Bannister and
Hollingworth (1948) as a white plastic clay-like mineral with a variable water content. In
that study, both phases were characterized with conventional X-ray techniques, showing
well-defined crystalline diffraction patterns that are not congruent with a nanomineral
phase. The chemical composition reported was similar to the stoichiometry of
felsobanyaite, [Al4(OH)10(SO4)-5H,0]. Later, Brydon and Singh (1969) observed that

hydrobasaluminite irreversibly re-crystallizes to basaluminite in few days under
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atmospheric conditions, indicating that hydrobasaluminite was a less stable phase, being
only preserved as a suspension in water. In addition, that study showed that basaluminite
precipitated in presence of clay minerals displayed a more crystalline structure. The fact
that these early studies reported patterns of well-crystallized materials that were always
present as a mixture with clay minerals could suggest that the early identification of
basaluminite was not precise enough, and that a mixture of basaluminite and clay mineral
was really the observed mineral. More recent studies of basaluminite have reported
diffraction patterns with very broad oscillations that are difficult to identify if they are
present as a physical mixture with other crystalline phases (Bigham and Nordstrom, 2000;
Carrero et al., 2015; Nordstrom, 1982b; Sanchez-Espafia et al., 2011). Adams and
Rawajfih (1977) showed that an Al-bearing amorphous precipitate with similar
composition to basaluminite occurred in streams affected by acid waters, which aged to
alunite and to ‘crystalline basaluminite’ depending upon the aging conditions. The unit
cell parameters of an aged precipitate were reported by Clayton (1980) from indexed X-
ray powder patterns, and a first structure was proposed containing octahedral Al layers
with sulfate ions and variable water content in the interlayer space. More recently, Farkas
and Pertlik (1997) reported a structure for both basaluminite and felsébényaite, defining
basaluminite as a nanoparticle of the mineral felsbbanyaite. However, as mentioned
above, basaluminite present in streams affected by AMD and in ASS shows an
amorphous-like X-ray pattern (Bigham and Nordstrom, 2000; Carrero et al., 2015;
Nordstrom, 1982b; Sanchez-Espafia et al., 2011). Therefore the amorphous aluminum
precipitate described by Adams and Rawajfih (1977) matches well with the description of
basaluminite as a non-crystalline material, whereas the re-crystallized phase studied by
earlier authors could be felsdbanyaite. This fact led to the International Mineralogical
Association (IMA) to discredit basaluminite as a mineral, although, interestingly,
hydrobasaluminite is still considered as a valid mineral species (a status ‘grandfathered’
from earlier works before the instauration of the IMA). This historical confusion about the
nature of basaluminite and hydrobasaluminite, and their (lack of) relation with
felsobanyaite clearly deserves a thorough study. To our knowledge, felsdbanyaite has
never been reported in AMD or ASS systems, and it is actually considered as a rare
mineral. Here, we aim to shed some light onto the nanoscale characteristics of
basaluminite formed in AMD with the hope to clarify its nature and eventual re-

classification as a nanomineral species.
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Caraballo et al. (2015) discussed in a recent paper the difficulties related to the
identification of poorly-crystalline precipitates as minerals. As described above, the case
of basaluminite is paradigmatic: even though it was described as a mineral earlier after its
discovery, its diffraction pattern lacks clearly defined peaks (Fig. 4.1). Usually, this would
have been enough to classify it as an amorphous material. However, as discussed by
Caraballo et al. (2015), the use of advanced characterization techniques for the study of a
priori amorphous precipitates could facilitate the identification of nanocrystalline
structural motifs that are not detectable using conventional techniques. In particular, the
use of high-resolution transmission electron microscopy or of pair distribution function
(PDF) analyses of the short-range order have allowed to identify nanocrystallinity as well
as amorphous regions in complex natural phases such as schwertmannite, and to propose
periodic crystal structures for disordered phases such as ferrihydrite (Drits et al., 1993;
Fernandez-Martinez et al., 2010; French et al., 2012; Michel et al., 2007). Here, we show
using a combination of spectroscopic and scattering techniques that, in spite of its
amorphous diffraction pattern, basaluminite can be described as a disordered, defective
version of nanocrystalline felsobanyaite. Because basaluminite plays an important role in
the metals behavior in areas affected by AMD and in ASS, these results are necessary for

a better understanding of contaminant pathways in these systems.
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Figure 4.1: (a) Diffraction pattern in the Q space and (b) reduced structure factor [F(Q)] of natural
basaluminite sample.
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4.2. MATERIALS AND METHODS

4.2.1. Solid samples

Three types of aluminum-bearing samples were studied: natural felsébanyaite, and
synthetic and natural basaluminites. A sample of natural felsdbanyaite from Felsdbanya
(Romania) was obtained from a private collection. Natural basaluminite was obtained by
slow titration under continuous stirring of an AMD solution from the Perrunal abandoned
mine (Iberian Pyrite Belt, SW Spain) using a 0.01 mol L™ Ca(OH), solution, as described
by Carrero et al. (2015). The precipitate was washed several times with deionized water to
dissolve the co-precipitated gypsum. Synthetic basaluminite was prepared by drop-by-
drop addition of 214 mL of a 0.015 mol L™ Ca(OH), solution to 30 mL of 0.05 mol L™
Aly(SOy4)3-18H,0 in continuous stirring, according to the method described by Prietzel
and Hirsch (1998). Each solid sample was freeze-dried to complete dryness using a VirTis
Benchtop freeze-dryer (Hucoa-Erldss, Spain). After drying, the samples were digested in

aqua regia and stored in plastic vials for further chemical analysis.

4.2.2. Analytical techniques

The samples from solid digestions were analyzed for Al and S by inductively
coupled plasma atomic emission spectrometry (ICP-AES Thermo Jarrel-Ash) in the
laboratories of the IDAEA (CSIC) in Barcelona. Detection limits were 2.6-10° mmol L™
for Al and 1.6-10 mmol L™ for S, and the analytical error was lower than 5%. Thermo-
gravimetric analyses (TGA) were performed to determine the water content of
basaluminite and felsdbanyaite samples from weight loss vs. temperature curves using a
TGA92-12 SETARAM, with a N, flow of 1.8 I/h, between room temperature and 960 K,

with a rate of temperature increase of 9.8 K min™ under nitrogen flow.

High energy X-ray diffraction (HEXD) experiments were performed at the ID31
beamline of the European Synchrotron Radiation Facility (ESRF, Grenoble, France).
Powder samples were loaded into polyimide (Kapton) capillaries. Sample and background
measurements were carried out at room temperature in a Q-range of 0-25 A™. Incident X-

rays had an energy of 69.5 keV (AL = 0.1784 A) that was calibrated using a CeO, standard
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(NIST 679b). The 2D-images collected by the flat panel Perkin Elmer 2D detector were
corrected and integrated using Fit2D (Hammersley et al., 1996). Structure factors [S(Q)]
and PDF were obtained using the PDFGetX3 software (Farrow et al., 2009).

Sulfur K-edge extended X-ray absorption fine structure (EXAFS) data for natural
and synthetic basaluminite was collected at the XAFS (11.1) beamline of the ELETTRA
Synchrotron Light Source (Trieste, Italy). The beamline was equipped with a harmonic
rejecting double flat Si(111) and Si(311) crystal double cam Kohzu apparatus. Spectra
were collected at the sulfur K-edge (2485 eV) in fluorescence mode at a temperature of
100 K. The necessary sample amount was weighted, ground and suspended under
ultrasonic vibration in 30 mL of cyclohexane. Immediately, the suspension was filtered
through a 0.1 pm cellulose membrane filter and dried at room temperature. EXAFS data
were taken in a range from 2300 to 3220 eV with 0.2 eV step size at the edge region.
EXAFS data reduction and fitting were performed using the Athena and Artemis software
of the IFFEFIT package (Ravel and Newville, 2005). Structural models of sulfate in
basaluminite were constructed using the felsdbanyaite structure proposed by Farkas and
Pertlik (1997). Debye-Waller factors, interatomic distances, coordination numbers and
Fermi energy levels were fitted using a least-square refinement algorithm. Statistical F-
tests (Joyner et al., 1987; Michalowicz et al., 1999) were applied to determine the
statistical significance of different tested hypotheses involving different numbers of shells
added to the models. Only those models that improved the fit between theory and

experimental EXAFS at the 90% level of confidence were selected.

Solid-state nuclear magnetic resonance (NMR) spectra were recorded using a Bruker
Avance |l spectrometer operating at 9.4 T, corresponding to a *H Larmor frequency of
399.9 MHz and a 2’Al Larmor frequency of 104.2 MHz, equipped with a triple-resonance
3.2 mm magic-angle spinning (MAS) probe. 2’Al MAS NMR experiments were recorded
at approximately 300 K, using a hard and short (0.5 ps) radiofrequency pulse (ensuring
uniform excitation), a MAS rate of 20 kHz, an experimental repetition delay of 5 s and
required approximately only 20 min of cumulative acquisition. The spectral width was
100 kHz and the free induction decay (FID) was measured for 3.2 ms, during which 100
kHz SPINAL-64 heteronuclear decoupling (Fung et al., 2000) was applied. 2’ Al z-filtered
multi-quantum magic-angle spinning (MQMAS) spectra (Amoureux et al., 1996) were
recorded under the same experimental conditions as for the 2’Al MAS NMR experiments

except 792 co-added transients were acquired for each of 64 indirect dimension points,
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using an experimental repetition delay of 0.5 s, resulting in a total experimental time of
~14 h. The spectral width in the indirect dimension was 60 kHz, triple quantum excitation
and reconversion were achieved using pulses of 6.0 and 1.6 ps, respectively, and a central-

transition-selective “read”-pulse of 8 s was applied before signal detection.

4.2.3. Rietveld refinement and reverse Monte Carlo structural models

Basaluminite structural models were constructed from reverse Monte-Carlo
simulations, using different modified felsdbanyaite (Farkas and Pertlik, 1997) as starting
structures. Prior to that, the crystal structure of felsbbanyaite was refined by the Rietveld
method using the FullProf suite programs (Rodriguez-Carvajal, 1993) using a powder X-
ray diffraction pattern of natural felsdbanyaite. The diffraction pattern was collected on a
Siemens D5000 diffractometer in Bragg-Brentano geometry, equipped with a theta-theta
goniometer with a rotating sample holder. The patterns were collected using Cu Koty (Akes
= 1.5406 A) and ko, (A2 = 1.5444 A) radiation in the range 26 = 0-70° with a step size
of 0.04° and a counting time of 6 s per step. Specific constraints were applied during the

Rietveld refinement to consider the sulfate molecule as a rigid body.

Three different starting structures were used in the RMC. All of them were built
from the previously Rietveld refined felsdbanyaite structure, which was modified in some
cases by adding Al vacancies or SO, molecules to the structure to match the measured
Al/S ratio from the ICP-AES. These structures were: (i) a modified-felsbbanyaite with the
nominal Al/S = 4 (fels1); (ii) a modified-felsdbanyaite including Al vacancies to reach an
Al/S = 2.7 (fels2); and (iii) a modified-felsdbanyaite including extra sulfate groups to
reach Al/S = 2.7 (fels3). In the structure containing Al vacancies (fels2), all aluminum
sites were fully coordinated by oxygen atoms. Different supercells were used in the
refinements with sizes 1 X1 X1, 2x2 X2 and 3 X3 Xx3. RMC modeling (Keen, 1998;
McGreevy and Pusztail, 1988) was performed using the RMCprofile software (Tucker et
al., 2014).

Prior to the RMC runs, the partial PDFs of felsdbanyaite were calculated using the
PDFGui software (Farrow et al., 2009) in order to ascertain what are the atomic pairs that
contribute more to the total PDF. This allows simplifying the RMC simulation boxes by

not including the atoms with atomic correlations with low weight factors, i.e., those whose
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correlations are not well represented in the data. Partial PDFs between atoms i and j are

weighted in the total PDF with a weight factor, w;j(r) (Egami and Billinge, 2003):

C_fifj
T2

Wi = G Eqg. 4.1
where c; and c; are the concentrations of elements i and j, f; and f; their atomic form factors

evaluated at Q =0, and

(fY? = @icifp)? Eq. 4.2

A single RMC move involves the random displacement of a number of atoms, which
modifies the calculated S(Q) and the PDF of the model structure. Then, a * is calculated
for all the points i of the S(Q) and G(r):

XZ = {Zi [S(Qi)exp - S(Qi)calc]z + Zi[G(ri)exp - G(ri)calc]z}/az Eq 4.3

where ¢ is a weight factor. RMC moves are automatically accepted when »° is decreased,
and are accepted with a probability p = exp (-4x%/2) when 4 increases. Atom
displacements are rejected if they violate the close-contact distances between atoms (see
Table 4.1). Bond lengths (S-O) and angles (O-S-O) of the sulfate molecules were

constrained to restrict their deformation to less than 20%.

Pair 0O-0 O-Al O-S Al-Al Al-S S-S
Distance 1.3 1.75 1.4 2.7 2.9 2.2

Table 4.1: Close-contact distances used in the RMC runs for the different structures.

93



Structural Characterization

4.3. RESULTS

4.3.1. Chemical characterization

The stoichiometry of both natural basaluminite [Al4(OH)g20(SO4)1.49-4.77H,0] and
synthetic basaluminite [Al;(OH)g02(SO4)1.49-4.56H,0] was characterized by a higher
sulfate content than the chemical formula reported by Hollingworth and Bannister (1950)

and Farkas and Pertlik (1997), with only one sulfate per four aluminum atoms.
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Figure 4.2: Thermo-gravimetric spectra of felsdbanyaite (black), natural (red) and synthetic (blue)
basaluminite. The shaded regions represent the different dehydration steps in felsdbanyaite.

TGA analysis of natural felsébanyaite, natural and synthetic basaluminites are shown
in Figure 4.2. TGA data of felsdbanyaite showed three different weight losses of 8.21
wt.%, 6.30 wt.% and 17.2 wt.% between 320 K and 390 K, 400 K and 455 K, and 540 K
and 610 K, respectively (Fig. 4.2). The first and second steps (~14.5 wt.%) are interpreted
as corresponding to loosely bound physisorbed and structural H,O (Brydon and Singh,
1969) (~19.4 wt.%, according to the structure reported by Farkas and Pertlik (1997). The
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third step (~17.2 wt.%) was associated with the release of structural OH (~19.4 wt.%,
according to the structure reported by Farkas and Pertlik (1997). In contrast, TGA data of
both natural and synthetic basaluminites produced a unique large sigmoidal-like water
desorption and decomposition step between 360 K and 570 K, with associated weight
losses of 34.5 wt.% and 34.4 wt.%, respectively. Following this period, the sample weight
was constant with a slight decreasing tendency between 570 K to 870 K (Fig. 4.2). The
weight loss observed in both solids was associated with the vaporization of physisorbed
H,0 and of structural OH/H,0O. Dehydration reactions can be described by Eq. 4.4 and 4.5

for natural and synthetic basaluminites, respectively:
Aly(OH)g20(SO4)1.40-4.77TH0 — AlO4,60(SO4)1.40 + 9.37H,0 Eq. 44
Al (OH)g02(S04)1.49°4.56H,0 — Al;0451(SO4)1.49 + 9.07H,0 Eqg. 4.5

The fact that felsobanyaite reveals three well-differenced weight loss areas and
basaluminite shows just one is interpreted as due to the structural disorder present in
basaluminite. Moreover, the similarity between the curves of natural and synthetic
basaluminites suggests that, even though the basaluminite structure is disordered, water in

both structures shares similar positions.

4.3.2. Structural characterization
4.3.2.1. High-energy X-ray diffraction

Structure factors obtained from the diffraction patterns of the three samples are
shown in Figure 4.3. S(Q)s of natural and synthetic basaluminites presented similar
characteristics, with the regions of maximum peak intensity and diffuse scattering
distributed along Q in a similar way to felsdbanyaite, suggesting similar structural
characteristics. As expected, the structure factor of both basaluminite samples lacks any

well-defined diffraction ‘peak’, suggesting an amorphous material (Fig. 4.3).

PDFs of natural and synthetic basaluminites, natural felsdbanyaite and calculated
partial PDFs of felsbbanyaite (Farkas and Pertlik, 1997) (Al-Al, Al-O, Al-S, S-S, S-O and
0O-0O atom pairs) are shown in Figure 4.4. PDFs of synthetic and natural basaluminites

revealed that the synthesis process yields nanoparticles with local order similar to that of
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natural samples. The intensity decay along r was fitted with an envelope function
reproducing particles of spherical shape (Gilbert, 2008), considering as well the
instrumental resolution effect determined previously with the CeO, standard (Toby and
Egami, 1992). Natural and synthetic samples of basaluminite showed an identical coherent
domain size of about 1.2 nm, while the coherent domain size obtained for the
felsdbanyaite sample was in the range of 4-5 nm. PDFs of both fels6banyaite and
basaluminite exhibited similar structural features in the region between 1 and 6 A, with
significant variations in peak intensities and width (Fig. 4.4). Both basaluminite and
felsobanyaite PDFs were compared in order to identify similarities and to associate
individual peaks to interatomic distances using the calculated partial PDFs of
felsébanyaite. The position of the first peak at 1.45 A corresponded to the S-O distance in
the sulfate tetrahedron, whereas the second peak at 1.88 A was attributed to the Al-O
distance in the aluminum octahedron. The peak at 3 A corresponded to the superposition
of Al-Al and O-O distances, where the Al-Al distance corresponded to edge-sharing
aluminum octahedra and the O-O distance was related to consecutive oxygen atoms in the
octahedra. The next three peaks (at 4, 4.8 and 6 A) are mainly due to Al-O distances.
Subsequent peaks at r > 6 A presented low intensities, making it impossible to identify the

corresponding atom pairs.
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Figure 4.3: X-ray diffraction structure factor [S(Q)] of felsdbanyaite (black), natural (red) and synthetic
(blue) basaluminite.
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Figure 4.4: PDF of natural felsdbanyaite (black), and natural (red) and synthetic (blue) basaluminite.
Calculated partial PDFs of felsdbanyaite from the structure proposed by Farkas and Pertlik (1997) are showed

Al MAS and Al MQMAS NMR spectra are shown in Figures 4.5 and 4.6,
respectively. Aluminum in amorphous and mineral phases has been observed in 4-, 5- and
6-coordination states [AI(1V), Al(V) and Al(VID)], where Al(IV), Al(V) and Al(VI) are
represented by ?’Al MAS NMR peaks between +55 and +85 ppm, +30 and +41 ppm, and
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+0 and +15 ppm, respectively (Kirkpatrick and Phillips, 1993). Both natural and synthetic
basaluminites showed similar Al-coordination, where AI(VI) was the most abundant
coordination, characterized by a broad peak, highlighting the presence of a range of Al-O-
Al bond angles (i.e. high degree of structural disorder). Interestingly, Al(V) and Al(IV)
are also present in the structure but to a much lesser extent, about 5% and 1% respectively
(Fig. 4.5). These Al-coordination states have been previously reported in white
precipitates collected in systems affected by acid water (Kim, 2015). 'H NMR data (not
shown) indicated the presence of physisorbed H,O as well as Al-OH hydroxyl groups.
There is no evidence of AI(IV) or AI(V) coordination in felsébanyaite (Figs. 4.5 and
4.6b). The high-resolution 2’Al MQMAS NMR spectra (Fig. 4.6) better reveal the
differences between the samples. Although felsébanyaite contains only AI(VI)
coordination like gibbsite, it is evidently less well ordered. Moreover, the Al(VI)
coordination of both natural and synthetic basaluminites are even less ordered, with the
synthetic sample being the most amorphous. It is also interesting to note that there seems
to be two different Al(IV) coordinations in the natural basaluminite, one of them being

quite crystalline while the other is very similar to that in the synthetic version.
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Figure 4.5: Al MQMAS NMR spectra of basaluminite, felssbényaite and gibbsite (standard). The three
bands represent Al(I1V)-, Al(V)- and Al(VI)-coordination.
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Figure 4.6: 2D Al MQMAS-2’Al MAS NMD spectra of (a) basaluminite and (b) felsébanyaite.
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Figure 4.7: y*evolution during RMC runs of fels1[2,2,2], fels2[2,2,2] and fels3[2,2,2] supercells.
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4.3.2.3. Reverse Monte Carlo models

The qualitative analysis of the PDF data and the similarities in the AIl(VI)
coordination found by NMR suggest that the basaluminite structure seems to have similar
features to that of fels6banyaite, though with non-negligible distortions, as suggested by
Farkas and Pertlik (1997). Based on this observation, and in order to develop an atomistic
structural model of basaluminite that matches the diffraction and PDF data, a RMC

refinement strategy was followed.
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Figure 4.8: (a) Experimental structure factor and (b) pair distribution function of synthetic basaluminite
(black) compared with those obtained from RMC with the fels2 [2,2,2] structure (red), and difference (green).

The evolution of the »* agreement parameter for the 2 X2 X2 supercells of the three
models used (felsl, fels2 and fels3) is shown in Figure 4.7. The three structures show
similar final »* values, indicating that the three of them provide equally good
representation of the scattering data. Even though longer simulations provided better
agreement, a choice was made to stop RMC simulations once the » started to show a
plateau; RMC simulations that were run for a longer time (larger number of steps),

provided similar »* values, but showed higher structural disorder.

Differences between experimental and modeled S(Q) and G(r), different views of the
atomistic structure and a Al-O bond distances of the structure fels2 [2,2,2] are displayed
in Figures 4.8, 4.9 and 4.10, respectively. The fels2 [2,2,2] model kept the octahedral-

layer structure, with only slight distortions. Sulfate and oxygen from water molecules
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placed in the interlayer space were slightly displaced from their original positions (Fig.
4.7). However, the contribution of these molecules to the total PDF and to the scattering

was negligible (Figs. 4.4 and 4.6), and therefore no sensible information about their

positions can be reported.

Figure 4.9: Different views of the final basaluminite structure, from (a) plane a-c, (b) plane a-b, and (c) b-edge of the fels2 [2,2,2]

structural model after RMC refinement. The section (a) and (c) reveal the octahedral-layer deformation and (b) shows the vacancies in Al-

octahedral position imposed previously to RMC model by reach [AI]/[S] proportion in natural samples.
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Figure 4.10: Al-O partial pair distribution function of a Rietveld refined felsdbanyaite (black) and the
fels2 [2,2,2] RMC refined structure (red). The vertical lines indicate the Al-O distance for Al(IV), Al(V) and
Al(VI).

4.3.2.4. Sulfur K-edge EXAFS

Sulfur K-edge EXAFS from synthetic and natural basaluminites, and the parameters
of the different structural models tested are shown in Figure 4.11 and Tables 4.2 and 4.3.
Results from natural basaluminite were characterized by the presence of one shell at 1.45
+0.01 A which is attributed to the S-O distance (Fig. 4.11). This peak was consistent with
an undistorted sulfate tetrahedron with coordination number of 4.80 (fixed) A. Three
different models were considered during the fitting process: (i) a sulfate in outer-sphere
position (just one shell); (ii) a surface complex with a monodentate inner-sphere ligand;
and (iii) a surface complex with a bidentate binuclear inner-sphere ligand on aluminum
octahedral layers. A model where sulfate is forming an outer-sphere location yielded the
best fit and a 75% of confidence in the F-test, which is in agreement with the localization
of sulfate in felsdbanyaite (Farkas and Pertlik, 1997) (Table 4.2). On the other hand, S K-
edge EXAFS in synthetic basaluminite showed that sulfate was also retained by bidentate
binucleate inner-sphere covalent ligands, where a double shell was identified with peaks
located at 1.46 + 0.01 A and 3.02 + 0.03 A. These peaks were associated to S-O and S-Al
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distances with coordination number of 4.58 + 0.05 and 2.00 (fixed value), respectively
(Fig. 4.11) (Table 4.3). The F-test values obtained for these models indicated that the
bidentate binuclear inner-sphere was the best fit, where the confidence level was 60%
(Table 4.3). The confidence levels obtained in both F-test studies were close or less to the
minimum necessary, indicating that both models were possible and that the second shell is

near the limit of detection.
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Figure 4.11: (a) EXAFS spectra and (b) its Fourier transform k®-weighted S K-edge EXAFS data of
natural and synthetic basaluminite. Experimental and fitted curves are displayed in black and red color
respectively.

Model Path Neighbor N ¢? R AE, V Ay

1* S-Or Oneshell 4.800 (fixed) 0.0001 +0.0002 1.454+0.002 0.213+1.342 4 163

2 S-Or Shell 1 5.172 + 00783 0.0004 +£0.0003 1.454+0.003 0.354+1.736 4 320
S-Al  Shell 2 2.000 (fixed)  0.0009 (fixed) 3.119+0.029 0.354 +£1.736

3 S-Or Shell1 5.208 £0.083 0.0003 £0.0003 1.453+0.004 1453+1.771 4 333

S-Al_ Shell 2 1.000 (fixed)  0.0009 (fixed) 2.109+0.023 1453 +1.771
Table 4.2: Modeling parameters for S K-edge EXAFS in natural basaluminite with 1) 100% outer-sphere
ligand, 2) 100%, and 3) 50% bidentate binucleate inner-sphere ligand. * best fit according to F-test.

Model Path Neighbor N ¢’ R AE Vo Ay

1 S-Or Oneshell 4.023+0.057 0.0003 £0.0003 1.459+0.002 3.022+1.402 3 36.0

2* S-Or  Shell 1 4583+0.051 0.0009 +0.0003 1.458+0.003 2.049+1.201 5 179
S-Al  Shell 2 2.000 (fixed) 0.0057 £0.0037 3.017+0.033 2.049+1.201

3 S-Or Shell 1 4532 +0.057 0.0009 £0.0003 1.458+0.003 2.323+1350 5 218
S-Al  Shell 2 1 (fixed) 0.0091 £0.0069 2.188 +0.057 2.323 +1.350

Table 4.3: Modeling parameters for S K-edge EXAFS in synthetic basaluminite with 1) 100% outer-sphere
ligand, 2) 100%, and 3) 50% bidentate binucleate inner-sphere ligand. * best fit according to F-test.
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4.4. DISCUSSION

4.4.1. Sulfate and water environments in basaluminite

The higher sulfate contents observed in both natural and synthetic basaluminites with
respect to the chemical composition reported for felsébanyaite (Farkas and Pertlik, 1997;
Hollingworth and Bannister, 1950) could be related to the nanocrystalline, defective
structure of basaluminite and its larger surface area. This difference in oxyanion content
by nanomineral phases have been reported in other precipitates present in AMD and ASS
(e.g. schwertmannite; Bigham et al., 1994). The different sulfate structural positions
observed in natural and synthetic basaluminites could be associated with the higher sulfate
concentration in solution during the synthesis of basaluminite, resulting in a higher
proportion of adsorbed sulfate. In fact, the sulfate content is slightly higher in synthetic
than in natural basaluminite (Al/S = 2.86 and 2.68 in natural and synthetic basaluminites
respectively). EXAFS results and statistical F-test analysis indicated that sulfate shows a
bidentate coordination with the Al-framework in synthetic basaluminite, though the
statistical significance of this result is near the limit of acceptable confidence. Actually,
both spectra are very similar, with mainly one frequency associated to the S-O distance.
The presence of inner-sphere sulfate in synthetic basaluminite could be explained by the
higher sulfate concentration in these samples, and therefore the higher probability that
some sulfate can adopt different bonding environments. Most sulfate is retained in
basaluminite by outer-sphere ligands, such as those present in the felsébanyaite structure
(Farkas and Pertlik, 1997).

Finally, the unique large sigmoidal-like water desorption step observed in TGA data
indicates that the physisorbed and hydroxyl groups in both natural and synthetic
basaluminites presented a similar disorder environment with non-well-defined structural
positions with respect to felsdbanyaite (Fig. 4.2). However, no further information about
the water positions in the structure could be obtained due to their very low X-ray

scattering weight factor, resulting in a negligible contribution to the total PDF.
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4.4.2. Aluminum framework

The high structural correlation observed between basaluminite and felsébanyaite in
the first 6 A of the PDF and the good fit obtained with RMC with only slight distortions of
the felsbbanyaite structure indicate that basaluminite can be described as a mineral
nanoparticle. Two structural models were considered to explain the origin of this disorder
that match well the observed Al/S ratio: (i) a structure formed by an identical Al-
framework to that of felsébanyaite, where excess sulfate was due to formation of surface
complexes (felsl) on the external surface, and (ii) a structure where aluminum point
defects (vacancies) are present in the Al layers (fels2). RMC simulations of these two
models yielded similar »* values (Fig. 4.7) indicating that both are equally plausible. An
atomistic model obtained from the RMC modeling is shown in Figure 4.8. The level of
distortion is represented in Figure 4.10, where the Al-O first neighbor distance in fels2 is
shown. The asymmetric shape can be partially due to the presence of Al(IV) and Al(V)
coordinations in basaluminite; Al(1V)-O and Al(V)-O distances in oxyhydroxide phases
are in the order of 1.76 A and 1.80 A , respectively (Kubicki, 1998).

The presence of tetrahedral and pentahedral Al-coordinations in basaluminite found
by NMR spectroscopy is an important difference between felsébanyaite and basaluminite.
Different reasons can explain the presence of tetrahedral Al: (i) AI(IV) is a structural
component in silicate minerals, such as feldspars and phyllosilicates (*’ Al NMR peaks at
70 ppm, Kirkpatrick and Phillips, 1993), and basaluminite precipitation in streams
affected by AMD and ASS is associated with the removal of Si from the solution (Bigham
and Nordstrom, 2000). A priori, HEXD results found no evidence of crystalline silicate
minerals, with basaluminite being the only phase present in the samples (Figs. 4.1 and
4.3). However, the presence in small proportions of a disordered aluminosilicate phase
cannot be ruled out from these experiments. (ii) Aly; Keggin ions (*’Al NMR peaks at 60
ppm, Jolivet et al., 2011), which contain one Al in tetrahedral coordination, have been
proposed as structural building motifs for many Al-oxyhydroxide phases (such as gibbsite,
boehmite and bayerite; Jolivet et al., 2011), and it could be possible that they also
participate in the precipitation process of basaluminite. Indeed, the NMR chemical shift of
60 ppm found for AI(IV) in basaluminite matches the value found for sulfate-bearing
phases formed from Al;3 Keggin ions (Kirkpatrick and Phillips, 1993) (Figs. 4.5 and 4.6a).

On the other hand, the presence of AI(V) in basaluminite (~5%) is characteristic of
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materials with large surface areas (Kirkpatrick and Phillips, 1993), where water molecules

are coordinated to surface Al(IV) atoms.

4.4.3. Is basaluminite a single nanomineral species?

The lack of clearly defined peaks in the diffraction pattern, due to small coherent
domain size and to the accumulation of structural defects, prevents us from defining a unit
cell to describe the basaluminite structure. However, the use of the PDF method clearly
shows that the average local order is not far from that of a disordered felsbbanyaite
nanoparticle. Following recent discussions in the mineralogical literature (Caraballo et al.,
2015), this could then just be interpreted as a case where the use of advanced
characterization techniques allows revealing the nature of a mineral nanoparticle that
would have been otherwise classified as an amorphous material. However, the different
geological occurrences of felsdbanyaite and basaluminite make that more careful analyses
need to be performed on the structure of the aged basaluminite. A couple of studies
(Adams and Rawajfih, 1977 and Brydon and Singh, 1968) reported the formation of a so-
called ‘crystalline basaluminite” when aged in the presence of Ca-bearing solutions at 320
K. Interestingly, these conditions are similar to the ones that could be found in alkaline
‘chalky’ sedimentary environments where some of the first basaluminite occurrences were
described (Bannister and Hollingworth, 1948; Brydon and Singh, 1969; Clayton, 1980).
But, to the best of our knowledge, felsdbanyaite or ‘crystalline basaluminite’ have never
been reported in AMD or ASS environments. More studies need to be undertaken to better
understand the relationship between these two phases and the aging mechanisms.
Performing these studies would help clarifying the status of basaluminite as a single

nanomineral species or as a felsébanyaite mineral nanoparticle.

The description of the sulfate retention mechanisms reported here allows for a better
description of the basaluminite-mediated anionic exchange processes that could be at play
in AMD-affected streams and in ASS. Basaluminite is a nanocrystalline phase, but still it
shows a strong anion exchange capacity (Carrero et al. Submitted). This is in agreement
with the idea that basaluminite keeps the layered structure present in felsébanyaite, where
sulfate atoms are placed in the interlayer and are exchangeable. This fact has strong
environmental implications, making basaluminite an important phase controlling anionic

pollutant concentrations in the environments where it occurs.
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Chapter V

The research carried out during this doctoral work is aimed to study the precipitation

of basaluminite, a nanocrystalline Al-hydroxysulfate found in systems affected by AMD

(Acid Mine Drainage) and ASS (Acid Sulfate Soils). The main objectives were: (i) to

explore its affinity for metals and metalloids (from now on referred as ‘metals’) under

laboratory conditions, (ii) to quantify its maximum adsorption capacity for As and Se and

(iii) to build an atomistic model taking into account its short-range order. Following the

results of the different experiments carried out in this doctoral dissertation, it is possible to

summarize the following general conclusions:

Schwertmannite (a nanocrystalline Fe-oxyhydroxysulfate) precipitation under
atmospheric conditions occurs prior to basaluminite precipitation and removes
100% of As, Cr, Fe and Pb from the solution along with 50% of Al. Aluminum
removed from the solution could either be adsorbed and/or co-precipitated by
schwertmannite, which could affect its removal capacity of other elements, or form
individual nanoparticles.

Metal removal capacity of basaluminite depends significantly on precipitation
conditions. During the neutralization under atmospheric conditions, basaluminite
precipitates after schwertmannite and only shows affinity for Cu and Si, besides
removing the remaining Al from the solution. However, under anoxic conditions
with all the Fe as Fe(ll) in solution, basaluminite precipitation occurs first,
removing 60% and 100% of As and Cr, respectively. Hence, the previous
schwertmannite precipitation under atmospheric conditions masks the high
basaluminite affinity for some contaminants such as As and Cr.

Under anoxic conditions, Fe(l1) in solution precipitates after basaluminite likely as
green rust according to thermodynamic modeling, which removes the remaining As
and 100% of Pb. However, these phases are highly unstable under atmospheric
conditions and rapidly transform into ferrinydrite or feroxyhyte, although this
process does not release the previously retained contaminants. The use of X-ray
diffraction based on synchrotron light was necessary to identify schwertmannite,
basaluminite, ferrihydrite and feroxyhyte in the newly-formed precipitates.
Neutralization of AMD sources of underground galleries under anoxic condition
with all Fe as Fe(ll) in solution involves a lower alkalinity consumption than

neutralization under atmospheric condition after Fe oxidation. Therefore, the
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implementation of treatment systems in punctual sources of reducing AMD could
be more sustainable as passive treatment strategies.

Once identified the strong affinity of contaminants by basaluminite, masked by
schwertmannite, a comparative study of the removal capacity of As and Se in both
phases was performed by adsorption isotherm experiments. Basaluminite shows
almost three times higher affinity for As (326 MmMOlyas0s Mols™) than
schwertmannite (128 mmoOlypas0s MOle ), Whereas schwertmannite slightly
removes more Se (122 mmolseos Mola* vs. 153 mmolseos Mole:™).

In both nanominerals, As is removed from the solution and retained in the solid by
a combination of mechanisms of oxyanion exchange with structural sulfate and
formation of surface complexes in the same proportion. Due to the necessity to
compensate the difference of charge between the most abundant As specie in
solution (H,AsO,) and sulfate (SO,%), the rate of adsorbed As to released sulfate is
2:1. On the other hand, the main Se adsorption mechanism in both phases is the
oxyanion exchange, where each sulfate group released from the structure is
replaced by a single Se molecule (SeO,), indicating a 1:1 ratio that is expected
due to that both species have equal charge.

The presence of sulfate in solution has a competitive negative effect in the Se
removal, since both oxyanions share the same structural position, replacing the
structural sulfate. However, As is little affected by the sulfate presence in solution
due to that this oxyanion can be also removed by formation of strong surface
complexes.

The pair distribution function analysis of high-energy X-ray diffraction patterns
and X-ray absorption fine structure analysis, both based on synchrotron radiation,
reveal that As is retained in both phases by a variable proportion of bidentate
binuclear inner-sphere. Schwertmannite shows all As with this coordination at low
initial As concentrations in solution. However, at high initial concentrations only
50% is located in inner-sphere position, whereas the remaining 50% is in outer-
sphere coordination. On the other hand, basaluminite shows all As in bidentate
binuclear inner-sphere coordination, regardless of initial As concentration in
solution. This fact indicates that basaluminite is a more efficient As scavenger than
schwertmannite because basaluminite removes more As from the solution and

metal-complexes are bound to the structure by stronger ligands.
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The Se sorbed onto schwertmannite and basaluminite forms weaker ligands than
As in both structures. Basaluminite shows all Se in outer-sphere position, likely in
the interlayer space by replacing the sulfate groups. However, schwertmannite
shows approximately 25% of Se in bidentate binuclear inner-sphere position.
Therefore, schwertmannite is a slightly more efficient Se scavenger than
basaluminite, with higher adsorption capacity and stronger removal complexes.
The high adsorption capacity of basaluminite evidences the need of in-depth
studies about the structure and its comparison with that previously described for
the most crystalline Al-hydroxysulfate (felsbbanyaite). The water content in
basaluminite is similar between synthetic and natural samples, and slightly lower
than the stoichiometric content. The physisorbed water and hydroxyl groups show
similar coordination in both basaluminite and felsébanyaite, although the structural
position in fels6banyaite is better defined.

Basaluminite precipitation mechanism shows a significant effect in sulfate
environment. In both cases, synthetic and natural basaluminite samples are
characterized by higher sulfate content with respect to the stoichiometric
composition. However, natural basaluminite shows all sulfates in outer-sphere
coordination, whereas synthetic basaluminite exhibits inner-sphere ligands. This
fact can be due to a higher sulfate concentration in solution during the synthesis
procedure with respect to natural solutions, inducing to formation of these
complexes on the surface of synthetic basaluminite.

Aluminum in both basaluminite and felsébanyaite is found in different
coordination. Al;3 Keggin ion clusters could be the mineral precursor of
basaluminite due to that both phases display Al in tetrahedral coordination
[AI(IV)], although basaluminite also shows pentacoordinate Al [AI(V)].
Basaluminite has a coherent domain size of ~1.2 nm. PDF data show that both
fels6banyaite and basaluminite have similar structural features in the region
between 1 and 6 A. This lead us to interpret basaluminite as a felsébanyaite
nanoparticle. However, the fact that felsébanyaite geological occurrence is
disconnected from that of basaluminite suggests that the latest could be interpreted
as a different nanomineral.

Structural models performed with reverse Monte Carlo simulations indicate that
basaluminite is effectively formed by Al-octahedral layers with vacant positions

and high angular and length distortions in the octahedra. The excess sulfate is
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related to a relative increase of the vacant Al positions in the structure. Finally,
basaluminite cannot be described by a unique unit cell and this phase has to be
understood as an extended net with high amount of structural defects that avoid the

development of periodicity further than 1.2 nm.

In this doctoral dissertation, basaluminite has been described as a strategic
nanomineral on the metals behavior in areas affected by AMD and ASS. However, the
research presented here is only the first step in the understanding of this phase and its
properties. Further and deeper research needs to be performed to ascertain nucleation and
growth processes, the relationship between Al;;3 Keggin ion and basaluminite, and the fate
of the adsorbed elements during the basaluminite recrystallization to more stable Al-

phases due to its metastable character.
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Capitulo V

El trabajo de investigacion desarrollado en el marco de la presente Tesis Doctoral

pretende caracterizar los precipitados de basaluminita, un hidroxisulfato de aluminio

nanocristalino que se forma en sistemas afectados por AMD (Acid Mine Drainage) y ASS

(Acid Sulfate Soils). Los objetivos principales eran: (i) determinar la afinidad por metales

y metaloides (en adelante ‘metales’) en experimentos de laboratorio, (ii) cuantificar su

maxima capacidad de adsorcidn para As y Se y (iii) desarrollar un modelo atomistico

teniendo en cuenta su orden local. Siguiendo los resultados de los diferentes experimentos

Ilevados a cabo en esta Tesis Doctoral, se llegan a las siguientes conclusiones generales:

La precipitacion de schwertmannita (un oxihidroxisulfato de hierro nanocristalino)
en condiciones ambientales ocurre antes que la precipitacién de basaluminita y
retira el 100% de As, Cr, Fe y Pb en solucién junto con el 50% de Al. El aluminio
retirado de la solucion podria estar absorbido y/o co-precipitado por
schwertmannite, lo cual pudria afectar a su capacidad para retener otros elementos,
0 bien formar nanoparticulas individuales.

La capacidad de retencion de metales por basaluminita depende significativamente
de las condiciones de precipitacién. Durante la neutralizacién en condiciones
ambientales, la basaluminita precipita después de schwertmannita y s6lo manifiesta
afinidad por Cu y Si, ademas de retirar el resto de Al en solucién. Sin embargo, en
condiciones andxicas con todo el Fe como Fe(ll) en solucion, la precipitacion de
basaluminita ocurre en primer lugar, retirando 60% y 100% de As y Cr disponible,
respectivamente. Por tanto, la previa precipitacion de schwertmannita en
condiciones ambientales enmascara la elevada afinidad de basaluminita por
algunos contaminantes como As y Cr.

En condiciones anoxicas, el Fe(ll) en solucién precipita después de basaluminita
probablemente como green rust, segin modelos termodindmicos, retirando el As
restante y el 100% de Pb. Sin embargo, estas fases son muy inestables en presencia
de oxigeno y se transforman rapidamente a ferrihidrita o feroxihita, aunque este
proceso no supone la liberacion de los contaminantes previamente retirados. Fue
necesaria la utilizacion de difraccién de rayos X con radiacién sincrotrén para la
identificacion de schwertmannita, basaluminita, ferrihidrita y feroxihita en los
precipitados neoformados.

La neutralizacién de AMD surgente de galerias subterraneas en condiciones

anoxicas con todo el Fe como Fe(ll) en solucion supone un menor consumo de
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alcalinidad que si se realiza una vez que el Fe se ha oxidado. Por tanto, la
instalacion de sistemas de tratamiento en focos puntuales de AMD reducidos
podria ser mas sostenible como estrategia de tratamiento pasivo.

Una vez identificada la marcada afinidad de contaminantes por basaluminita,
enmascarada por schwertmannita, se hizo un estudio comparativo de capacidad de
retencién de As y Se en ambas fases usando isotermas de adsorcion. Basaluminita
muestra una afinidad casi tres veces mayor por As (326 mmolias0s Mola™) en
solucién que schwertmannita (128 mmolyasos Mole™), mientras  que
schwertmannita adsorbe ligeramente méas Se (122 mmolseos Mola™ vs. 153
mmolseos Molg™).

En ambos nanominerales, As es retirado de la solucion y retenido en el sélido por
una combinacién de mecanismos de intercambio iénico con el sulfato estructural y
formacion de complejos superficiales a partes iguales. Dado que existe una
necesidad de compensar la diferencia de cargas entre la especie dominante de As
en solucién (H,AsO,) vy el sulfato (SO,%), la relacién As adsorbido con respecto a
sulfato liberado a la solucion es de 2:1. Por otro lado, el principal mecanismo de
adsorcion de Se en ambas fases es el intercambio i6nico, donde cada sulfato
retirado de la estructura es reemplazado por una tnica molécula de Se (SeO,?),
indicando una relacién 1:1 esperable dada la igualdad de cargas entre especies.

La presencia de sulfato en solucién muestra un efecto significativo de competencia
con Se, relacionado con el hecho de que ambos oxianiones comparten la misma
posicion, reemplazando el sulfato estructural. Sin embargo, la presencia de sulfato
afecta levemente al As dado que este oxianion también forman fuertes complejos
superficiales.

El calculo de la funcion de distribucién de pares del patrén de difraccion de rayos
X de alta energia y andlisis de absorcion de rayos X en estructura fina, ambos
usando radiacion sincrotrén, permitieron determinar que el As es retenido en
ambas fases por una proporcion variable de complejo bidentado binucleado de
esfera interna. La schwertmannita muestra todo el As con esta coordinacion a bajas
concentraciones iniciales de As en solucién. Sin embargo, a altas concentraciones
solo el 50% del As retenido en la estructura presenta este complejo, mientras que el
50% restante ocupa posiciones de esfera externa. Por su parte, la basaluminita
muestra todo el As retenido en posicidn bidentada binucleada de esfera interna

independientemente de la concentracidn inicial de As en solucion. Esto indica que
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la basaluminita es mas eficiente en la retirada de As dado que es capaz de adsorber
mayor cantidad de este elemento y los complejos metélicos son enlaces mas
fuertes.

El Se adsorbido en schwertmannita y basaluminita forma enlaces menos estables
en la estructura de ambas fases. La basaluminita muestra todo el Se retirado en
posicion de esfera externa, probablemente en los espacios entre capas sustituyendo
los sulfato. Sin embargo, la schwertmannita presenta un 25% del Se en posicion de
esfera interna. En conclusién, la schwertmannita es ligeramente mas eficiente en la
retirada de Se, adsorbiendo mayor concentracion de este elemento y reteniéndolo
en complejos mas fuertes.

La alta capacidad de adsorcion de la basaluminita evidencia la necesidad de
estudiar las propiedades estructurales de dicha fase y compararlas con la fase
previamente descrita como el oxihidroxisulfato de Al mas cristalina
(felsdbanyaita). EI contenido en agua de basaluminita es similar entre las muestras
sintéticas y naturales, y ligeramente menor a la formula estequiométrica. El agua
fisisorbida y los grupos hidroxilos muestran una coordinacion similar en
basaluminita y felsdbanyaita, aunque las posiciones estructurales en felsébanyaite
estdn mejor definidas.

El mecanismo de precipitacion de basaluminita muestra un efecto significativo en
el entorno del sulfato. En ambos casos, las muestras sintéticas y naturales de
basaluminita se caracterizan por un mayor contenido en sulfato con respecto a la
composicién estequiométrica. Sin embargo, la basaluminita natural presenta todo el
sulfato en posicién de esfera externa, mientras que las muestras sintéticas forman
enlaces de esfera interna. Esto puede deberse a una mayor concentracion de sulfato
en solucion durante la sintesis con respecto a las soluciones naturales, induciendo
al sulfato a formar este tipo de complejos en la superficie de la basaluminita
sintética.

El Al en basaluminita y felsbbanyaita presenta diferentes coordinaciones. Los
compuestos de Aly; con estructura Keggin podrian ser los precursores minerales de
la basaluminita, dado que ambas fases muestran Al en coordinacion tetraédrica
[AI(IV)]; aunque la basaluminita también presenta Al pentacoordinado [Al(V)].

La basaluminita tiene un dominio coherente de ~1.2 nm. Los datos de PDF
muestran que felsdbanyaita y basaluminita tienen unos patrones estructurales

similares en la region comprendida entre 1 y 6 A. Esto nos lleva a interpretar
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basaluminita como una felsébanyaita nanoparticulada. Sin embargo, el hecho de
que los ambientes geoldgicos de aparicion de la felsdbanyaita estan desconectados
de los de la basaluminita sugiere que esta Gltima podria ser interpretada como un
mineral diferente.

Los modelos estructurales realizados con simulacién Monte Carlo indican que la
basaluminita efectivamente esta formada por capas de Al octaédrico con posiciones
vacantes y un alto grado de deformacion angular y longitudinal de dichos
octaedros. El exceso de concentracion de sulfato esta relacionado a un incremento
relativo por las posiciones vacantes de Al en la estructura. Finalmente, la estructura
de la basaluminita no puede ser descrita por una Unica celda unidad, y debe de ser
entendida como una red extendida con gran cantidad de defectos estructurales que

impiden el desarrollo de una periodicidad mas alla de 1.2 nm.

En esta Tesis Doctoral, la basaluminita ha sido descrita como un nanomineral

estratégico en el comportamiento de metales en areas afectadas por AMD y ASS. Sin

embargo, este solo es el primer paso en el entendimiento de dicha fase y sus propiedades.

Es necesario llevar a cabo trabajos de investigacion méas profundos para entender como

ocurre el proceso de nucleacion y crecimiento, cual es la relacion entre los Alys con

estructura Keggin y la basaluminita, o qué ocurre con los elementos adsorbidos cuando la

basaluminita recristaliza a fases de aluminio mas cristalinas dado su caracter metaestable.
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Appendix

A.1l. CHAPTER Il SUPPLEMENTARY INFORMATION

In this appendix is displayed the physic (pH, dissolved oxygen, etc.) and chemical
(alkalis consume, metal(loid)s concentration through ICP-OES) of the titration and
oxidation experiments performed in Chapter Il (Tables A.1.1 to A.1.6). In addition,
pictures of experimental setup and precipitates evolution are showed as well (Figs. A.1.1
to A.1.4). The main S specie in solution in this experiment was sulfate (SO,%), although

the results showed in this appendix are expressed in elemental sulfur.
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Appendix

Oxygen Titration
detector burette

Figure A.1.1: Experimental setup in titration under anoxic conditions preformed in globebox. The oxygen
concentration was monitored throughout the experiment.
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Figure A.1.2: Basaluminite (left) and green rust (right) precipitates formed under anoxic conditions.

Figure A.1.3: Final precipitates of titration under anoxic condition previous exposing to atmospheric conditions
(left) and after 5 days under atmospheric conditions (right).
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Appendix

A.2. CHAPTER 11l SUPPLEMENTARY INFORMATION

In this appendix is showed the chemical information (ICP-OES results, isotherm
models, etc.) related to adsorption experiments preformed in Chapter 11l (Tables A.2.1 to
A.2.6). On the other hand, the F-test results and d-PDF of structural models with less fit to
experimental data is displayed as well (Tables A.2.7 to A.2.8 and Figures A.2.1to A.2.4).
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Appendix

Sch-As
------ M. inner sp.
B. M. inner sp.

— — B.B.inner sp.

Outer sp.

Normalize Intensity (a.u.)

R(A)
Figure A.2.1: As oxyanion models coordinate in monodentate (M. inner sp.; grey), bidentate mononuclear (B.
M. inner sp.; yellow), bidentate binuclear inner sphere (B. B. inner sp.; blue) and outer sphere (Outer sp.; red)
position onto schwertmannite. Experimental result is represented with black line.
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Normalize Intensity (a.u.)

162

Sch-As
------ M. inner sp.
B. M. inner sp.

— — B.B.innersp.

Outer sp.

o
R(A)
Figure A.2.2: Se oxyanion models coordinate in monodentate (M. inner sp.; grey), bidentate mononuclear (B.
M. inner sp.; yellow), bidentate binuclear inner sphere (B. B. inner sp.; blue) and outer sphere (Outer sp.; red)
position onto schwertmannite. Experimental result is represented with black line.
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Bas-As

------ M. inner sp.
B. M. inner sp.

= = B.B.innersp.

Outer sp.

Normalize Intensity (a.u.)

R (A)
Figure A.2.3: As oxyanion models coordinate in monodentate (M. inner sp.; grey), bidentate mononuclear (B.

M. inner sp.; yellow), bidentate binuclear inner sphere (B. B. inner sp.; blue) and outer sphere (Outer sp.; red)
position onto basaluminite Experimental result is represented with black line.
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Bas-As

------ M. inner sp.
B. M. inner sp.
= = B.B.innersp.

Outer sp.

Normalize Intensity (a.u.)

R(A)
Figure A.2.4: Se oxyanion coordinate in monodentate (M. inner sp.; grey), bidentate mononuclear (B. M. inner

sp.; yellow), bidentate binuclear inner sphere (B. B. inner sp.; blue) and outer sphere (Outer sp.; red) position
onto basaluminite. Experimental result is represented with black line.
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Appendix

A.3. CHAPTER IV SUPPLEMENTARY INFORMATION

In this appendix is showed the chemical information of solid samples (Table A.3.1)
and parameter obtained in EXAFS (Table A.3.2) and RMC (Table A.3.3) models related
to structural study performed in Chapter V. On the other hand, the »? evolution, S(Q) and
G(r) obtain in the different structural models run in RMC are displayed as well (Figures
A.3.1t0 A.3.18).
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Figure A.3.1: (a) *evolution, (b) S(Q) and (c) G(r) modeled with RMC of the Fels1 [1,1,1] final structure.
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Figure A.3.2: (a) *evolution, (b) S(Q) and (c) G(r) modeled with RMC of the Fels1 [2,2,2] final structure.
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Figure A.3.3: (a) ¥* evolution, (b) S(Q) and (c) G(r) modeled with RMC of the Fels1 [3,3,3] final structure.
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Figure A.3.4: (a) x*evolution, (b) S(Q) and (c) G(r) modeled with RMC of the Fels2 [1,1,1] final structure.
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Figure A.3.5. (a) »*evolution, (b) S(Q) and (c) G(r) modeled with RMC of the Fels2 [2,2,2] final structure.
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Figure A.3.6. (a) ¥*evolution, (b) S(Q) and (c) G(r) modeled with RMC of the Fels2 [3,3,3] final structure.
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Figure A.3.7: (a) ¥’ evolution, (b) S(Q) and (c) G(r) modeled with RMC of the Fels3 [1,1,1] final structure.
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Figure A.3.8: (a) x*evolution, (b) S(Q) and (c) G(r) modeled with RMC of the Fels3 [2,2,2] final structure.
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Figure A.3.9: (a) ¥’ evolution, (b) S(Q) and (c) G(r) modeled with RMC of the Fels3 [3,3,3] final structure.
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Figure A.3.10: Cross section parallel to (a) plane a-c, and (b) b-edge of the Fels1 [1,1,1] final structure.
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Figure A.3.11: Cross section parallel to (a) plane a-c, and (b) b-edge of the Fels1 [2,2,2] final structure.
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Figure A.3.12: Cross section parallel to (a) plane a-c, and (b) b-edge of the Fels1 [3,3,3] final structure.
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Figure A.3.13: Cross section parallel to (a) plane a-c, and (b) b-edge of the Fels2 [1,1,1] final structure.
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Figure A.3.14: Cross section parallel to (a) plane a-c, and (b) b-edge of the Fels2 [2,2,2] final structure.
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Figure A.3.15: Cross section parallel to (a) plane a-c, and (b) b-edge of the Fels2 [3,3,3] final structure.
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Figure A.3.16: Cross section parallel to (a) plane a-c, and (b) b-edge of the Fels3 [1,1,1] final structure.
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Figure A.3.17: Cross section parallel to (a) plane a-c, and (b) b-edge of the Fels3 [2,2,2] final structure.
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Figure A.3.18: Cross section parallel to (a) plane a-c, and (b) b-edge of the Fels3 [3,3,3] final structure.
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