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Abstract

Scandium, yttrium and lanthanides (REE) are critical raw materials in increasing demand for
modern technology, so identifying and developing new sources of REE has become a pressing
need. REE concentrations in acid mine drainage (AMD) are several orders of magnitude higher
than those in natural water, and their recovery is of economic interest. Passive remediation
systems designed to minimize AMD impact on the ecosystem retain REE in solid waste, where
basaluminite, Al,SO4(OH)0'5H,0, is the mineral responsible for the scavenge. However, no
information about the retention mechanisms of REE is currently available in the literature. The
objective of the present work is to study the adsorption of lanthanides, yttrium and scandium
onto synthetic basaluminite over a pH range of 4-7 at room conditions. Since sulfate is
ubiquitous in AMD, the adsorption has been investigated with variable sulfate concentrations.

Experimental results show that sorption onto basaluminite is strongly dependent on pH,
starting at pH 5 for lanthanides and yttrium and at pH 4 for scandium. At any given pH values,
sorption increases with sulfate concentration. Distribution coefficients, defined as Kp =
[REEsorbed]/[REEsotion], are higher for Sc, and across the <lanthanide series, the distribution
coefficients increase from La to Lu according to decreasing ionic radius, where yttrium is
considered close to Ho. Experimental results were modeled using a sorption model that
considers mass law equations where the strong sulfate aqueous complex, MSO,", is adsorbed
by exchanging a proton with the mineral surface. The dependence of the experimental results
on pH suggests the formation of monodentate binding for Y and lanthanides. The bidentate
complex for Sc is deduced by the two proton exchange per mol of Sc extracted from the
experiments. The thermodynamic constants for the surface complexation reactions were
obtained from experiments with high sulfate concentration and were successfully applied to
the experiment with low sulfate content and different solid-liquid ratios. Therefore, the model
can be applied to interpret the REE geochemistry in natural systems with variable pH and
sulfate concentrations.

Keywords
Sorption model, scandium, yttrium, lanthanides, fractionation, sorption edge, non-electrostatic
model, monodentate surface species.



1 INTRODUCTION

In the last two decades, there has been an increasing interest in REE, referred to here as the
lanthanide series plus yttrium and scandium, due to their high demand in modern industries.
The low supply is due to limited REE mining to find new sources of REE (Alonso et al., 2012;
Hatch, 2012). Moreover, as a consequence of this industrial activity, new potential pollution
sources of REE in natural waters have also emerged (Pagano et al., 2015; Isildar et al., 2018).

Noack et al. (2014) presented a comprehensive study of the REE distribution in groundwater,
lakes, rivers and oceans. In particular, REE concentrations in acid mine drainage (AMD) are
several orders of magnitude more abundant than other natural water. From the forensic point
of view, the REE distribution pattern normalized to the North American Shale Composite
(NASC), has been used to prove the impact of Acid Mine Drainage (AMD) in groundwater,
rivers and estuarine environments (Delgado et al., 2012; Grawunder et al.; 2014; Morgan et al.,
2016; Li and Wu, 2017; Bonnail et al., 2017). It is generally recognized that the REE
concentration in water is largely controlled by solid surface.and agueous solution chemistry
(Quinn et al., 2006a,b and references therein).

REE fractionation between minerals and AMD has been studied since the early 1990s as rock
weathering (Auqué et al., 1993, Gimeno et al., 1996) and in mining areas (Gammons et al.,
2003). Verplanck et al. (2004) observed REE scavenging from AMD by hydrous ferric oxides as
the pH increased to 5.1 due to the water mixing. Similar results were observed by Gammons et
al. (2005a,b) when volcanic acidic water mixed with a tributary with neutral pH and the pH
increased from 4.3 to 6.1, and when an acidic creek was mixed with a tributary river with
circumneutral pH. There, mixtures of ferric and aluminum secondary precipitates were
described as being responsible for REE scavenging, yielding Heavy REE (HREE) enrichment in
the solids. Similar observations were made by Ferreira da Silva et al. (2009) in the AMD of the
Lousal Mine (S. Portugal), where a decrease in REE concentrations was observed as the pH
increased from 3 to 6 due to the confluence with a tributary stream. All the aforementioned
studies suggested sorption mechanisms on Fe and Al hydroxysulfates as responsible for REE
retention. Therefore, interaction with the most relevant solids formed in AMD environments,
schwertmannite (FegOg(OH)sSO,) and basaluminite (Al,SO4(OH).0.5H,0), is expected to play a
relevant role in the characteristic water lanthanide distribution pattern.

On the other hand, the treatment of AMD in neutralization plants results in a high amount of
sludge made up of schwertmannite and basaluminite. Due to its high water content, the
disposal and storage of this waste represents a major operating cost and environmental
concern for coal and metal mining operations (Ackman, 1982; Viadero et al., 2006). Similarly,
passive mediation systems neutralize AMD by intercepting its natural flux with a permeable
filter of limestone (Caraballo et al., 2011). Along this process, sequential precipitation of
schwertmannite and basaluminite occurs, causing two well differentiated layers of the solids.
Basaluminite retains Sc, Y and lanthanides in the system when it forms at pH values from 4.5 to
6 (Ayora et al.,, 2016). The REE concentration in basaluminite ranges from 2 to 12 umol/g,
depending on the REE values in the input, and these concentrations are comparable to the
grades found in REE deposits and exploration targets (Berger et al., 2009). Despite the fact that
schwertmannite precipitates before basaluminite (from pH 3-3.5), it does not retain REE.



Therefore, a detailed understanding of the mechanism responsible for selective REE
scavenging is necessary.

Currently, most REE sorption and fractionation studies have focused on hydrous ferric and
manganese oxides in marine water (Byrne and Kim, 1990; Bau et al., 1996) and interactions
between synthetic marine water and manganese and ferric oxides (Koeppenkastrop and De
Carlo, 1992; Pourret and Davranche, 2013). Differences in solid origin and water source result
in distinct fractionation. Light REE (LREE) enrichments were observed in silica phases (Byrne
and Kim 1990) as well as in synthetic MnO, and a-FeOOH solids (Koeppenkastrop and De Carlo,
1992). In contrast, HREE enrichment was observed in synthetic FeEOOH and MnQO, (De Carlo et
al.,, 1998) as well as hydrogenetic Mn-Fe crusts (Bau et al.,, 1996). With application to
continental water, Liu et al. (2017) developed a surface complexation model (SCM) to interpret
REE sorption in iron hydroxide. Additionally, other studies focused-on REE interaction with
organic matter and its affection with the organic acids of soils (Tang and Johannesson 2003;
Verplanck et al., 2004; Pourret and Martinez, 2009).

Aluminum phases are not as common as ferrous oxide phases, and there are few studies
related to the REE uptake for aluminum oxides. For example, the uptake of Eu and Yb by
alumina (Al,O3) at varying pH has been studied by soil scientists as an analogue for actinides in
nuclear waste disposal. Experimental sorption edges for Yb and Eu(lll) onto alumina were
reproduced by Marmier et al. (1997) and Rabung et al. (2000), respectively, using an SCM. In
all of the studies, the REE sorption is dependent on pH.

In addition to pH, sulfate has the potential to change the sorption behavior of REE and other
metals in AMD systems. Indeed, aqueous sulfate complexes are predominant in AMD over a
wide range of pH values (Gimeno et al., 2000), and sulfate is a major constituent of the Fe and
Al solid phases, schwertmannite and basaluminite. Therefore, sulfate is expected to play a
major role in aqueous-solid partitioning. Despite their key role in AMD geochemistry, no
experimental or modeling studies of REE sorption for these two minerals have been
investigated. <In -this study, we present experimental results for adsorption of REE onto
synthetic _basaluminite as a function of pH and two different sulfate concentrations. To
understand the REE sorption mechanism onto basaluminite, a surface complexation model is
proposed from a sorption experiment with sulfate and subsequently validated with a second
experiment at very low sulfate concentration.



2 Materials and methods

2.1 Experimental part

2.1.1 Preparation and characterization of synthetic basaluminite

Basaluminite was synthesized following the method described by Adams and Rawajfih (1977)
by adding 214 mL of 0.015 M Ca(OH), to 30 mL of 0.05 M Al,(S0,)3-18H,0; both commercial
reagents. The resulting solid was washed several times with Milli-Q water to remove the
coprecipitated gypsum, and dried for 2 days at 40°C. As shown by X-ray diffraction (XRD), the
resulting solid was free of impurities (Fig. SI-1).

The specific surface area was obtained by the BET-N, sorption method, using a:Micromeritics
Gemini V analyzer The sorption site density was calculated based from the crystal structure of
felsobanyaite, with a local order similar to that of basaluminite (Farkas and Pertlik, 1997,
Carrero et al., 2017).

2.1.2 REE sorption as function of pH and sulfate

Two sets of batch experiments were performed to study the SO, dependence of REE
adsorption onto synthetic basaluminite as a function of pH: low and high sulfate
concentration. Two stock solutions were prepared from an ICP standard mix (Merck) of 16
elements —excluding Pm- with Milli-Q water (the total REE in the stock solution was 123.3 uM).
The first stock solution consisted of 1 mg/L of each REE, whereas the second stock solution
contained 1mg/L of each REE plus 20 mg/L Na,SO,. The initial pH of the stock solutions was
2.5. A sequence of 10 mL aliquots of each stock solution were adjusted to a desired pH range
of 4.5-7 via addition of a 0.05 M NH,0H solution. The first set of experiments was carried out
by adding 10 mg of synthetic basaluminite to each aliquot of the first stock solution. Despite
aqueous sulfate is initially absent, this set of experiments will hereafter be referred to as a low
sulfate (0.5 mM SO,) due to the release of small amounts of sulfate adsorbed in the synthesis
of basaluminite (see chapter 3.2). The second set of experiments was similar to the first one,
but using the second stock solution (20 mM SQ,). Finally, a third set of batch experiments with
a different solid:liquid ratio was performed to test the validity of the model developed. It
consisted of suspensions of 10 mg of synthetic basaluminite in 40 mL of the second stock
solution (20 mM SO.,).

The solid was added to each solution and the suspensions were shaken for 6 hours at room
temperature. Previous kinetic experiments were performed at pH 6-6.5, and maximum
adsorption was reached at 6 hours and continued from there on. Similar results were obtained
by Koeppenksastrop and De Carlo (1992) with fast REE adsorption onto MnO,, hydroxyapatite
and goethite and amorphous FeOOH, reaching an uptake of 60-90% of the initial dissolved REE
in 4 hours. Due to basaluminite instability (Lozano et al., 2018), equilibrium times longer than 6
hours were not used. Each pH was readjusted to the initial value after basaluminite addition
because the pH drops when the mineral exchanges SO, with OH. Once the experiment
finished, the suspensions were centrifuged for 15 min at 4500 rpm (4150 RCF). The
supernatant was filtered through 0.22 um nylon membranes into test tubes. The filtered
supernatant samples were diluted fivefold with 1% HNOs;. The REE concentrations in the
solutions were determined by ICP-MS. Raw data from each experiment were corrected by a



dilution factor based on the amount of NH,OH added. The solids were dried at 40°C for 48 h.
The reproducibility of the experiments was determined by replication at pH 6.7. The error of
the final pH values was * 0.02. The sorbed fractions were calculated as follows:

Sorbed fraction = [REEJnial ~ [REE Jina (1)

[REE Jinitial

where [REE] is the concentration of each REE. Initial concentration was measured from stock
solution and final concentration in each different batch after experiment. The distribution
coefficients K, (L/kg) were calculated from the REE sorbed onto the solid per the concentration
of REE remained in solution and normalized per volume of solution and mass of solid (solid to
liquid ratio):

REE Jipitiai — |REE |g \ i
KD — [ ]mmal [ ]fmal . Ysolution (2)
[REE ]final Msolid

2.1.3 Analytical techniques

Measurements of pH values from filtered aliquots were made with a Crison® glass electrode
calibrated with buffer solutions of pH 2, 4, 7 and 9. Major cation (S, Al, and Na) concentrations
were measured by ICP-AES (Thermo Scientific — iCAP 6500, Radial acquisition) and REE (La,Ce,
Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Y and Sc) were determined with ICP-MS (Perkin-
Elmer®SciexElan 6000). The detection limits were 1.6, 1.0 and 4.3 umol/L for S, Al and Na,
respectively, and 0.2 pg/L for REE. The analytical precision error was estimated to be
approximately 5% for ICP-AES and 2% for ICP-MS measurements. Certified solutions (CPI
International-CCV standard 1-solution A) and two AMD laboratory standards supplied by P.
Verplanck (USGS), were intercalated within the samples to check the analytical accuracy. The
deviation from the recommended values was always lower than 5%, with the exception of Eu,
giving values 20% below the value reported by Verplanck et al. (2001).

The solid phase prior and after the sorption experiments was investigated by High Energy X-ray
Diffraction (HEXD) at the ID31 beamline at the European Synchrotron Radiation Facility (ESRF).

2.2 REE speciation

Chemical speciation of dissolved REE and surface complexation modeling was calculated by
PHREEQC code (Parkhurst and Appelo, 1999) using the database of Donnee
Thermoddem_V1.10 (Blanc et al., 2012). The database has been updated with the stability
constants at zero ionic strength and 25°C for the following inorganic complexes for lanthanides
and yttrium (M): MCO;", M(COs),” and MHCO5** (Luo and Byrne, 2004); MSO," (Schijf and
Byrne, 2004); MOH*" (Klungness and Byrne, 2000), M(OH),", M(OH);° (Lee and Byrne, 1992);
MCI** (Luo and Byrne, 2001); MF*, MF," (Luo and Millero, 2004); and MNO,** (Millero, 1992).
Solubility products for REE solids, M(OH); and M(OH);(am), were added from LLNL database
(Johnson et al., 2000) database and Spahiu and Bruno (1995). Scandium aqueous complexes,
Sc(OH)*, Sc(OH),", Sc(OH):°, ScSO,"; and the solubility product for Sc(OH); by Wood and
Samson (2006) were also added to Donnee Thermoddem V1.10 database. Equilibrium
constants for aqueous species are compiled in Table SI-1 of Supporting Information.



3 RESULTS

3.1 Basaluminite characterization

The BET method measured a specific surface area of 68 m?/g. The potentiometric titrations of
synthetic basaluminite have been attempted at three different ionic strengths, 0.1, 0.02 and
0.005 M of NaNO;, However, the mineral is proved to release sulfate and transform into
nanoboehmite as OH’ is incorporated to the solution (Lozano et al., 2018). This behavior
prevented the acquisition of consistent titration curves and their prediction with current
electrostatic models. Therefore, the surface properties could not be obtained. Then, the site
densities were calculated from crystal structure of felsébanyaite, as basaluminite presents
similar local order, as stated by Farkas and Pertlik (1997) and Carrero et al. (2017). The single
coordinate sites (one oxygen atom linked to one Al atom) calculated were 4.94, 4.24 and 4.70
nm? for the 100, 010 and 001 faces, respectively, (5.5 sites/112.32 A” for (100), 6.25/147.38°
for (010) and 6.25/132.80 for (001)) from the unit cell of basaluminite, with a space group of
P,1. The average surface site is 4.60 nm™ (see Fig. SI-2 for structural details).

3.2 REE adsorption as a function of pH and sulfate

The chemical compositions of the initial and final solutions of the two sets of experiments with
1 g/L of solid:liquid ratio are compiled in Table SI-2. All final solutions were subsaturated with
respect to the REE hydroxides (Table SI-3), and, therefore, no REE hydroxide precipitation was
expected. All the final solutions except one were supersaturated with respect to basaluminite
(Saturation indices between 0.06 and 1.3).

Small amounts of dissolved sulfate were present in the final solutions without initial sulfate.
There, the amount of dissolved sulfate increased from 0.1 to 0.9 mM with increasing pH. This
is interpreted as the exchange of sulfate from basaluminite with OH groups from the solution
(Lozano et al., 2018). The experiments without initial sulfate will be hereafter noted as 0.5 mM
SQ,, indicating the-mean value.

Four elements were selected for representation: La as light REE (LREE), Lu as heavy REE (HREE),
Sc and Y. The two sets of sorption experiments with different sulfate concentrations showed
increasing REE sorption with pH (Fig. 1). The adsorption edges occur over a range of 2.0 to 2.5
pH-units. Lanthanides and yttrium sorption became significant at pH 5. However, the pH values
at which different REE are sorbed differ for each element. The sorption edges shifted to lower
pH values for HREE with respect to LREE, and preferential sorption of HREE over LREE was
observed. Scandium behaved differently, being scavenged at pH values considerably lower
than the rest, and sorption of Sc became significant at pH 4. Similar pH dependence was
observed in the experiment with 0.25 g/L of solid:liquid ratio. As expected, the sorption edges
are shifter to higher pH values (Table SI-4), as it will be commented in section 4.3.

The sulfate dependence of REE sorption is more evident by plotting the results of both
experiments together by element (Fig. 2). REE sorption is greater when sulfate is present in
solution along the entire pH range studied. Sorption enhancement varies with the pH range for
each element. For instance, at pH 5.4 the sorption fraction for the higher sulfate in solution is
0.2 points higher for Lu, 0.1 points for Y, 0.1 for Sc and 0.05 for La. This enhancement increases
at pH 6: for Lu (0.3 points higher) and for Y (0.2 points) but decreases for Sc (0.05) and for La,



which has the same sorbed fraction. The effect for the enhancement of REE sorption with
higher sulfate concentration has also been observed for other trace metal sorption, such as Cu
and Pb, onto ferrihydrite and schwertmannite (Webster et al., 1998; Baleeiro et al., 2018).
Webster et al. (1998) concluded that the enhanced sorption of Cu onto iron (Ill) oxy-hydroxy
sulfate observed with higher sulfate in solution was due to the formation of ternary complexes
with a ferric surface site, e.g., =FeOHCuSO,. Similarly, Baleeiro et al. (2018) pointed out that
these kinds of ternary surface complexes could explain the strong affinity of these trace metals
with schwertmannite.

Values for the distribution coefficient (Kp) were calculated by Eq. (2) and are presented for the
lanthanide series in Fig. 3. At pH values lower than 5, the distribution patterns are almost flat
and from pH 5 upwards, when the sorbed fraction is significant, log K, patterns reflect HREE
enrichment relative to LREE in the solid phase (Fig. 3), varying 1 unit-of log K, along the series
in both sets of experiments. Similar patterns were observed by Bau 1999 for their
coprecipitation experiments of REE and Fe at low pH values. Similar relative enrichment in
heavy lanthanides was observed in aluminum and ferric hydroxides precipitated in acidic rivers
after their neutralization via mixing with alkaline tributaries (Gammons et al. 2003, 2005;
Verplanck et al., 2004). Similar to those described by Masuda et al. (1987) and Bau (1996), the
fractionation patterns showed an M-type tetrad effect (where they can be subdivided into four
convex segments: from La to Nd, from Nd to Gd, from Gd to Ho and from Ho to Lu (Fig. 3). A
small positive Ce anomaly was observed only at low pH and low SO, concentration, possibly
due to a partial/total oxidation of Ce®* to Ce*, as Koeppenkastrop and De Carlo (1992)
proposed for the positive anomalies observed in vernadite. Yttrium has a similar ionic radius as
Dy and Ho and can be placed between them (not shown in the figure). For the different pH
values represented in Fig. 3, the log K, patterns show a negative Y anomaly. This anomaly is
expressed in Kp'/Kp™ and Kp'/Kp™ ratios below unity, which is observed along the pH range for
both sets of experiments with 20 and 0.5 mM sulfate concentration (Table SI-5). In the
experiments with low SO, concentration, Yb and Dy displayed negative anomalies that
attenuated as-the pH increased. These anomalies were absent at high sulfate concentrations.
In contrast, at higher sulfate concentrations, Er showed a negative anomaly at lower pH values
that was attenuated when pH increased and this Er anomaly was not observed with lower
sulfate  content. These anomalies are not previously described in similar
sorption/coprecipitation experiments using amorphous ferric hydroxides (Bau, 1999; Ohta and
Kawabe, 2000a; Quinn et al., 2006a).

4 Discussion

4.1 Aqueous speciation

The presence of sulfate in the solution affects the REE aqueous speciation since it strongly
complexes with REE (Gimeno et al., 2000). The proportion of sulfate complexes increases with
sulfate concentration and becomes predominant for SO, concentrations higher than 1 mM.
The rest of the aqueous complexes, MOH**, MCOs* and M(COs), are only significant at pH
values higher than 6.5 and low SO, concentrations, as represented for Y in Fig. 4A,B and
extended for the rest of lanthanides. Scandium speciation differs from the rest, where Sc
hydrolysis complexes are also significant at pH values higher than 4.6 (Fig. 4C,D). For Sc, there



is no information about the carbonate complexation in the literature (Wood and Samson
2006), possibly because ScCO5* formation is not thermodynamically favorable compared to the
formation of strong hydrolysis products.

4.2 Model description

Surface Complexation Models (SCM) are commonly referred to as providing chemical and
molecular descriptions of adsorption using equilibrium thermodynamics that can be applied to
different conditions (Goldberg, 1992). The common characteristics of these models are the
surface charge balance, electrostatic potential terms, as an effect of surface charge, and
several adjustable parameters: equilibrium constants, total number of reactive sites and
capacitance density.

In a non-electrostatic model (NEM), the electrostatic term is ruled out when the chemical
interaction of the cations adsorption is stronger than electrostatic forces in the sorption
process (Davis and Kent, 1990). For REE in particular, several works model the sorption
experimental data with NEM, and thus, discard the electrostatic term. Marmier and Fromage
(1999) reported a non-electrostatic surface complexation model to describe the sorption of
lanthanum in hematite. Tertre et al., 2008 described a non-electrostatic model for REE
adsorption on basaltic rock. Rabung et al., (2000) and Quinn et al., (2006a,b) also described a
sorption model for Y and lanthanides in amorphous iron hydroxides without taking into
account the electrostatic term. In our_case, the metaestable character of the mineral
precluded the full determination of basaluminite surface properties and thus, a non-
electrostatic model will be used.

On the other hand, models proposed for REE sorption on amorphous ferric and manganese
oxides, hematite, goethite, aluminum hydroxide and alumina are traditionally explained by the
sorption of free ions onto surface sites (Tochiyama et al., 1996, Rabung et al., 1998; Marmier
et al., 1997; Marmier and Fromage 1999; Quinn et al., 2006a). In the present work, owing to
the predominance of sulfate complexes in the aqueous phase, the experiments were initially
modeled by the reaction of the aqueous sulfate complex MSO," with surface sites. This result is
consistent with the observation of higher adsorption in the experiments with the SO,-rich
solutions (20 mM). In the case of Sc, in addition to ScSO,", the aqueous speciation showed a
higher stability of the hydrolysis species Sc(OH)** in the experiments with lower sulfate
concentration (Fig. 4C,D), and the sorption of this aqueous species was also considered.
Although experiments were conducted at room conditions, carbonate complexation has not
been considered experimentally since the proportion of carbonate species is very low at the
experimental pH range (Fig. 4).

The sorption reaction is proposed as the exchange of the M** aqueous complex (M*" accounting
for MSO," and Sc(OH)*) with n protons from n surface sites represented by XOH:

M?* + nXOH = (X0),M?™ + nHT Ky (3)
The equilibrium constant Ky, of the reaction for each REE (M) would be:

B O EH:
M a2+ {(XOH 0

(4)



where ay,, and ay, are the activities of the aqueous complex and proton, respectively; and
{(X0),M*"} and {XOH} account for the mole fraction of the sorbed species ([(XO).M*"]/[Txon)
and the free surface sites ([XOH]/Txon), respectively.

A total surface site concentration Tyoy of 516 umol/kg was obtained from the basaluminite site
density of 4.6 site/nm™, the specific surface area of 68 m?/g. The concentration of free surface
sites was calculated as:

[XOH]= Txon - 2n [(X0),M*"] (5)

The value of the equilibrium constant Ky, for each element was obtained with data from the
experiment with 20 mM SO,, except for the case of the species Sc(OH)**, which was obtained
from the experiment with 0.5 mM SO,.

Thus, replacing the molar fraction by their values, taking logarithms of Eq. (4) and rearranging
the order we obtain a linear expression (Eq.6):

lo,gr%logiii= log Ky + n pH + nlog[XOH] — (n — D)logTxon (6)
MZ
For low occupancy of surface sites, [XOH] and Tyoy are practically coincident and Eq. 6 can be
approximated as:
log[(xoa)“—lvi_] = log Ky + n pH + log Txon (7)
MZ
Therefore, the equilibrium constants determined here (KyTxon) are those referred to as the K;
according to the model 3 proposed by Wang and Giammar (2013).

By plotting the experimental data according to Eq. (6), linear correlations were obtained.
Except for Sc, the slope of the regression was close to 1, where only La showed a slope value
below 1. For the rest of lanthanides, the slopes were higher than 1 and increased progressively
from LREE to HREE, reaching up to 1.3 (Fig. 5). A slope close to 1 suggests that the sorption
occurs as.a monodentate complex as indicated by the Eq. 3 (Rabung et al., 1998 and 2000).
Similar observations were obtained by Rabung et al. (2006), after fitting EXAFS spectra of a y-
Al, O3 sorbed with Lu, where Lu formed a monodentate inner sphere complex.

Unlike Y and the lanthanides, the log Kp-pH regression for ScSO," data from the 20 mM SO,
experiment resulted in a slope close to 2 (2.37) (Fig. 6A). Similar results were observed for
Sc(OH)*" with a slope of 1.90 from the experiment with 0.5 mM SO,, where it was the major
species (Fig. 6B). In both cases, a slope of 2 suggests exchange with two surface protons and
formation of a bidentate surface complex for both aqueous species. Despite the fact that
Sc(OH)," was predominant at pH 5.5, this aqueous species provided a very low slope and
poorer correlation (not shown), and was not considered a sorbed species.

To obtain surface sorption constants, the regression slopes were forced to 1 for yttrium and
lanthanides and to 2 for Sc via the Gnuplot v5.00 software (Williams and Kelley, 1986) using
experimental data with higher sulfate content in solution. The resulting log Ky, was obtained as
the intercept. The error of the regression calculation was larger and enclosed the analytical
error, and it was assumed to be the error of the log Ky value. The log Ky values and the



regression errors for surface complexation reactions for all REE are listed in Table 1. Apart
from values for Sc complexation, the equilibrium constants increased from -2.48 to -2.19 from
La to Lu, indicating higher HREE than LREE affinity for the basaluminite surface. These log Ky
values are close to those obtained by Quinn et al. (2006a) for complexation of free REE ions
onto ferric oxide surfaces.

4.3 Validation

Log Ky values conducted at high sulfate concentration (as above) were validated with results
from the experiment with lower sulfate content. In the case of Sc, the log Ky, of reaction (6),
obtained from the experiments with low sulfate content, was used to predict.of the sorption
edge curves for the 20 mM SO, experiment. The model results are plotted with continuous
lines in Fig. 7. Model results for each REE are plotted in Figs. SI-3 and SI-4.

A temperature of 25°C and a pCO, of 3.5 was considered to reproduce room conditions in the
sorption models. At higher pH values than 6.5 a mismatch between the modeled sorbed
fractions (solid lines in Fig. 7) and the experimental ones (symbols) for the experiment with the
lower sulfate content is attributed to the presence of dissolved carbonate species. Thus,
MCO;" species form and take part in the sorption process. To show the possible role of
carbonate complexes at pH higher than 6.5 and low sulfate concentration, the sorption of
MCO;" complexes has been included in the model. The equilibrium constants for the MCO;"
sorption reactions have been recalculated from those reported by Quinn et al. (2006b) for
goethite (Table SI-6). Including carbonate complexation, the model predicts sorption at near
neutral pH when lower sulfate is present in solution, supporting the role of carbonate
complexation at such particular conditions (pointed lines in Fig. 7).

As expected, the model reproduces the sorption edges in the experiment with 20 mM SO, (Fig.
7, left) well. Indeed, only adsorption very close or outside the experimental error is predicted
for La and Ce at some pH values below 6.0. Although worse, the model for the experiment
with lower sulfate content is also acceptable, and the predicted values in general fit the
analyses within experimental error (Fig. 7, right). A slight overprediction of the adsorption at
intermediate pHvalues and an underprediction at high pH values is systematically observed.

In addition to the sorption edges, the model also predicted the fractionation patterns of the
lanthanide group (Fig. SI-5) and the M-type tetrad effect, within experimental error. As
observed in the pH sorption edge curves, the model tends to underpredict the Ky values at pH
6.4. This is especially relevant for low sulfate concentration (Fig. SI-5B) and is attributed to the
increasing importance of MCO;" aqueous complexes at near neutral pH. In contrast, the model
tends to overpredict the values for the intermediate pH (between 5.5 and 6.5), particularly for
the intermediate lanthanides. The yttrium experimental Ky values are well predicted in all
cases. However, the model fails to predict other anomalies. For instance, the positive Ce
anomaly observed at pH values lower than 5.3 in the experiment without an initial sulfate
concentration is not reproduced. Similar observations were described in Bau (1999) for REE
scavenged in Fe oxyhydroxide at a pH lower than 5 and were attributed to a partial oxidation
of Ce(lll) at low pH. Similar poor fit was observed for the Er negative anomaly in sorption with
high sulfate in solution and, the Dy and Yb negative anomalies detected with lower aqueous
sulfate concentrations were not predicted by the model. In the latter case, no previous



descriptions of these anomalies have been reported and they might be related to an analytical
error for very low concentration.

The good fit between the predicted and measured Sc values confirms a good model prediction
as bidentate for this element. As observed in Fig. 7, the (X0),ScSO, complex predominates in
the experiment with 20 mM SO,, and the (X0),ScOH complex predominates in the experiment
with a low SO, concentration. Again, Sc behaves differently due to the stronger hydrolysis
effect than sulfate complexation. The higher ligand ratio for Sc may be due to its structural
characteristics. Lanthanide cations are larger than Sc*, and have coordination numbers
ranging from 8 (with a tricaped trigonal prism configuration) to 9 (with a distorted square
antiprism or dodecahedron configuration of the hydration sphere) (Lindgvist-Reis et al., 2000;
Rouse et al., 2001). On the contrary, Sc** (0.75 A) has an ionic radius closer to that of AI** (0.53
A), adopting an octahedral coordination (Lindqvist-Reis et al., 2006; Levard et al., 2018). This
fact leads to similar interatomic distances to oxygen, allowing the formation of complexes with
bidentate ligands. The different behavior of Sc suggests its potential segregation from the rest
of the REE.

Finally, the model was also tested with experimental data for a solid:liquid ratio of 0.25 g/L.
The results for four selected elements are included in Fig. 8 (the results for the initial ratio of 1
g/L are also included). The comparison between predicted and experimental values for the
complete set of REE is in Fig. SI-6. As expected, the model predicts lower adsorption for lower
solid:liquid ratio, showing a general consistency with experimental data. Comparing the
prediction along the lanthanide series with experimental sorption data, the model better
predicts HREE than LREE, where the predicted sorption was slightly lower than observed for La,
Ce and Pr. Interestingly, Sc sorption by means of bidentate complexes was satisfactory
predicted.
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Fig. 8. Comparison between experimental data (symbols) and calculated fraction (lines of the
sorption edge curves for Sc, Y, La and Lu at two different solid:liquid ratios (1 g/L the blue



symbols and 0.25 g/L the green ones) and 20 mM SO,. Calculations at 25°C and pCO, of 3.5,
including the carbonate complexation constants listed in Table SI-6.

5 CONCLUSIONS

This work shows that basaluminite has a high capacity to retain REE by an adsorption
mechanism, and this process is highly dependent on pH. Thus, REE sorption on basaluminite
starts to be significant between pH 5-5.5 for lanthanides and yttrium and from pH 4-4.5 for Sc,
depending on the solid:liquid ratio. Lanthanide fractionation also occurred from pH 5.3,
yielding the M-type tetrad effect and reflecting HREE enrichment onto the solid. These results
are analogous to the fractionation observed in Al and Fe oxide precipitates in'the confluence of
acid sulfate waters with natural streams and rivers and therefore could explain the mechanism
of REE retention in natural precipitates. As expected from the overwhelming importance of the
sulfate aqueous speciation (MSO,"), higher REE sorption was observed at higher sulfate
concentrations. These results confirm that aqueous speciation and sorption onto basaluminite
control the REE geochemistry in acid rock/mine drainages.

A non-electrostatic surface complexation model has been proposed to explain the sorption
mechanism. In the model description, sulfate plays a key role since the strong complexation
with REE leads to sorption of the aqueous sulfate complex MSO,", rather than the free ion M3
as commonly described by other authors for REE sorption in oxides. Thanks to experimental
data from the REE sorption experiment with high sulfate concentration (20 mM), surface
constants were calculated and validated with experiments with low sulfate concentration (0.1
to 0.9 mM) and a lower solid:liquid  ratio. Additionally, at near neutral pH and sulfate
concentrations lower than 1'mM, the sorption of the aqueous carbonate complex, MCO5",
should be considered when mixing with natural water.

This work presents for the first time sorption equilibrium constants for REE sorption onto
basaluminite, a very common mineral in mine discharge. Despite REE behaving as a group with
similar chemical properties and forming monodentate complexes, their ionic radii variy along
the series, and the different distances lead to slightly different positions on the basaluminite
surface. This is clearly observed with Sc, with a considerably smaller ionic radius than the other
REE, which forms bidentate surface links. Additionally, its aqueous speciation, with the
formation of stable hydroxyl species, makes Sc behave differently from the other REE and sorb
at lower pH values. This knowledge could help design REE separation mechanisms and isolate
cost-effective elements.
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FIGURE CAPTIONS

Fig. 1. Sorption edges of (A) sorption with 20 mM of sulfate, (B) sorption with 0.5 mM of
sulfate in solution. (Sc: squares, Y: triangles, Lu: circles and La: diamonds). Uncertainties in pH
measurements and in the sorbed fraction are considered as +0.02 and from +0.01 to +0.08,
respectively, indicated by error bars.

Fig. 2. Comparison of REE sorbed fraction dependence on sulfate concentration for four
selected elements. Sorption with 0.5 mM SO, in red squares and sorption with 20 mM SOy in
blue diamonds.

Fig. 3. Patterns of log K, values showing lanthanide M-type tetrad effect. (A) solution with 20
mM SO,; B) solution with 0.5 mM SO,. (log Kp>® = log Kp>* -2)

Fig. 4. Aqueous species distribution of Y and Sc with pH for a solution with 20 mM (A,C) and 0.5
mM (B, D) of sulfate at 25°C and atmospheric pCO,.

Fig. 5. Regressions obtained from the experimental data plotted as Eqg. 5. Measured pH values
and activities calculated from the final concentrations. XOH are free available surface sites.

Fig. 6. Regressions obtained from experimental data from Sc element plotted according the
linearized equations of reactions 6 for ScSO," (A) and for Sc(OH)," (B).

Fig. 7. Comparison between experimental data (symbols) and calculated fraction (lines) of the
sorption edge curves for Sc, Y, La and Lu of the experiments with 20 mM SO, (diamonds) and
with 0.5 mM SO, (squares). Continuous lines: total sorption, dashed lines: sorption of MSO,
species and pointed lines: sorption of MCO;". Calculations at 25°C and pCO, of 3.5, including

+

the carbonate complexation constants listed in Table SI-6.

Fig. 8. Comparison between experimental data (symbols) and calculated fraction (lines of the
sorption edge curves for Sc, Y, La and Lu at two different solid:liquid ratios (1 g/L the blue
symbols and 0.25 g/L the green ones) and 20 mM SO,. Calculations at 25°C and pCO, of 3.5,
including the carbonate complexation constants listed in Table SI-6.
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TABLE CAPTION

Table 1. Equilibrium constants for the formation of surface complexes (Ky of Eq. (3)) obtained
by fitting the experimental values. Concentration of the surface species calculated as their
molar fractions (i.e., Ky, is the K; value of Wang and Giammar (2013)). Surface site density was
4.60 nm™ and specific surface area 68 m?/g.

Element ?:):iflix Log Kysosy  Error
Sc (X0),5¢S0,” -5.19 0.08

(X0),Sc(OH) -5.81 0.09
Y XOYSO, -2.48 0.06
La XOLaSO, -2.95 0.08
Ce XOCeSO, -2.81 0.07
Pr XOPrso, -2.69 0.05
Nd XONdSO, -2.60 0.03
Sm XOSmSO, -2.48 0.05
Eu XOEuSO, -2.50 0.05
Gd X0GdSO, -2.50 0.04
Tb XOTbSO, -2.48 0.06
Dy XODySO, -2.37 0.06
Ho XOHo0S0, -2.40 0.05
Er XOErsO, -2.40 0.11
m XOTmSO, -2.27 0.08
Yb XOYbSO, -2.13 0.08

Lu XOLuSO, -2.19 0.09




