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Abstract. Although rare earth elements (REE) are now considered as emerging contaminants, the
mechanisms controlling the mobility of REE in geochemical systems remain elusive. The complexity and
multi-element characteristics of REE including potential synergistic and antagonistic interactions with
environmental surfaces make the prediction of REE fate in nature a challenging task. In this study, a
comprehensive set of batch and column transport experiments were conducted to examine the
interactions of REE group, as well as some co-occurring or chemically analogous elements (Sc, Y, Th and
U), with 100-300 um quartz sand particles. Results from batch experiments showed that middle REE
(MREE) and heavy REE (HREE) are preferentially adsorbed at low and high REE loadings, which showed
the occurrence of two different types of binding sites. A surface complexation model (SCM) has been
developed, which successfully predicted sorption of REE, Sc, Y, Th and U. Experimental and reactive
transport modeling evidenced the importance of the strong sites, and I «ehlighted the competitive
binding of MREE with other REE and Y for the quartz surface sites. These re -ults may have strong
implications for the development of new prediction tools for accurate 'v as ;essing the reactive transport
of REE in natural systems.

Keywords: rare earth elements; quartz; binding; mobility; me~an, a.



1 Introduction

Rare earth elements (REE) are a group of fourteen co-occurring elements (lanthanum, cerium,
praseodymium, neodymium, samarium, europium, gadolinium, terbium, dysprosium, holmium, erbium,
thulium, ytterbium, and lutetium) in surface environments. Their unique magnetic, optical and catalytic
properties make them extremely interesting for many applications such as hybrid vehicles, wind
turbines, laptops and smartphones (Anastopoulos et al., 2016; Drobniak and Mastalerz, 2022). Thus, the
demand and the production of these critical metals have surged over the past decades (Li et al., 2016),
which led to rising environmental concerns about their potential toxic effects on human health and
ecosystems (Langkau and Erdmann, 2020). Therefore, to assess the eco.~gical impacts of these emerging
contaminants, it is necessary to investigate REE transport mechanisms ;. na.ural ecosystems.

Adsorption is recognized as one of the key processes governing tt e trc nsport of REE in porous natural
systems (Henderson, 1984). Quartz being often considered as ¢ rep:csentative adsorbent in porous
media due to its abundance and chemical stability, several s’.uu.~s .nvestigated sorption of REE onto
quartz (Fairhurst et al., 1995; Kitamura et al., 1999; Tang and . ~!;annesson, 2005, 2010; Pitois et al.,
2008; Kar et al., 2011; Jin et al., 2014; Schnurr et al., 2032 Garcia et al., 2019; Karimzadeh et al., 2020).
However, the most of these studies focused on a sirzle ar 4 few REE although they generally co-occur in
natural systems and might compete with each ~.u.>r \>r adsorption processes. In addition, multi-REE
investigations are particularly interesting due . ~ t1e coherent evolution of their chemical behaviour with
the atomic number: “REE patterns”, whic. can be vbtained in adsorption studies by plotting the adsorbed
amount onto particles against their atomic ~'in.>er. REE are often considered analogues as they have
similar geochemical behavior and mainly ¢ xist as trivalent cations, except for Ce(lll) which can be
oxidized to Ce(IV) and Eu(lll) which ¢ n be reduced to Eu(ll) (Ohta and Kawabe, 2001; Davranche et al.,
2005; Liu et al., 2017). REE patten. " have been shown to probe surface complexation processes onto
heterogeneous surfaces of organic v~ miposition such as natural organic colloids (Marsac et al., 2010,
2013; Catrouillet et al., 2019, hac:.rial cells (Takahashi et al., 2005, 2010), algae (Zoll and Schijf, 2012),
and nanoplastics (Blancn e al. 2022). Furthermore, inorganic particles with homogeneous composition
can exhibit different bindiny, sites for metal ions, which leads to different REE patterns depending on the
physico-chemical conditions, such as in the case of iron hydroxides (Quinn et al., 2004) or manganese
oxides (Pourret and Davranche, 2013). The impact of site heterogeneity on REE patterns at the quartz
surface has not been investigated yet, although the results of two recent studies on single REE (Garcia et
al., 2019; Amiel et al., 2022) suggest the occurrence of two surface sites.

In most of the listed above studies have used the valuable information provided by REE patterns to
develop mechanistic surface complexation models (SCM). These models include detail understanding of
ions binding at the adsorbing surface-water interface and can predict ion adsorption under various
conditions, which includes surface site heterogeneity, pH, ionic strength and the presence of other ions
inducing competitive or cooperative adsorption processes (Xu et al., 2017; Cheng et al., 2019).
Mechanistic SCM can further be coupled with transport equation and can be valuable tools to account
for these various effects on adsorption in both geochemical speciation and reactive transport modelling



studies of contaminants in the environmental systems (Cheng et al., 2019; Zhou et al., 2022; Luo et al.,
2022). However, if column transport studies of REE in quartz sand is scarce, and mainly focused on a
single or few REE (Nagao et al., 1998; Warwick et al., 2000; Bryan et al., 2005; Yoshida and Suzuki, 2006;
Wang et al., 2020; Amiel et al., 2022), mechanistic SCM have also rarely been applied in reactive
transport modeling investigation of REE. Hence, it is important to develop a reactive transport model to
correlate molecular interactions of multi-element REE in static conditions with their macroscopic
transport in flow-through conditions.

In natural conditions, other elements might compete with REE. For instance, in Earth’s crust, REE exist in
ores and minerals together with other metals such as scandium, yttrium and naturally occurring
actinides such as thorium and uranium (Kursun et al., 2016). Particularl*, the chemical behaviour of Y is
very similar to Ho and therefore, is often included in the lanthanide series ‘as “REY”) (e.g. Bau, 1999;
Quinn et al., 2004; Pack et al., 2007). Sc is trivalent and its chemical b :hav our is often compared to that
of REE, although it exhibits a much smaller ionic radius (Balaram, ~u.12). U is a redox sensitive element,
with oxidation states ranging from +4 to +6 in natural systems ((ieL!"=’; et al., 2013; Altmaier et al.,
2013). It mainly occurs as uranyl ion (UO,”") in oxidizing conc’..;~n., which behaves as a cation with an
effective charge of +3.3 (Choppin and Rao, 1984; Geckeis et .' . 7.013), close to that of REE. Thiis a
tetravalent element, which is often considered as anale=nus to ocher tetravalent actinides (e.g.
U/Np/Pu(IV)) and Ce(IV) (Marsac et al., 2015, 2017). T.'~.ret ore, multi-element studies on REE might also
be extended to Sc, Y, Th and U for their compar~*ve ‘ransport behaviour, but also because of their
competitive effects on REE surface complexat.~n *o mineral particles.

In this study, the interactions of the REY gro.'n along with Sc, Th and U with 100-300 um Fontainebleau
quartz sand particles were thoroughly e: ar«.~ad under batch and dynamic flow-through conditions. In
natural systems, the aqueous concen*. *ic.> and fractionation of REY is highly pH-dependent, therefore,
experiments were conducted unde " a vide range of pH (3-7) and metal concentrations (1 and 5 ug L),
as well as under dynamic flow cc~di'ans. These experiments involved multi-metal ion conditions in
order to (i) account for their co.mpeition for quartz surface sites and (ii) test the capability of REE
adsorption patterns to prol e th » surface site heterogeneity of quartz particles. Different binding
mechanisms were expecte 1 tu occur depending on the experimental physical and chemical conditions,
which should lead to REE-~* artz pattern variability. The experimental metal ions adsorption data and,
especially REE patterns, were then utilized to build a new surface complexation model (SCM) that can
predict multi-metal ion pH and concentration-dependence. This knowledge is implemented to develop a
reactive transport model that can simulate multi-metal ion transport in flow-through systems.

2 Materials and Methods
2.1 Material

To ensure the purity of the materials, analytical grade chemicals were used. The REE stock solution
including Sc, Y, Th and U (10 mg L™ multi-element) was purchased from Inorganic Ventures. The
solutions were prepared in containers cleaned with 10% (v/v) HNO; for 24 h at 45 °C followed by soaking
and rinsing with ultrapure water (18.2 Q, MilliQ system, Millipore) for another 24 h at 45 °C to minimize
metal ions contamination. All experiments were conducted at room temperature.



Fontainebleau quartz sand (100-300 um) was purchased from Carlo Erba. The cleaning protocol for the
sand was previously described (Scheidegger et al., 1993; Hanna et al., 2014). Briefly, 1M HCl was used to
clean the quartz sand for 48 hours followed by rinsing with ultrapure water. Then the quartz sand was
treated with H,0, to remove any organic matter contamination followed by ultrapure water. Finally, the
guartz sand was oven-dried at 100 °C for 24 h and rinsed repeatedly with ultrapure water. A blank
experiment was made with 2 % HNO; and quartz sand, no REE were detected.

2.2 Batch experiments

The batch sorption experiments were carried out in 250 mL HDPE opaque reactors. The experiments
were conducted by adding 1 g of quartz sand in a 100 mL of a solution containing REE, Sc, Y, Thand U
simultaneously in 5 mM NaCl as a background electrolyte. The pH of th : solutions was adjusted to the
desired value by adding small volumes of HCl or NaOH (0.1 M) solutions. 1. @ pH meter (HACH Sension +
PH1) used was calibrated using the buffer solution of pH 4, 7 and 10. "his  alibration was made every
day before a series of pH adjustment or measurement of samples At r a given reaction time, the pH
was measured and an aliquot of the supernatant is taken for RF Z cu...entration determination. No
phase separation was required (e.g. filtration or centrifugati.n, hecause of the large size of sand
particles, which sediment very rapidly.

Two sets of experiments were conducted at various p 1 al-ies, with 1 and 5 ug L™ of each metal ion,
which corresponds to total metal ion concentration. ([M]) of 107 M and 7x10” M, respectively. The
kinetic experiment was conducted for a perio’. of ".4 hours, during which sampling was performed at
regular intervals. In this case, the sample was st . ~d with a magnetic stirrer. The pH sorption edge was
carried out in the pH range 3 to 7. Once prey ~red, solutions were shaken in an oscillating table for 24
hours after which the final pH meter rea liv.g *.as taken.

REE, Sc, Y, Th and U concentrations i.. solucion were measured using a Quadrupole ICP-MS (Agilent
Technologies 7700x). The concentr.*ions were determined using a conventional external calibration
procedure with multi-element ! soi .tions, acidified to 2% in nitric acid (HNO3), from 0.005to 2 u g L™
Rhodium solution was used as . n internal standard to correct the instrumental drift. The international
geostandard SLRS-6 wes « <eu *u check the validity and reproducibility of the results. Collision cell
technology with helium (He' gas, was used to limit or eliminate potential interferences (Yeghicheyan et
al., 2019). Typical uncertainties including all error sources were below +5% for all the trace elements.
The limit of detection and the isobaric interferences for all the groups of metal ions were calculated
following the procedure at Rennes previously mentioned in Davranche et al., (2004).

Percentage of metal ion adsorbed (%M.,q4) and distribution coefficient (Kg, L kg'l) were used to express
the metal ion adsorption onto quartz surface:

[M]tot - [M]aq
[M] ot

(1)

%Mads = X 100



[M]tot - [M]aq
7 X [Mlaq

Kq = (2)

|4

where [M];,: and [M],, refer to the total (initial) metal ion concentration and its concentration in
solution after phase separation, respectively, and m/V is the solid to liquid ratio expressed as mass of a
solid (in kg) in contact with a solution of a given volume (in L). Several physico-chemical conditions may
affect the Ky values such as pH, ionic strength, temperature, etc.

2.3 Column experiments

The sorption of REE onto quartz under flow through conditions was investigated using a liquid
chromatography system (Akta™ Pure) equipped with a fraction collectc - (F9-R). Previously cleaned 15 g
of Fontainebleau quartz sand was dry-packed in a borosilicate column (XK &, GE Healthcare) with an
internal diameter of 1.6 cm. The porous bed height was approximate. /5 ¢ n with a uniform bulk density
of 1.65 g cm™. The column was wetted upward with 5 mM NaCl sc.(ution at a pH of 5 at a flow rate of 0.1
mL min™, which corresponds to a flow velocity of 0.05 cm min™ Onc. the column was fully saturated, a
tracer test was performed with potassium bromide (KBr solt uc ~) \Figure S1) to identify the flow
characteristics which was described by the advection dispersio~ equation (ADE). KBr was injected at a
constant flow rate in a pulse mode; 2 mL of tracer solu*;21 followed by background electrolyte solution.
The homogeneous flow and the predominantly convac*.ve regime were confirmed after analysing the
breakthrough curve (BTC) using inverse modelir.g vit. HYDRUS 1D (Simdnek et al., 2013).

For the reactive transport, aqueous REY, Sc, Th ai.7 U, solutions containing 5 ug L™ of each metal (G,),
corresponding to 7x10”7 M of the total meta, ‘an concentration, with 5 mM NaCl at pH 5 were injected in
the column at a flow rate of 0.1 or 1 mL nia . 3amples of the outflow solution were collected by volume
of 5 mL in tubes of 18 mm diameter vvi.. tne fraction collector and the aqueous metal ions
concentrations (C) were measured usi.7 ICP-MS. This allowed to calculate the relative concentration
(C/C,) of each metal ion in the ouflo. * solutions.

2.4 Surface Compleyaticn and Reactive Transport Modeling

Surface complexation on y, ‘artz was modeled using PHREEQC version 2 (Parkhurst and Appelo, 1999).
The thermodynamic datak-.e “Minteq v4” was used. This database has been updated by incorporating
well-accepted stability constants at 0 M ionic strength and 25 °C for REY inorganic anion complexation
relevant to the present work including: (i) chloride (REYCI**, REYCI,") (Luo and Byrne, 2001) (i) hydroxide
(REYOH*, REY(OH),", REY(OH);) (Klungness and Byrne, 2000), (iii) bicarbonate and carbonate
(REYHCO,*, REYCO5" and REY(COs),") (Luo and Byrne, 2004). Th and U database is taken from Nuclear
Energy Agency (NEA) (Guillaumont et al., 2003). Sc hydrolysis constants are taken from Brown and
Ekberg, (2016). The reactions and the constant database for REY and Sc is provided in Appendix (Table
S1). Note that REY(OH)s ) precipitation along with Sc(OH)(), Schoepite and Th(OH)4) did not occur in
our experiments according to the model.

The surface complexation model in this study was derived from the model of Garcia et al. (2019). In this
model, two types of sites are considered: first type of sites (site x) shows an amphoteric behaviour



whereas the second type of sites (site y) only undergoes deprotonation. The total site density of x and y
sites equals 1 nm?and 3.7 nm?, respectively (Hiemstra et al., 1989; Garcia et al., 2019). All concerning
information are given in Table 1. Surface species concentrations are expressed with a mole fraction scale
in PHREEQC (Parkhurst and Appelo, 1999; Lutzenkirchen et al., 2015). A Basic Stern Model (BSM) is used
to define interfacial electrostatics of the system, with a capacitance of 2 F m™. The charge of H" ions is
placed at the surface (0-plane) whereas for ClI"and Na® the charge is located at the 1-plane. The charge
of REY, Sc, Th and U ions was distributed at the quartz/water interface between 0-plane and 1-plane, as
they form innersphere complexes with metal oxide surfaces (Dzombak and Morel, 1990; Rabung et al.,
1998; Schnurr et al., 2015; Wu et al., 2020). Outersphere complexation of these ions occurs in the
diffuse double layer, but this process appeared negligible compared to innersphere surface
complexation one. PhreePlot was used to estimate parameters for met | ions adsorption to quartz
(Kinniburgh and Cooper, 2009). Using a modified Marquardt-Levenbere oiocedure (Powell, 1965),
PhreePlot provides a statistical uncertainty for the estimated parame ers, vhich are reported in this
study. The surface area of the quartz particles could not be measi rea 1s it is very small, but was found
equal to 0.07 m” g* with Phreeplot, which is close to 0.05 m? g” est....ated from geometrical
consideration.

Surface complexation reactions at equilibrium were counle 4 wit,. advection dispersion equation
(equation (3)) in PHREEQC to simulate the breakthrou 't cL rves of the REY, Sc, Th and U in column. The
aqueous concentrations of the metal ions are governe 1 by the following advection-reaction-dispersion
(ARD) equation (Parkhurst and Appelo, 1999}

ac _ aC _ 9*C 0q

i, i < (3
3= Rt @

where Cis the concentration in wate’ (k. m °), tis time (s), v is pore water flow velocity (m s™), x is
distance (m), D, is the hydrodynamic a.-nersion coefficient (m®s™), and g is concentration in the solid
phase (expressed as kg m™ in the ~orcs). The numerical approach in PHREEQC follows the basic
components of ARD equation in ~ s)lit-operator scheme (Parkhurst and Appelo, 1999). First, advective
transport was calculated. fc llow :d by calculation of equilibrium controlled chemical reactions, and

dispersive transport. The cr "mical interaction term ‘;—'Z calculated separately from the transport part for
each time step is the sum of all equilibrium reaction rates.



Table 1. Model parameters: protolysis reaction and reaction of background electrolyte onto quartz
surface with a BSM (capacitance equal to 2 F m™). Surface site densities are 1 (site x) and 3.7 nm? (site
y). Surface area is equal to 0.07 m* g™ Present study revealed that y-type sites must be divided into

strong and weak sites with densities of 0.135 and 3.565 nm™, respectively (see section 3.3).

Surface reaction LogK Az, Az
Si,OH + H* = = Si, OH,* -13 +1 O
Si,OH ==Si,0" +H* -40 -1 O
Siy0~ + Na* == Si,ONa 1.9 0 +1

Si,OH,* + ClI" 2 =Si,0H,Cl 54 0 +1

Si,OH = = Si,0” + H* g5 10

Si, 0~ + Na* = = Si,ONa 15




3 Results and discussion
3.1 Adsorption of REY, Sc, Th and U onto quartz sand

Adsorption kinetics data showed that an equilibrium was reached within less than 8 hours (as illustrated
for Eu in Figure S2), and that adsorption kinetics followed a pseudo-second order model as shown in the
following equation:

koqat

=2t ()
koq.t+1

qe
where t is time (min), g;is the amount of adsorbed solute at time t (Ug sand ), Ge is its value at
equilibrium (Ug g.ng*) and k; is the pseudo-second order rate constant o..4 ug™ min™). The value for k,
determined for Eu (in the presence of the other REY, Sc, Th and U) by 1:z'ng ~ least-square fit approach
was found to (i) increase with pH at high loading ([M] = 7x10” M), fro.n 0.,61 (pH = 5.5) to 0.612 (pH
=6.5) Beang Mg~ Min™, (ii) increase with decreasing loading at pH = .5, 5 it reached 0.944 g ,.q pg™* min™
for [M] = 10”7 M. This showed that the rate and the extent of mtal ion uptake can be influenced by both
pH and initial metal ion concentration.

The adsorption of Eu onto quartz versus pH in the presencc of the other REY, Sc, Th and U in 5 mM NaCl
solution is shown in Figure 1a,b for the total metal ion ~onr entrations of 7x107 M and 10”7 M,
respectively. Adsorption data for some selected "Ft ' a, Ho and Lu) are also shown for comparison in
Appendix (Figure S3). As typically encountere. for cations adsorption onto quartz and metal oxides, REE
binding to quartz surface increased with pH (Dzor.%ak and Morel, 1990; Stumm and Morgan, 1996;
Rabung et al., 1998; Naveau et al., 2005; Garc~ et al., 2019). This is due to the intrinsic chemical affinity
of REE to quartz surface sites and the elec’ ro».atic attraction between negatively charged quartz surface
and positively charged metal ions (Ja fa e al., 2006; Garcia et al., 2019). For the high metal ion
concentrations (7x10” M, Figure 2+), t1. adsorption started at around pH 4 and reaches almost 95% at
pH 7. In addition, the pH-edge en\ ~lop did not have a simple sigmoid shape: the adsorption follows two
stages, hence suggesting the ~cc. ' ence of two distinct adsorption processes. These results are in
excellent agreement wi*h p -evic us studies (Garcia et al., 2019), where the formation of two surface
species were identified at It v and high pH involving different stoichiometric coefficients for the proton.
However, the present resuics show that the pH-edge envelop is concentration dependent, because the
adsorption increases more steeply with pH at low metal ion concentrations (10”7 M, Figure 1b) than for
higher ones (7x10” M, Figure 1a). This suggests involvement of a certain amount of high affinity sites at
the quartz surface, as previously observed for metal ions adsorption onto, for instance, hydrous ferric
oxides (Dzombak and Morel, 1990), hematite (Rabung et al., 1998), clays (Schnurr et al., 2015) and
goethite (Wu et al., 2020).
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Figure 1. Experimental and modele. Eu adsorption data onto quartz as a function of pH for total metal
ions concentration of (a) 7xxu ' M and (b) 107 M. Corresponding percentage of REE adsorbed as a
function of atomic nun . ~r \“RF - patterns”) at different pH values for total metal ions concentration of
(c) 7x107 M (d) 107 M. REE ‘4 patterns are shown in Figure S4. Experimental data are represented by
markers, whereas the soliu iines represent the surface complexation model results.

The REE patterns obtained at different pH values are plotted as percentage adsorbed against the atomic
number in Figure 1c,d, for 7x107 M and 107 M, respectively. A M-type tetrad effect can be observed
which shows that REE adsorbed predominantly by innersphere complexation (Takahashi et al., 2000,
2005). For high REE concentrations at low pH, middle REE (MREE) are preferentially adsorbed over light
(LREE) and heavy REE (HREE) (see Figure 1c, pH 5.15). However, REE pattern evolved at pH > 6, where
HREE are preferentially adsorbed over LREE and MREE. One possible reason for this variation in the REE
pattern could be the occurrence of a second type of surface complex that is prevalent at high metal ion



surface loadings and high pH values. Therefore, the surface complexation model should account for this
shift in the REE pattern likely arising from two distinct adsorption mechanisms. At low REE loading (see
Figure 1d), a single pattern increasing for MREE was observed for the whole investigated pH range. This
is in line with the hypothesis of the prevalence of a single type of REE surface complex at low surface
loadings. The occurrence of two surface complexation processes, corresponding to high affinity and low
affinity sites, may alter REE adsorption patterns, as previously observed for heterogeneous adsorbent
such as natural organic matter (NOM), nanoplastics or bacterial cells (Takahashi et al., 2005, 2010;
Marsac et al., 2010, 2011, 2021; Catrouillet et al., 2019; Blancho et al., 2022). For NOM, REE patterns
have been successfully applied to describe preferential adsorption of REE onto carboxylic and phenolics
or chelate binding sites, respectively (Marsac et al., 2010; 2011), which was affected by competition
with other cations such as AI** or Fe** (Marsac et al., 2012; 2013; 2021) Ir case of REE adsorption to
nanoplastics, REE patterns were shown to differentiate between low affini. * mono-dentate
complexation sites and high affinity bi-dentate complexation sites (Bl.'nch ) et al., 2022). Similarly, on
the bacterial cell walls, or organic matter of bacterial origin, REE f atte 'ns evidenced two different types
of binding mechanisms to carboxylate and phosphate groups (7 'kanushi et al., 2005, 2010; Catrouillet et
al., 2019). Therefore, REE patterns can be considered as imporw. Nt tools to highlight the presence of
various binding sites at the surface of natural adsorbents.
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Figure 2. Percentage adsorbe  foi" Sc, Y, Th and U onto quartz for total metal ion concentration of (a)
7x107 M and (b) 107 M.

Adsorption of REE was comy ared with the adsorption of Sc, Y, Th and U. The pH-edge envelop of Y
(Figure 2) showed a concentration dependence similar to REE, as evidenced by steeper adsorption
increase with pH at low metal concentration than at high metal concentration possibly due to the
presence of two distinct sites. This is consistent with the geochemically similar behavior of Y and Ho
(one of the REE) due to similar charge and ionic radii (1.019 A for Y*>* and 1.015 A for Ho>, both with a
coordination number (CN) of 8) (Shannon, 1976). By contrast, Scandium showed stronger adsorption
compared to REY. At pH ~ 4, the percentage of Sc adsorbed was 70 % and 50 % for low and high metal
concentrations, respectively (Figure 2). This can be explained by the smaller ionic radius of Sc**: 0.87 A
for CN = 8, which is a considerably lower value than Lu**, the smallest lanthanide (0.98 A with CN 8). Th
occurs as a tetravalent cation resulting in its strong surface complexation onto minerals including quartz
(Reiller et al., 2003; Geckeis et al., 2013). Finally, in aqueous solutions U (VI) is generally prevalent,
however under reducing conditions U (IV) can also exist (Fletcher et al., 2010). As the experiments were
conducted under oxidizing conditions U mainly exist as a uranyl ion (UO,*) in aqueous solutions, and



behaves as a cation with an effective charge of +3.3 (Choppin and Rao, 1984; Geckeis et al., 2013), which
may explain why its adsorption is generally stronger than that of REE. The present results for U are also
in agreement with previous studies (e.g. (Turner and Sassman, 1996; Prikryl et al., 2001; Davis et al.,
2004; Nair et al., 2014; Zavarin et al., 2022). Unlike REY, the pH adsorption edges of Sc, Th and U was
unaffected by metal loading within the present range of experimental conditions. This can be explained
by either (i) a preferential binding of these cations to the strong surface sites or (ii) similar binding
affinities for both weak and strong sites.



3.2 Transport of REE in sand columns

To assess the potential mobility of aqueous REY, Sc, Th and U, solutions containing 5 ug L™ of each metal
were injected through fixed-bed columns packed with quartz sand particles. The breakthrough curves
(BTCs) shown in Figure 3a for La, Eu and Lu, chosen as examples of LREE, MREE and HREE respectively,
show that REE did not break out before the injection of 40 pore volumes (PV). This delayed
breakthrough indicated that REE were strongly retained in the quartz sand column under flow-through
conditions. The total adsorbed amounts at complete breakthrough (La~ 0.007 umol m™, Eu ~ 0.008 umol
mZand Lu~ 0.005 umol m) were in close agreement with those expected from the batch sorption data.
Stronger adsorption of MREE in the column pushed the breakthrough point of Eu up to 47 PV compared
to 43 PV for La and Lu. Two distinct shapes in the BTC of REE were observed depending on the REE type.
For instance, La and Lu showed similar BTCs, while that of Eu exhibited . ‘ong tailing before a complete
breakthrough (i.e. C/Cy= 1) occurring at 113 PV. The relative concentr=..~n >r La and Lu exceeded 1
after their complete breakthrough at 59 PV, before decreasing back tc ©/7.,= 1 at around 80 PV. This
may result from a release of previously adsorbed LREE and HREE, -her¢ by suggesting preferential
adsorption of MREE, Sc, Th and U, onto the quartz surface. This “ompetitive adsorption may also explain
the extended tailing observed in the BTC of Eu, where Eu cr1tin. ed to adsorb and compete with La and
Lu for the surface sites of quartz. This could also be confirm2a . v the REE patterns in the column
effluent normalized to the inlet concentration (Figure sb'. Indeed, the REE patterns showed MREE
depletion with respect to LREE and HREE indicating vigi.2: retention of MREE and higher mobility of
LREE and HREE in the column. This pattern war sin ilar .o the inverted REE patterns obtained under
batch conditions at low REE concentration (see ."gure 1d). In fact, surface loadings in column were
comparable to batch data at low metal conicentrations (0.15 gmol m™for column vs. 0.12 umol m™ for
batch) (Figure S5). Hence, the same type o1 *Ek surface complexes could be expected in both systems,
which was characteristic of low metal '~ac.’»s under batch conditions.

The transport behaviour of Y was . >ry s.milar to that of the LREE or HREE, with the breakthrough point
at 43 PV and the complete breakti, *ough occurring at 59 PV. Similar to the batch results, the adsorption
of U in the column was stror.,~r .=an REY delaying the breakthrough until 56 PV. However, the complete
breakthrough was not 7 “hie ‘ed within the experimental timescale. For Th and Sc, the adsorption was
very strong in the dynamic ¢ >lumn experiment and thus no breakthrough was observed.

To check whether kinetic limitations took place under flow conditions, a ten-fold increase in the flow
rate (~1 mL min™) was tested (Figure $6). No significant change in the breakthrough point was observed
for all metals except for U (earlier breakthrough point). However, the BTCs of La, Eu and Lu showed an
extended tailing at higher flow rate, and no desorption of previously adsorbed elements has been noted
(i.e. ¢/Cy >1).
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3.3 Surface complexation and reactive transport modeling

According to Garcia et al. (2019), quartz surface exhibits two types of sites (x and y) but only cation
binding to y sites is considered. Present experimental results evidenced two distinct adsorption
mechanisms, suggesting that y-type sites must be divided into 2 subsets of high affinity and low affinity
sites, with identical reaction and constants with protons and background electrolytes (Table 1). At low
metal loading, REY formed a surface complex on the high affinity (or strong, “s”) sites (= Si,, ;OH) which
was more prevalent at low pH values (Table 2). At higher metal loading, REY formed a complex involving
low affinity (or weak, “w”) sites (= Si,,,,OH). Both of these innersphere surface complexation reactions
could be expressed by the following generic reaction:

2(= Siy/wOH) + REY3* 2 (= Siy ), 0),REY* + 2H* (5)

The surface complexation reaction differed from that of Garcia et al., (20.9), where two surface species
involving different stoichiometries for H* were used. This is due to .~ 1uct that strong and weak sites
were considered in the present work, contrary to Garcia et al., (20 9) "vhere the two surface
complexation processes had to be distinguished by different »~ac:ians. For Sc, surface complexation
reaction involving a hydrolysed surface species was conside, ~d:

2(= Si,OH) + Sc3* + H,0 = = 5i,,0),Sc(OH) + 3H* (6)
The adsorption of Th was assumed to involve th.c 2™ i «drolysis expressed as:
2(5 SiyOH) + Th*t + 2H,0 = (= Siy0),Th(OH), + 4H*  (7)

This did not exclude the formation of les; by ‘rolysed Sc or Th surface species, but they might prevail at
lower pH values than those presently ... ‘es gated. Finally, to account for the U(VI) adsorption onto
guartz a single reaction was used, <im'arly to that of REY:

2(= Siy0H) + U0,* = (= 5i,,0),U0, + 2H*  (8)

To decrease the numbe " of ~dju.table parameters, it was assumed that the REE pattern of the surface
complexation constants wit, strong and weak sites had the same shape as the patterns recorded in
column and in batch at hign surface loading, respectively. Column REE pattern (C/C,) at pore volume 52
(denoted C/Cy py=s52) and log Ky pattern at pH = 6.7 and [M] = 7x10” M (denoted Kasnign) were
respectively selected for that purpose:

log Ksprge = a X C/Copy=s2 +b (9)
log Ky ree = ¢ X log Kgpign +d  (10)

Where qg, b, c and d are adjustable parameters of the linear relationships (a =-0.22 + 0.06, b =-2.63 +
0.11,c=0.72£0.06,d =-9.12 £ 0.25). The log K values for Sc, Y, Th and U along were fitted individually.
For Sc, Th and U, the present experimental dataset did not allow us to include high affinity and low
affinity sites. Therefore, same surface complexation constant values were assumed at both sites. Final
site densities were found equal to 0.135 nm™ and 3.565 nm for strong and weak y-type sites,



respectively. For reactions concerning REY, the charge variation at the 0- and 1-planes (Azy; Az;) was
determined together with the surface complexation constants during the fit with Phreeplot. The charge
variation of Sc at 1-plane was constrained based on the Az, value of the REY with an addition of -1
charge to account for the charge of hydroxide ion. The same reasoning was applied for Th where -2
charges are placed at the 1-plane. For U, Az, value was set equal to that of the REY.

Results of the fit with Phreeplot are shown in Figures 1 and 2. Overall the model predicted relatively well
the effects of pH and surface loading on the adsorption on each of the studied cations and, hence, of
REE adsorption patterns. Simulations of the surface speciation revealed that, at low metal loading
(Figure 1b), REY adsorption processes were controlled mainly by the few strong sites at pH < 5.7. Above
this pH value, the strong sites became saturated and competition betwren weak and strong sites
occurred. At higher metal concentrations (Figure 1a), REE adsorption oc.. "red at the strong sites at low
pH values, until strong sites are saturated. When pH increased, the ac sor, tion of REE was controlled by
the weak sites. This shift from the strong to weak sites with pH cor. < 9u.ding to two distinct adsorption
mechanisms was evidenced by the change in the slope of the pt: s. rot.on edge at pH = 5.7. The
corresponding change in the REE pattern from MREE prefere~*ia) ~dsorption at strong sites to HREE
preferential adsorption at weak sites was also well captureu ‘Figiire 1c,d). Because the same binding
constants were assumed for strong and weak sites for Sc. T.1 anu U, only one type of surface species
could explain the whole adsorption behaviour. The mu l+;-e’2ament REE SCM developed in this study also
predicted relatively well literature data of Eu sorntic ~ onto quartz Garcia et al. (2019) (Figure S7), when
accounting for the effects of high ionic streng’ a wi.h the Pitzer equation (included e.g. in the THEREDA
database (Moog et al., 2015)).

Using the batch-derived surface compleyat:on uvarameters (see Table 2) and the hydrodynamic
parameters defined by the tracer bre~!-+hi ~'.gh, the reactive transport model developed in PHREEQC
could well describe the experimenta: RTCs (see Figure 3a). Only a slight adjustment of the surface
complexation constant was mad-~. L ' reducing the log K of all REY values by 0.5, which is close to the
range of uncertainty. The 1-D t-ans),ort model captured many of the observed features, namely: (i) the
breakthrough points for RE’, (1, the extended tailing for MREE, and (iii) the desorption of LREE and HREE
induced by competitio wth I."REE resulting in C/C, >1. The model, however, overestimated the
sorption of U in the column s no breakthrough was observed in the model. This might be due to kinetic
limitations that may cause earlier breakthrough for U. Indeed, varying flow rates or residence times in
the column have influenced the BTC of U, yet no significant change in mobility behaviour was observed
for the other metals.

Overall, the model was able to predict correctly the strong adsorption behaviour for Sc and Th in the
column. The REE pattern predicted by the transport modeling (Figure 3b) fitted well the experimental
data, confirming that MREE are preferentially adsorbed. This study demonstrated that transport
modeling using hydrodynamic parameters defined by the tracer breakthrough experiment and the
surface complexation reactions involving strong and weak sites could be successfully used to predict not
only the mobility of REE through quartz, but also the competition between different REE for surface
sites.
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Table 2. Surface complexation model parameters for REE and Sc, Y, Th and U sorption onto

Fontainebleau quartz sand.

Surface species

Log K of the weak sites

Log K of the strong sites

AZO A21

(= Siy0),La*
(= Si,0),Ce*
(= Si,,0),Pr*
(= Si,0),Nd*
(= Siy0),Sm*
(= Siy,0),Eu*
(= Siy0),Gd*
(= Si,0),Tb*
(= Si,0),Dy™
(= Si,0),Ho™
(= Si,0)Er
(= Si,0),Tm*
(= Si,0),Yb*
(= Si,0),Lut
(= Si,0),Y*
(= 5i,,0),;Sc(0OH)
(= Si, 0),Th(OH),

(= S5i,0),U0,

-7.25£0.40

-7.10+0.41

-7.03+£0.41

-6.99+ 0.42

-6.83+ 0.43

-6.79%£ 0.43

-6.85+ 0.43

-6.76+ 0.44

-6.74+ 0.44

-6.76+ 0.44

-6.75%+ 0.44

-6.68+ 0.44

-6.63%+ 0.45

-6.64% .45

-6.99%+ " 42

-6.0" +0.07

-5.37+0.39

-3.18 £0.09

-2.79+0.22

-2.78+0.22

-2.72+0.23

-2.72+0.23

-2.69%+0.23

-2.71+0.23

-2.75+ 0.23

277+ 5.2

-2.78% 0.2-

-2.R1:0.22

-2.81+0.22

-2.81+0.22

-2.80+0.23

-2.81+0.22

-2.85+0.22

-6.01 £0.07

-6.37+0.39

-3.18 £0.09

-0.2+0.1 1.2*0.1

-0.2£0.1 0.2+0.1

0.8+0.1 -0.840.1

-0.2£0.1 0.2+0.1




4 Conclusions

Here, we have investigated the interactions of REE, Y, Sc, Th and U with the most abundant mineral in
the environment, quartz, under both batch and dynamic flow conditions. Our work notably uncovered
several important and unforeseen processes that might play an important role on the fate and
behaviour of REE in environmental systems. Despite its low specific surface area, quartz sand particles
were shown here to strongly bind REE along with Y, Sc, Th and U, and thus alter their transport and
mobility under flow-through conditions. In addition, two types of binding surface sites with different
densities were found to control metal ions adsorption to quartz: (i) less abundant high affinity sites
preferentially bind middle REE at lower REE loading and (ii) more abundant low affinity sites
preferentially bind heavy REE at higher REE loading. This further illustrates the great utility of REE
pattern as an efficient probe of surface complexation processes at hetei . seneous mineral surfaces.
Considerable competition effects were also observed between metal ‘on. for the strong sites because of
their relatively small surface density. This was particularly importar* u,.*~r flow though conditions,
where the more strongly binding MREE, Sc, Th and U ions mover . the' REE and Y out of the column,
which lead to larger concentrations of these latter ions in the ou.flow solution (C/C, > 1). A mechanistic
surface complexation model was developed to account for “1e o currence of strong and weak surface
sites, which allowed accurate predictions of REE, Sc, Y, Th a'1d L dsorption to quartz versus pH and
metal ion concentration. Reactive transport model as: urirg a local equilibrium and using batch-derived
parameters could capture relatively well the transg - rt benaviour of REE, including competitive effects
between metal ions. All these results highlight che reeu of an accurate description of complexation
reactions of REE at environmental surfaces. In ac dition, the presently investigated reactive transport
model might pave the way for the developn.~nt of new powerful tools for the prediction of the fate and
transport of REE in natural systems. Hov evc - because natural systems are characterized by a large
heterogeneity, further experimental 7., n._deling investigations of REE interactions with various
minerals under varying solution ch :m.-try (e.g. presence of dissolved anions or natural organic matter)
are required.
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