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Abstract

Rare earth element (REE) mobility in the environment is expected to be controlled by colloids.
Recent research has detailed the structure of iron-organic colloids (Fe-OM colloids), which include
both large colloids and smaller nano-colloids. To assess how these nano-colloids affect REE
mobility, their interactions with REE and calcium (Ca) were investigated at pH 4 and 6. Using
Asymmetric Flow Field Flow Fractionation (A4F) combined with UV and Triple Quadrupole
Inductively Coupled Plasma Mass Spectrometry (QQQ-ICP-MS), Fe-OM nano-colloids were
separated from bulk Fe-OM colloids and their REE and Ca content were analyzed. Without REE
and Ca, nano-colloids had an average diameter of approximately 25 nm. Their structure is pH-
dependent, with aggregation increasing as pH decreases. At high REE loadings (REE/Fe > 0.05),
REE induced a size increase of nano-colloids, regardless of pH. Heavy REE (HREE), with their
high affinity for organic matter, formed strong complexes with Fe-OM colloids, resulting in large
aggregates. In contrast, light REE (LREE), which bind less strongly to organic molecules, were
associated with the smallest nano-colloids. Low REE loading did not cause noticeable
fractionation. Calcium further enhanced the aggregation process at both pH levels by neutralizing
the charges on nano-colloids. These findings indicate that REE can act as aggregating agent

controlling their own mobility, and regulating colloid transfer.

Key words: Iron organic nano-colloids, Rare Earth Elements (REE), Environmental Factors,

Asymmetric Flow Field Flow Fractionation (A4F) Technique, Size Fractionation
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1 Introduction

Colloids are known to be a major controlling factor in the mobility of numerous chemical elements
and notably metals (i.e. Lead et al., 1997; Pokrovsky & Schott, 2002; Town et al., 2012). They are
naturally formed by microbial activity, mineral weathering, soil erosion and permafrost thawing
(Lead et al., 2006). They can also originate from in-situ precipitation of supersaturated solutions
in response to redox alternations as in wetlands (Ryan & Elimelech, 1996). They can be mono-
(ex. clay minerals and Al and Fe oxyhydroxide) or multiphasic/composite (ex. Fe-organic matter
(OM) colloids). The release of colloids into the environment increases with global climate change,
particularly those comprised of minerals and organic matter (OM), in response to various factors
such as soil erosion, flooding due to intensified precipitation, heightened microbial activity due to

increased temperatures, mineral weathering, and permafrost thawing due to rising temperatures.

Among colloids, due to metals high affinity for Fe phases and natural OM, Fe-OM colloids are
considered as a major transport mechanism for metals in soils and freshwaters (O. S. Pokrovsky
et al., 2010; O. S. Pokrovsky & Schott, 2002; Vasyukova et al., 2010). Colloids are indeed
considered as nano vectors for trace metal due to their high specific surface (Hassellév & von der
Kammer, 2008). For heterogeneous Fe-OM colloids, scientific community generally considered
that Fe occurs as nano oxides embedded in colloidal OM, which controls their size. However,
Guénet et al., (2017) demonstrated that several phases are present. Iron has a fractal organization
in which Fe nano beads aggregate to form primary aggregates, which then aggregate to form
secondary aggregates. The OM is present as molecules adsorbed on primary aggregates and large
colloids that surround the secondary Fe aggregates. The particles sizes are ranging from 0.8 nm

for the Fe nano beads to 700 nm for the OM colloid. Beauvois et al., (2020, 2023) demonstrated
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that this structural organization is dynamic, i.e. evolving in the presence of major cations such as
Caand Al. In aquatic systems, Ca is a major ion, typically present at concentrations ranging from
102 to 10* mol L (Christl, 2012). Calcium forms cationic bridges between the organic
macromolecules of the OM colloids, in response to its strong affinity for OM carboxylic groups
(Kalinichev & Kirkpatrick, 2007; Ouatmane et al., 1999). No interaction occurs between Ca and
Fe phases. The Ca bridges result in an opening of the OM colloid structure and the aggregation of
soluble organic molecules leading to a non-colloidal, micrometric Ca-branched OM network,

where Fe aggregates are embedded (Beauvois et al., 2020).

Rare earth elements (REE) are a group of chemically similar elements. They are naturally
present in trace amounts in soil solution and groundwater. However, their increased use has led to
higher concentrations in the environment. They enter the environment through multiple pathways,
including landfill disposal of consumer and industrial products, emissions from mining processing,
and effluents from industrial processes. Soils in mining areas have REE concentrations at least 100
times higher than natural background levels. Reported concentrations of REE in soils range from
30.86 to 327.50 mg kg, in surface waters from 0.17 to 160.06 pg L, and in sediments from
0.0002 to 9850 mg kg (Ferreira et al., 2021; X. Li et al., 2013; Loell et al., 2011; Ma et al., 2019;
Strakhovenko et al., 2023; Tang et al., 2020). Additionally, agricultural soils are increasingly
contaminated with REE due to phosphate-based fertilizers. These elements are progressively
infiltrating ground and surface waters, posing environmental risks. Evaluating these risks requires
deciphering their mobility pathways, with speciation and physicochemical conditions like pH and
ligands being key factors. The mobility of REE are controlled by various factors such as aqueous
complexes (both organic and inorganic) and sorption onto organic and inorganic colloids and

particles (Goyne et al., 2010; Laveuf & Cornu, 2009; Pourret et al., 2007a; Sonke & Salters, 2006a;

3
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Gwenzi et al., 2018; Klaine et al., 2008). Rare earth elements have high affinity for Fe phases and
natural OM (Bau, 1999; Liu et al., 2017; Marsac et al., 2010; Pourret et al., 2007b; Quinn et al.,
2006; Schijf & Marshall, 2011; Sonke, 2006; Sonke & Salters, 2006b) and therefore for Fe-OM
colloids. Onto OM colloid, at high REE loading, REE are mainly bound to carboxylic sites as
bidentate complexes, middle REE (MREE) being more complexed than light (LREE) and heavy
(HREE) REE. By contrast, at low REE loading, REE form strong chelate complexes, HREE are
then more adsorbed than LREE and MREE (Marsac et al., 2011). Onto Fe oxyhydroxides, REE
are bound to OH sites as weak and strong complexes, HREE having more affinity for the surface
than LREE and MREE (Liu et al., 2017). Onto Fe-OM colloids, Tadayon et al. (2023)
demonstrated that REE binding is dominated by their complexation to OM phases (macromolecule
and colloids), no adsorption occurring on the Fe phases. However, in their experiments, these

authors only considered the bulk colloids, namely all Fe and OM phases.

By contrast to the understanding of colloid speciation and size fractionation in surface water,
our knowledge of the distribution and mobility of REE regarding the small aggregates (Fe primary
aggregates and bound organic molecules) of the Fe-OM colloids through soil solution and
freshwater has remained considerably limited. However, Li et al. (F. Li et al., 2021) showed that
the smallest colloids (0.6-25 nm), so called nano-colloids, move at a greater velocity than solutes
due to their size and charge exclusion effects, therefore by-passing the less mobile water domains
in microscopic pores and restricted transport channels (Afsar et al., 2023). Understanding the
behavior of the smallest colloidal phase within these heterogeneous Fe-OM colloids is thus critical

for determining the real mobility and environmental fate of REE in natural environments.
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Several techniques were employed for the analysis and characterization of colloids, including
Transmission Electron Microscopy (TEM), Dynamic Light Scattering (DLS), and Fourier-
Transform Infrared Spectroscopy (FTIR) (Buffle & Leppard, 1995; Halter et al., 2010; Nuttall &
Kale, 1993; Philippe & Schaumann, 2014; K. A. Roberts et al., 2004; Walther, 2003). While these
techniques provide valuable information on size, morphology, and functional groups, they often
lack the ability to separate and characterize the colloids. By contrast, Asymmetric Flow Field Flow
Fractionation (A4F) is a versatile technique that enables the separation and characterization of
colloidal particles based on their size and charge (Gigault et al., 2017). The A4F technique is based
on diffusional properties of particles within a parabolic flow profile, achieved by the application
of a cross-flow field (Gigault et al., 2014; Schimpf et al., 2000). The inorganic element content of
various colloid size fractions can be determined using the A4F and inductively coupled plasma
mass spectrometer (ICP-MS) in combination (Prestel et al., 2005). This technique is widely used
for the size-based characterization of colloidal suspensions which combines the principles of cross-
flow, gravitational sedimentation, and an applied electric field to separate particles based on their
hydrodynamic size. The technique was successfully applied to various colloidal systems, allowing
for the determination of size distributions, molar mass distributions, and surface properties of
colloids (Giddings, 1993; Miller et al., 2015; Runyon et al., 2014; Saito et al., 2013; Wagner et

al., 2014).

The present study therefore aims at investigating the REE binding onto the smallest and most
mobile phases constitutive of Fe-OM colloids, so-called Fe-OM nano-colloids. This nano-colloids
behavior (size and aggregation) was compared before and after REE adsorption at pH 4 and 6 and
with and without Ca as coagulating agent by using the A4F technique. Earlier investigations

employing sequential ultrafiltration and dialysis techniques have revealed the distribution of

5
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colloidal trace elements among small (1-10 kDa) organic and larger (10 kDa—450 nm) iron-rich
colloids. This distribution pattern appears to be intricately linked to the chemical properties of the
elements, as documented in several studies (Dahlqvist et al., 2007; O. Pokrovsky et al., 2006; O.
S. Pokrovsky & Schott, 2002). The present study focuses specifically on nano-colloids with
hydrodynamic diameter (Dn) between 20 kDa and 400 nm. The selection of this size range is
essential driven by the A4F technique and for a comprehensive investigation of the mobility and

transport dynamics innate to these nano-colloids.

The findings of this study make a significant contribution to advancing our fundamental
comprehension of the behavior exhibited by nanometric constituents within heterogeneous Fe-OM
colloids, as well as the role of REE as potential aggregating agent. Furthermore, this study sheds
light on the influence of various parameters, including REE concentration, pH levels, and the

addition of Ca to the structure of colloids.

2 Materials and Methods

2.1 Fe-OM colloids synthesis

The colloids were synthesized using Leonardite humic acid (HA) obtained from the
International Humic Substances Society. The synthesis process involved the preparation of
aqueous solutions with ultra-pure water from a Milli-Q-Integral system (Millipore). The colloidal
samples were denoted as (Fexx-OMyy) and (Caxx-Feyy) for those containing Ca, whereas xx and

yy correspond to the Fe/OM ratios and to the Ca/Fe, respectively.

The synthesis of Fe-OM colloids was achieved through a titration method using Fe(ll) and

Ca(ll) solutions, following the detailed protocol provided by Guénet et al., (2016) and Beauvois
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etal., (2020, 2021). The titration solution was prepared by dissolving FeCls.4H20 (Sigma Aldrich)
at a concentration of 1000 mg L™ Fe(Il) and CaCl2.2H20 (Sigma Aldrich) at a concentration of
1000 mg L Ca(ll). The ionic strength (1S) of both the titration and HA solutions was maintained

at 5 mM using NaCl.

The titration solution was added to a suspension of HA at a concentration of 700 mg L™ to
synthesize colloids at ratio 0.25 Fe to OM (mol/mol), and 0.5 Ca to Fe (mol/mol) for the colloids
containing Ca, at a constant flow rate of 0.05 mL min™ using an automated titrator (Titrino 794,
Metrohm). The pH of the system was maintained at 6.5 by the addition of 0.1 M NaOH using a
pH measurement accuracy of £0.04 pH unit (Titrino 794, Metrohm). The selected ratios and pH
were aligned with those documented for natural wetlands by Dia et al., (2000) and Pourret et al.,

(2010).

2.2 REE Adsorption Experiments

A series of batch adsorption experiments were conducted to investigate the adsorption behavior
of REEs onto Fe-OM colloids. Under controlled conditions, different initial concentrations of REE
were added to the colloids to get adsorption isotherms. Colloid size was examined after a 100-
times dilution at the same ionic strength without modifying the Fe/OM ratios. The dilution did not
modify the colloids size and stability significantly as shown by DLS measurement (Tadayon et al.,
2024). The detailed parameters are presented in the Supplementary Information materials (SI 1.1).
The REE stock solution (CCS-1, Inorganic Venture) containing lanthanides from La to Lu was
used. The REE/Fe ratios of 0.1, 0.01, 0.05, 0.004, and 0.0008 (mol/mol) were selected based on

samples obtained from mining areas in Portugal (Forsyth et al., 2023). The adsorption of REE onto
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colloids was investigated using a batch equilibrium method. After the addition of REE to the
colloidal suspension, the pH was adjusted to 4 and 6 using HNO3 and/or NaOH solutions (0.1 to 1
mol LY). These pH values were deliberately chosen to facilitate the observation of distinct REE
patterns corresponding to varying REE loading levels, reflecting the quantity of adsorbed REE.
The equilibrium time was set to 48 hours based on previous studies (Catrouillet et al., 2019). Upon
reaching equilibrium, the suspensions underwent a subsequent step involving ultrafiltration using
Polyether Sulfone (PES) membranes with a molecular weight cutoff of 3 kDa (Sartorius). This
procedure was conducted within ultrafiltration cells, serving the purpose of effectively separate
the adsorbed REE from the solution. To ensure the highest standards of purity and precision in the
separation process, the ultrafiltration cells were subjected to rigorous cleaning procedures.
Initially, they were cleaned with a solution of 0.05M HNO3 and subsequently subjected to three
sequential rinses with ultra-pure water. This stringent protocol was enacted to reduce the total
dissolved organic carbon concentration to a level below 0.2 mg L. Following the ultrafiltration
process, all samples underwent an additional step of acidification, involving treatment with a 0.37
mol L™t HNOs solution, in preparation for measurements employing Inductively Coupled Plasma

Mass Spectrometry equipped with triple quadrupole (QQQ-ICP-MS).

2.3 REE quantification

The concentrations of REE were quantified utilizing a QQQ-ICP-MS instrument (Agilent
Technologies-8900), equipped with two quadrupole mass filters, providing enhanced sensitivity
and reduced backgrounds compared to single quadrupole ICP-MS. This configuration is
particularly advantageous for the analysis of particulate pollutants. Calibration curves were

established and validated using certified reference materials (SLRS-6, National Research Council).
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An internal standard, rhodium solution, was employed to correct for instrumental drift and
potential matrix effects. The average limit of quantification for REE was determined by measuring
10 blank samples. Following the calculation of the standard deviation (SD), the limit of
quantification (LOQ) was computed using the following formula (LOQ = 10xSD) and it was
established at 0.1 ppt. Given that the upper limit of the REE calibration curve was 5 ppb, sample

dilution was performed to ensure this value was not exceeded.

2.4 Nano-colloids fractionation and characterization: A4F-UV analysis

The characterization of the colloids was performed using A4F coupled to UV (AF4-UV)
(Wyatt Technology). The channel thickness was fixed using a 250-um Mylar film, and the channel
dimensions were 26.5 cm in length and narrowed from 2.1 to 0.6 cm in width. The accumulation
wall was defined by a 20 kDa molecular mass cutoff Polyether sulfone (PES) membrane (Wyatt
Technology). The method was previously described by (Gigault et al., 2017). A total of 300 pL of
each sample was injected into the A4F instrument. The A4F instrument was calibrated using
polystyrene spherical models (PSL, NIST traceable standard) to correlate the elution time with the
equivalent hydrodynamic diameter (Dn). The detailed parameters are presented in the

Supplementary Information materials (SI 1.2).

2.5 REE size fraction characterization: A4F- QQQ-ICP-MS

A coupled QQQ-ICP-MS (Agilent Technologies 8900) was established at the A4F outlet,
enabling the determination of elemental composition in relation to nano-colloids fraction. The
operating settings for AF4-QQQ-ICP-MS analysis were selected in order to simultaneously

monitor REE bound to the nano-colloids fractions. The flow rate of A4F at 0.5 mL min*t
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underwent a split through a T-piece. Before reaching the QQQ-ICP-MS via the peristaltic pump,
the final solution was adjusted to 0.4 mL min™* and then directed to the nebulizer of the

spectrometer. The acquisition time for each element in O2 mode was set to 1 second.

3 Results and discussion

3.1 Nano-Colloids in Sub-3kDa Fraction

Tadayon et al., (2024) provided evidence of REE binding to small organic molecules in
fractions below 3 kDa, as indicated by the observed REE pattern shape at lower REE loadings.
Prior to conducting experiments, it was imperative to confirm the presence of Fe-OM nano-
colloids rather than solely small organic molecules within this fraction. Thus, QQQ-ICP-MS were
coupled with the A4F-UV to analyze Fe at low REE concentrations (REE/Fe 0.004). The intensity
of the Fe signal was expressed as counts per second (CPS). The fractograms representing the UV
signal (amount of nano-colloids) and the Fe amount (CPS) according to the elution time (evolution
of the nano-colloids size) were plotted in Figure 1 for Fe/OM = 0.25 and REE/Fe = 0.004. Analysis
of the UV signal reveals the presence of two distinct size populations. The first at 1 min
corresponding to nano-colloids with hydrodynamic diameters (Dn) ranging from 20 kDa to 3 nm
according to the size calibration curve (SI. Figure S1), with small or insignificant amount of Fe
and a second at 3.5 min corresponding to nano-colloids of 25 nm which is synchronized with a Fe
peak. These results support the hypothesis of Tadayon et al. (2024) proposing the presence of small

organic nano-colloids and provide evidence of the presence of Fe-OM nano colloids.

10
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Figure 1. Overlaid fractograms of UV signal for nano-colloids and QQQ-ICP-MS signal of Fe at pH 6 for

REE/Fe 0.004
3.2 pH and REE adsorption impact on nano-colloids size
The fractograms representing the UV signal (amount of nano-colloids) according to the elution
time (evolution of the nano-colloids size) were plotted for Fe/OM = 0.25 and the different REE/Fe
ratios (i.e. 0.1, 0.05, 0.0129, 0.004, 0.0008) at pH 4 and pH 6 in Figures 2A and 2B, respectively.
The REE distribution coefficients (log Kaq) patterns of the bulk colloids were plotted at pH 4 and
pH 6 in Figures 2C and 2D, respectively for Fe/OM = 0.25 and different REE/Fe ratios (0.1, 0.05,

0.0129, 0.004, 0.0008).
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Figure 2. Fractograms (UV trace at 254 nm) of colloids (Fe-OM=0.25) without and with REE extracts at
pH 4 (A) and 6 (B). Variation of Log K4dREE patterns in the bulk colloids relative to the REE/Fe ratios (0.1,

0.05, 0.0129, 0.004, 0.0008), at pH 4 (A) and pH 6 (C). For all samples, Fe/OM = 0.25.

For the reference colloids (i.e. without REE), the fractogram exhibits a first peak at 1 min
corresponding to particles with hydrodynamic diameters (Dn) ranging from 20 kDa to 3 nm
according to the size calibration curve (SI. Figure S1) at both pH (Figures 2A and 2B). These
fractions were typically non-colloidal in nature and corresponded to low-molecular-weight OM

(Chevalier et al., 2018). A second peak at 3.5 min refers to ~ 25 nm- (average due to size

12
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polydispersity around this value) nano-colloids (Dw), confirming that the larger colloids, namely
the secondary Fe aggregates surrounded by the OM colloid with geometric diameter (Dg) of ~ 700
nm, did not pass through the A4F channel. This peak may represent primary aggregates, which
were previously reported to have a geometry diameter (Dg) of approximately 6 nm as measured by
transition electron microscopy (TEM, dry sample) (Beauvois et al., 2020; Guénet et al., 2016).
However, due to the typical phenomenon where Dn exceeds Dg (G. C. Roberts, 1975; Skliar &
Chernyshev, 2019), their average Dn was measured at ~25 nm. This discrepancy in size is
attributed to the existence of a low-mass or low-density shell enveloping these particles,
contributing to an increase in their hydrodynamic dimensions. At pH 6, the UV signals showed
more intense absorbance (3 times) than at pH 4. This results indicated an aggregation of the nano-

colloids at acidic pH due to organic macromolecules aggregation (Pédrot et al., 2010).

At both pH for REE/Fe > 0.05, a transition from the normal mode to the steric mode was
obvious in UV signals. This transition was characterized by noticeable shifts in elution times,
broader peaks, and deviation from the idealized behavior typically observed in the normal mode.
In the "steric mode elution," there was a reversal in the size-elution time relationship, meaning that
larger species eluted first. This shift from the normal mode to the steric mode of elution typically
occurs when particle sizes reach the micrometer range (Beckett & Giddings, 1997). The
concentration of REE exerted thus a significant impact on the elution behavior of nano-colloids.
This influence included an increase in particle size and the promotion of the aggregation,
regardless of the prevailing pH conditions. This process indicated the analysis of relatively large
particles, whose size became comparable to or exceeded the pore size of the stationary phase,

resulting in modified elution behavior in reverse (Dai et al., 2021; Phelan & Bauer, 2009).
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At pH 4, for REE/Fe <0.0129, a subtle shift of the peaks to the left (3.5 against 2.5 min) was
observed as compared to the reference colloid. This shift indicated that these particles have
undergone a change in their elution behavior, typically associated with a size decrease or an
alteration of the structure. Furthermore, as the REE/Fe ratios decreased, the nano-colloids UV
signal increased, indicating that their concentration increased. With the increasing content of REE,
both peaks intensity slightly decreased, indicating a decrease in the larger nano-colloids
concentration and a concurrent increase in the smallest colloids, demonstrating the influence of

REE on the nano-colloid size.

From pH 4 to pH 6, several changes were observed, although one can still observe the same
trend of shift in the peak position and intensity with the REE content, demonstrating the same
influence of REE on the nano-colloid size. However, from pH 4 to pH 6, the intensity of the peaks
at 1 and 2.5 min slightly decreased for a given REE content (Figure 2B), indicating a decrease in
the larger nano-colloids concentration and a concurrent increase in the smallest colloids with
increasing pH. Additionally, a gradual narrowing of the peak width occurred with the pH increase,
indicative of a more uniform size distribution at pH 6. Consequently, the transition from pH 4 to
pH 6 involved the disaggregation of large-sized colloids to smaller-sized colloids, ultimately
leading to a more uniform size distribution (Xu et al., 2018). These findings are also in accordance
with the results reported by Yang et al. (Yang et al., 2010), who noted an enhanced UV2s4 decrease

with the pH decrease.

Beyond the influence of pH, it is important to note that REE themselves have an impact on
nano-colloid size. At pH 4, A MREE downward concavity associated to the REE binding to OM

(Davranche et al., 2005; Marsac et al., 2010, 2013; Tadayon et al., 2024) was observed but no

14



276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

significant variations of the pattern occurred with the REE/Fe ratio (Figure 2C). The protonation
of binding sites restricted the adsorption of REE and the formation of multidentate complexes or
strong complexes with HREE. Consequently, at pH 4 the adsorption of REE was limited to weak
complexes preventing the REE pattern variation with the REE/Fe ratio (loading effect). As a result,
the leftward shift of the second peak of the A4F-UV signals at pH 4 remained limited for all REE

concentrations (Figure 2A).

At pH 6, the REE log Kad for the bulk colloids were notably higher than at pH 4, indicating a
higher quantity of bound REE (Figures 2C and 2D). For REE/Fe > 0.05, the REE patterns exhibited
the same characteristic MREE downward concavity than at pH 4 for all the REE contents.
However, for REE/Fe < 0.0129, the patterns displayed an uncommon enrichment of LREE and a
depletion of HREE (Figure 2D). Tadayon et al., (2024) demonstrated that at pH 6, in the fraction
<3 kDa, REE were complexed to small organic molecules at condition of low loading which
resulted in REE pattern exhibiting a preferential complexation of HREE. Due to the fractionation
at 3 kDa of these small organic molecules from the bulk colloids, the inverse REE pattern was
imposed to the fraction > 3kDa. This uncommon pattern was therefore an artifact of the
ultrafiltration that however demonstrated that at pH 6, small organic molecules are solubilized
from the bulk colloids and that they have strong affinity for REE. On the A4F-UV signals, these
small organic molecules released from nano-colloids corresponded to the leftward shift and the

decrease of the UV intensity of the peak at 3 min (nano-colloids) (Figure 2B).

3.3 Effect of Ca
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The same experiments were performed with Ca (Figure 3). At both pH, 4 and 6, as compared

to the reference colloids the addition of Ca at Ca/Fe = 0.5 resulted in a decrease of the UV signal

as compared to the reference colloids and thus, of the nano-colloids amount in response to their

aggregation. However, the impact of Ca was different at pH 4 and pH 6.
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Figure 3. Fractograms (UV trace at 254 nm) of colloids with Ca, without and with REE extracts at pH 4
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At pH 4, in presence of REE, the addition of Ca involved a noticeable rightward shift of the
first peak as compared to the reference colloids (without REE) from 1 to 2 min whereas the first
peak remained at 1 min for the sample without REE. Simultaneously, the second peak shifted from
3.5 to 4.5 min. This shift was accompanied by a significant decrease in the UV signal intensity as
compared to the colloids without Ca under the same conditions (Figure 3A). Both indicated an
increase of the size and a decrease amount of nano-colloid with Ca. This transformation became
evident through the appearance of a distinct, sharp peak at 4.5 min. Peaks at 3.5 and 4.5 min
indicated that aggregates measured ~18 nm and ~45 nm (Dr) against ~18 nm and ~25 nm for the
reference. At pH 4, the protonation of nano-colloid binding sites limited the Ca complexation.
Figure 4 illustrates Ca concentration into the solution as a function of REE concentration in
presence of Ca at pH 4. The Ca concentration in the solution was therefore higher at pH 4 (92-
113.91 pg L) than at pH 6 (0.05- 0.4 ug L) whichever REE/Fe ratios were considered (Figure
4). The resulting charge neutralization promoted intramolecular contraction or intermolecular
aggregation of OM colloids (Au et al., 1999; Kloster et al., 2013). At pH 6, a higher amount of Ca
was complexed with colloids, leading to the formation of cationic bridges between colloids.
However, the UV signal intensity decreased, indicating a decrease in the particle amount (Figure
2B). A small rightward shift of the UV peak from 3.5 (reference colloids) to 3.1 min also occurred
indicating a small decrease in the nano-colloids size. Both results combined with the REE pattern
of the bulk colloids (Figures 3B and 3D) can be explained by the release of very tiny nano-colloids
from the largest nano-colloids in the fraction < 20 kDa (outside of the channel). These results
showed also that pH decrease is more efficient than Ca to aggregate Fe-OM colloids with and
without REE. By contrast, when REE/Fe ratio exceeded 0.0129, a steric effect occurred at both

pH indicating a strong aggregation of the colloids and the formation of a micrometric network.
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While the REE log Kd patterns did not undergo significant changes as without Ca, the log Kqd
values indicated an increase of the REE adsorption at both pH in response to the increasing
adsorption capacity due to the expansion of the colloid structure (Beauvois et al., 2021). At pH 4,
a significant proportion of the binding sites is protonated, limiting Ca and REE adsorption. At pH
6, for the lowest REE/Fe ratio and with Ca, the peak at 3.5 min (reference) shifted to 3 min

suggesting that the REE occurrence decreased the nano-colloids size (Figure 3B).
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Figure 4. Ca concentration into the solution as a function of REE concentration in presence of Ca at pH 4

Therefore, interactions between REE and nano-Fe-OM colloids (Dn <400 nm) led to an
increase of the nano-colloid size, as demonstrated by A4F-UV analysis. Rare earth elements seem
to act as an aggregating agent as suggested in previous studies (Elderfield et al., 1990; Merschel
et al., 2017). The nano-colloid size increase was higher at pH 4. This process is associated with
OM aggregation/disaggregation within the bulk Fe-OM colloids (Baalousha, 2009; Baalousha et

al., 2008; Philippe & Schaumann, 2014; H. Xu et al., 2018). At pH 6, with and without Ca, tiny
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OM colloids (sized < 20 kDa) were released. Rare earth elements form with this tiny OM nano-

colloids strong multidentate complexes as demonstrated by the REE log Kd patterns.

3.4 REE distribution in nano-colloids fractions

To demonstrate the presence of Fe-OM nano-colloids and the effective binding of REE to
nano-colloids, A4F-UV were combined with QQQ-ICP-MS to obtain information regarding their
distribution with their size fractions. The intensity of the Fe and REE signal was expressed as
counts per second (CPS) and each CPS was normalized by the total signal of each REE and total
Fe. Ratio of REE/Fe 0.1 at pH 6 were selected to observe steric effects, and REE/Fe0.004 at pH 6
were selected for low concentration of REE. Figures 5A and 5B shows the A4F-UV-QQQ-ICP-

MS fractograms of REE at both ratios.
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Figure 5. Overlaid fractograms of UV signal for nano-colloids and QQQ-I1CP-MS signal of ZREE at
different fractionations at pH 6 A) for REE/Fe 0.1 and B) for REE/Fe 0.004. The REE signal corresponds to

the sum of each REE signal.

The UV and QQQ-ICP-MS signals showed a conspicuous alignment indicative of the binding
of REE to nano-colloids both at low and high REE/Fe ratios. For REE/Fe ratio 0.004, UV signal
exhibited two peaks at 1 min (~18 nm) and 2.8 min (~24 nm) indicating the presence of 2 nano-
colloids size (Figure 5). The QQQ-ICP-MS signal of REE exhibited, however, only one peak at

2.8 min (~24 nm) demonstrating that at pH 6, REE were mainly bound to the largest size fraction
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of the Fe-OM nano-colloids. Moreover, the REE QQQ-ICP-MS signal exhibited only one peak at
2.8 min, indicating that no or few fractionations occurred between REE at the surface of the largest
fraction of the Fe-OM nano-colloids. By contrast at REE/Fe ratio 0.1, a singular UV peak,
attributed to steric elution mode showed that small Fe-OM nano-colloids were eluted before large
Fe-OM nano-colloids and that a micrometric network was formed. A dual QQQ-ICP-MS peak
with peaks maximum at 1.5 and 2.3 min denoted a fractionation between REE in different size

fractions of Fe-OM nano-colloids.
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Figure 6. A) REE distribution in nano colloids based on the CPS and B) Overlaid fractograms of UV

signal and CPS for nano colloids at different elution times at pH 6 and REE/Fe 0.1
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Figure 6 exhibited the REE patterns (proportion of QQQ-ICP-MS CPS relative to the total
REE QQQ-ICP-MS CPS at elution times) corresponding to the beginning (1.4 min), the maximum
(2.1 min) and the end (2.7 min) of the UV signal. Beyond the steric effect, at 1.4 min, an enrichment
in HREE with a maximum for Yb was observed, the QQQ-ICP-MS signal corresponded to 70 %
of the total Yb CPS. At 2.1 min, the maximum of the UV signal, the QQQ-ICP-MS signal
contained between 70 to 99% of the REE CPS. Finally, at 2.7 min, the end of the UV signal, the
REE exhibited a strong decrease from La to Lu, with 99% of the total CPS corresponding to Ce
and La. To sum up, at the beginning of the elution, nano-colloids were enriched in HREE, at the
maximum of the UV signal, all REE were present with a small enrichment in MREE. At the end
of the UV signal, nano-colloids were enriched in LREE and notably, La and Ce. Heavy REE have
strongest affinity for organic colloids since able to form multidentate complexes as compared to
LREE and MREE that form bidentate complexes (Marsac et al., 2010). These differential affinities
result in a strong complexation of HREE and a weak complexation of LREE at the surface of the
organic nano-colloids. At 1.4 min, since in steric elution mode, the main eluted HREE were then
bound to the largest colloids. At 2.1 min, REE loading of nano-colloids with intermediary size
were high and MREE were the most complexed REE (Marsac et al., 2010). Finally, since HREE
were bound to the largest nano-colloids and because MREE have more affinity for OM binding
sites than LREE, the smallest fraction of nano-colloids (eluted at 2.7 min) was enriched in LREE,
exhibiting the lowest affinity for OM binding sites. This result could appear uncoherent as
compared to the previous results of Tadayon et al. (2023) who explained that HREE have strong
affinity for organic molecules <3kDa that compose the bulk Fe-OM colloids. But, these results are
driven by the aggregation and the steric elution mode of the colloids. The REE patterns were here

normalized by the total counts of the REE that passed through the channel, namely, without
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considering the total concentration of REE and then the fraction <20kDa. At high REE/Fe ratio
(0.1), colloids aggregated as a network in which REE made bridges between organic molecules
and colloids. Since HREE display the highest affinity for OM binding sites amongst the whole
REE group, and form strong complexes, they are the most efficient aggregating agents and allow
the formation of the largest and strongest aggregates. By contrast, since LREE have the smallest

affinity for OM, they form smallest and/or most fragile aggregates.
4 Implications, Limitations and Perspectives

This study demonstrated that REE form complexes with nano-colloids, implying a significant
influence of these nano-colloids on the fate of REE. Being the most mobile fraction of colloids,
nano-colloids can thus contribute to the transport of REE in the porosity of soils to water systems.
However, while previous studies proposed that colloids govern the mobility and dissemination of
REE (Dupré et al., 1999; Pédrot et al., 2008; O. Pokrovsky et al., 2006; Sholkovitz, 1995), the
present results demonstrate that REE can modify colloid and nano-colloid structures by
aggregation. Consequently, the fate of REE is determined, to some extent, by their own ability to
aggregate colloids. Given the high affinity of HREE for binding to organic molecules and nano-
colloids, especially at pH close to environmental pH (from 5 to 8), they appeared to be the most
efficient REE in enhancing aggregation. However, HREE concentrations in the environment are
lower than LREE (Mclennan, 1989), their impact on colloid aggregation could then be lower than
expected from the present results. Further experiments with concentration distribution of REE

similar to that observed and measured in the environment should then be performed.
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The combined influence of REE and Ca on the colloids structure presents a complex landscape.
Major ions such as Ca involve colloid aggregation, potentially leading to larger aggregates. The
presence of REE reinforces this aggregation process, resulting in larger particle sizes.
Interestingly, like Ca, REE can act as aggregating agents. Both Ca and REE form bridges between
organic molecules. However, because Ca is a divalent alkaline earth while REEs are trivalent
metals, a higher concentration of Ca is required to achieve the same effect as REE. In the
environment, Ca is considered a major ion and is present in relatively high concentrations, whereas
REE are typically present as trace elements. Consequently, Ca is more likely to aggregate organic
matter (OM) and Fe-OM colloids due to its abundance. However, in contaminated environments
where the concentration of REE may be elevated, REE can become potentially significant
aggregating agents for colloids. This increased aggregation can subsequently limit the mobility of
the REE themselves, as they become part of larger, less mobile colloidal aggregates. The REE
loading appears thus to be a major parameter in the control of colloids and nano-colloids
aggregation. The OM concentration is also a parameter that can influence the colloid structure and
subsequent REE dynamics. In this study, the REE/OM ratio were ranged from 0.7 to 0.003 mol
mol, aligning with ratios reported in diverse natural mediums with elevated OM concentrations.
Comparable ratios have been observed in shallow waters with REE/OM= 0.07-0.003 mol mol*
(Gruau et al., 2004; Pédrot et al., 2015; Pourret et al., 2010), in natural organic-rich waters with
REE/OM=0-0.01 mol mol* (Rey-Castro et al., 2009), and rivers with REE/OM=0.05-9x10° mol
mol? (Z. Xu & Han, 2009). This suggests that the REE/OM ratio explored in this study can be

found in various natural environments.

Therefore, investigations that span a diverse array of parameters including OM, REE and major

ions concentrations in the real environment have to be conducted. While this study focused on lab-
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scale, it is essential to acknowledge that the behavior of colloids in the environment can be
significantly more complex than in controlled conditions. For example, Slope et al. (Stolpe et al.,
2013) from A4F-UV-ICPMS analysis of natural colloids demonstrated a variation in the chemical
elements distribution in the nano-colloids fraction from spring flood to summer. Analyzing the
nano-colloids size distributions with A4F-UV-ICP-MS from natural samples is thus needed to gain
insights into how chemical elements and colloids interact in rivers and water. This study findings
underscore the significant advantage of A4F-UV-QQQ-ICP-MS in delivering highly detailed and
continuous colloidal size distributions of REE. The A4F-UV-ICPMS combination provides also
more comprehensive insights into aquatic colloids compared to filtration and ultrafiltration
techniques, which tend to segregate colloids into a limited number of fractions and which is

subjected to clogging.

5 Conclusion

By exploring the complex interactions between pH, REE concentration, Ca, and nano-colloids
using the A4F-UV technique, we gained insights into REE environmental dissemination. pH
influenced nano-colloid structure: at pH 4, protonation led to colloid contraction or aggregation,
while pH 6 showed a higher nano-colloid concentration. Calcium enhanced aggregation at both
pH levels. The REE loading significantly contributed to aggregation, with REE acting as
aggregating agents. While A4F did not provide detailed information on size fractionation under
high REE concentrations due to steric mode elution, the coupling of A4F-UV with QQQ-ICP-MS

revealed differential enrichment of HREE, MREE, and LREE within nano-colloids at pH 6.
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Heavy REE, demonstrating a strong affinity and forming robust complexes with organic
colloids, resulted in the formation of large nano-colloids. In contrast, LREE formed weaker
bridges, leading to their association with smaller and weaker colloids. At low REE concentrations,
inter-element competition diminished, allowing stochastic REE binding to nano-colloids without

significant aggregation.

High REE concentrations lead to large aggregates, limiting mobility, whereas low
concentrations allow stochastic binding without aggregation. The study underscores the
importance of nano-colloids in REE mobility. Despite larger colloids being present, nano-colloids
remain mobile and crucial for REE transport and distribution in environmental systems. Therefore,
understanding nano-colloid behavior is essential for comprehensively understanding REE mobility

in natural environments.
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Highlights:

e  A4F-UV-QQQ-ICP-MS shows REE fractionation within nano-colloids.

e Heavy REE act as effective aggregating agents for nano-colloids.

o Light REE form weak bridges, binding to the smallest, least robust nano-colloids.
e REE loading significantly enlarges the aggregation of nano-colloids.

e REE ability to induce colloidal aggregation controls their environmental mobility.
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