N

N

Speciation studies at the Illite - solution interface: Part
1 — Sorption of phosphate ions
Shang Yao Guo, Mirella Del Nero, Olivier Courson, Sylvia Meyer-Georg, Rémi

Barillon

» To cite this version:

Shang Yao Guo, Mirella Del Nero, Olivier Courson, Sylvia Meyer-Georg, Rémi Barillon. Speciation
studies at the Illite - solution interface: Part 1 — Sorption of phosphate ions. Colloids and Surfaces
A: Physicochemical and Engineering Aspects, 2024, 682, pp.132905. 10.1016/j.colsurfa.2023.132905 .
hal-04489578

HAL Id: hal-04489578
https://hal.science/hal-04489578v1
Submitted on 7 Oct 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-04489578v1
https://hal.archives-ouvertes.fr

Speciation studies at the Illite - solution interface: Part 1 - Sorption of

phosphate ions

Shang Yao Guo, Mirella Del Nero*, Olivier Courson, Sylvia Meyer-Georg, Rémi Barillon

Institut Pluridisciplinaire Hubert Curien, UMR 7178 Université de Strasbourg/CNRS - IPHC, 23 rue

du Loess 67037 Strasbourg, France

*Corresponding author. E-mail address: mireille.delnero@iphc.cnrs.fr - Phone: +33 03 88 10 64 08




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

Abstract

Although phosphate ion (hereafter “P”’) sorption is known to influence clay surface reactivity
and trace metal behavior in the environment, there is still a lack of in situ spectroscopic evidence
on the identity of phosphate sorption species formed at the interface between solution and clays
with a 2:1 layered structure (2 silica tetrahedral: 1octahedral layers), which are ubiquitous in
soils and clay formations. We studied the surface speciation of phosphate ions by in situ
spectroscopic monitoring along P sorption at the interface between a solution and a homoionic
Na-illite, as a function of time or aqueous phosphate concentrations (20-250uM) leading to
low/moderate P surface coverage. We also combined them with batch sorption experiments and
electrophoretic mobility (EM) measurements. Macroscopic data indicated that the percentage
of P sorption depends on pH, aqueous phosphate concentration, and the clay/solution ratio of
the experiment, i.e., the coverage of the clay surface by P, with a maximal sorption capacity of
the clay equal to ca. 6 pmol.g”! at pH 4. Macroscopic and EM data further suggest that P
sorption mechanisms onto illite confer negative charges on the surface and involve several
sorption species and/or surface sites present on the clay edges. In situ FTIR spectra showed that,
at acidic pH, three types of phosphate surface species exist at the illite-solution interface: an
outer-sphere surface complex (OSSC) of phosphate (ZSOH>2"...H2PO4", with S referring to a
sorption site on the clay), an inner-sphere surface complex (ISSC) of phosphate, probably a
monodentate binuclear surface complex ((=SO)2PO2) formed by surface ligand exchange with
high-affinity aluminol sites and, to a lesser extent, low-affinity sites on the clay edges, and, in
limited amounts, an Al-phosphate surface precipitate. Phosphate ion sorption occurs through
the initial formation of the OSSC of phosphate, which dominates phosphate surface speciation
at short reaction times and low P concentrations and transforms over time into the ISSC of
phosphate. This study presents the first published in situ surface speciation of phosphate ions

sorbed at the interface between a solution and an illite. The evidence of a strong sorption of
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phosphate ions at this clay surface provides new and sound knowledge to better understand the
environmental fate of phosphate ions and trace metals, particularly in agricultural soil -

groundwater continua or in clay host rocks considered for high-level radioactive waste disposal.

Keywords

Illite / Phosphate sorption / Surface speciation / Clay-solution interface / In situ monitoring /

Attenuated Total Reflexion Fourier Transform InfraRed Spectrocopy / Environment.

1 Introduction

The sorption of phosphate ions (hereafter “P”’) onto minerals is linked to major issues of
ecosystem health and functioning, such as the regulation of P mobility in (ground)waters, -
particularly in the case of an excessive application of P-containing fertilizers to soils-. It has
long been reported that phosphate ions have a strong ability to bind on the surfaces of iron or
aluminum (oxihydr)oxides[1-15] and, to a lesser extent, clays [12-14,16-23], which are
common minerals in soils and sediments. Furthermore, the high phosphorous-binding capacity
of sediments and soils is reported to be correlated with their high clay mineral content (cf. [12]).
While many spectroscopic studies have focused on the speciation of P sorbed to the surface of
iron or aluminum (oxihydr)oxides [3—11,15], far fewer have been devoted to P sorbed onto
clays [13,19-21,23] and detailed knowledge on the sorption mechanisms and species involved
is still lacking. Therefore, further work is needed to obtain spectroscopic data on the in situ
speciation of sorbed phosphate ions at the interfaces between solution and clay, on which to

base a complete understanding and robust predictions of P behavior in soil-water continuums.

Other main environmental issues related to P sorption concerns the behavior of trace metal
elements (TME), in particular rare earth elements (REE) and uranium (U), e.g., their fate in the
vicinity of U ores/mines [24,25], their soil stabilization by P injections [26,27], and the trapping

properties of host clay rocks for disposal of high level radioactive wastes [28-31]. It is well
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known that phosphate ions have a high chemical affinity for REE [32] and U in its potentially-
mobile hexavalent state [33—36]. Depending on experimental conditions, P was found to
increase the solubility of these TME through formation of aqueous complexes [33] or limit it
through formation of U/REE-phosphate (co)precipitates [33,37—43], and/or to be involved in
TME-phosphato surface species sorbed to surfaces of Fe-(oxihydr)oxides and Al-
(oxihydr)oxides [44,45] or clays [44,46—48]. Field studies have also supported the formation of
U/REE-phosphate co-precipitates [43,49-58] in the vicinity of U ore deposits, and have
highlighted that U/REE, phosphate and Fe/Al-(oxihydr)oxides [52,59-65] or clays [60,61,65]
can exist in close association in P-rich soils and sediments. Hence, acquiring spectroscopic
evidence of P surface speciation onto clays is of paramount importance to provide a sound
background and fundamental understanding of TME sorption behavior in soil —water systems,
where phosphate ions are ubiquitous and can affect the TME sorption through competitive and
/ or synergistic processes, e.g. through a control of clay surface reactivity [66] and/or by
competing or co-sorbing with TME on clay sorption sites [46,48]. Experimental studies have
indeed reported that the sorption of P promotes the retention of U onto kaolinite at acidic to
neutral pH [67] but has no macroscopic signature on U sorption on montmorillonite [46], which

first raises the question of the surface properties of clays on P surface speciation.

The objective of this study is to provide new insights into the sorption of phosphate ions at the
interface between solution and a pure illite surface, by acquiring novel spectroscopic data from
in situ monitoring of the clay—solution interface by using a state-of-the —art technique,
Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR FTIR). Several
studies have long suggested that phosphate ions are sorbed at clay surfaces as inner-sphere
surface complexes (ISSC) of phosphate formed on clay surface sites, as presented in detail in
the bibliographic review by Arai and Spark [68], -and mainly on sites existing on the alumina-

like clay layers [14,18,22]-, and that the P sorption decreases with pH and the progressive
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deprotonation of clay surface hydroxyl groups that is unfavorable to the electrostatic attraction
of phosphate anions existing in solutions at pH 4-8. However, several papers have highlighted
that important parameters are the content of minor phases like metal-(oxihydr)oxides acting as
strong sorbents of P in clay rocks and / or the presence of sorbed cations (e.g., Fe, Al and Ca)
bridging P sorbed to the clay surfaces [18,22,23,47]. Moreover, several mechanistic studies
aiming at elucidating the identity of P surface species have focused on non-purified clays and/or
on the simultaneous sorption of P and TME. For example, Borgnino et al. [23] have performed
sorption experiments of phosphate ions at the surface of a Fe-modified montmorillonite. These
authors have evidenced by using in situ ATR FTIR spectroscopy the formation of multiple, pH-
dependent phosphate surface complexes at mineral-water interfaces but they have indicated
that the sorption took place onto Fe-(hydr)oxides pre-existing in the clay sample studied, rather
than on the surface of montmorillonite itself. Phosphate ions sorbed onto a La-modified
bentonite were shown to be immobilized as a rhabdophane phase (LaPO4.n HO2) by Extended
X-Ray Absorption Fine Structure (EXAFS) and 3'P solid-state Nuclear Magnetic Resonance
(NMR) analyses [48]. Troyer et al. [46] have investigated by EXAFS the effect of phosphate
ions on U(VI) uptake by montmorillonite and have shown that formation of uranyl phosphato
ternary surface species has occurred without a macroscopic signature of P sorption, which was

attributed to a low binding of phosphate ions in the absence of U(VI).

Actually, to our best knowledge, only two spectroscopic studies have aimed at establishing the
speciation of phosphate ions sorbed at a pure clay mineral surface. Van Emmerik et al. [13]
conducted 3'P solid-state NMR investigations on the sorption of phosphate ions at the surface
of kaolinite. They found that P was sorbed via a combination of reactions of formation of
phosphate ISSC, which involve singly-coordinated Al-OH sites at the clay edge, and surface
precipitates of AIPO4. Due to the technique used, their study was more focused on high

phosphate surface loading conditions and ex-situ surface speciation measurements, for which
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previous studies have raised a possibility of speciation change upon solid drying [7]. A recent
in situ ATR FTIR spectroscopy work on P sorbed at the kaolinite—water interface has confirmed
the formation of (possibly multiple) ISSC of phosphate onto surface sites of kaolinite [19],
likely aluminol sites, but the authors have underlined that a detailed investigation of P surface
speciation was beyond the purpose of their study mainly devoted to the competitive phosphate
— oxytetracycline sorption. Further extensive and in situ spectroscopic work is therefore
necessary to elucidate the identity of phosphate surface species formed at low to moderate P
loading at clay-solution interfaces, -particularly for 2:1 layered clays for which no in situ

spectroscopy studies of P surface speciation have been reported to date-.

In this study, we sought to provide clear spectroscopic evidence to fully identify the multiple
phosphate sorption species formed at the interface between solution and pure illite, when
increasing reaction time or phosphate surface coverage from low to moderate (< 6 umol.g™).
These two key parameters have long been shown to control P sorption mechanisms on iron and
aluminum (oxihydr)oxides ([69-71]). ATR FTIR spectroscopy experiments were performed to
record in situ the P-O stretching vibration modes of phosphate units sorbed at the interface
between solution and a pure homoionic Na-illite, along the process of P sorption and / or an
increase in P loading. ATR FTIR spectroscopy technique has several advantages: (i) it has an
increased sensitivity for sorbed species [66,72], (ii) it is powerful to study the speciation of
oxyanions sorbed at the interface [72], and (iii) it allows in situ monitoring of multiple surface
species [8,73]. Complementary batch sorption experiments were also carried out to characterize
the effects of solid-to-liquid ratio (Rs/L: 1-3 g.L"), pH (4-8) and total concentration of phosphate
ions ([Plraq: 0-250uM) on the macroscopic P sorption. Electrophoretic mobility (EM)
measurements of the experimental clay suspensions were made in order to provide indirect
information on the surface charges imparted to the clay surface by sorption reactions of

phosphate species. To our knowledge, this study presents the first published in situ surface
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speciation of the phosphate ion at the illite-solution interface, for P concentrations relevant to
natural water-clay systems, and gives valuable insights into the mechanisms of phosphate
sorption on a 2:1 layered clay. The results presented here have environmental implications, as
they provide a necessary basis for a better understanding of the interactions that can occur in
complex illite-phosphate-TME systems, which are relevant to soils and clay formations
considered for HLW repositories (e.g. Callovo-Oxfordian and Opalinous clays), in which illite

is a principal mineral phase.

2 Materials and methods

2.1 Source materials

All the solutions used in experiments were prepared by using ultrapure Milli-Q water (purity >
18 MQ.cm) and reagent grade chemicals. The source material is an argillaceous clay (“Illite du
Puy”), which is collected in the region of Le Puy-en-Velay in the Massif Central Mountains in
France and is provided by the company “Argile Verte du Velay”. Two clay stock samples were
used. The first one (hereafter “IdP”) corresponds to the particle size fraction lower than 77 pm
of the Illite du Puy source material and it was used in the experiments as received. The second
stock sample (hereafter “NaldP”’) was obtained by purification of a subsample of IdP in order
to convert the initial illite into a Na-homoionic illite. The subsample was conditioned by acid
washing and subsequent exchange of the exchangeable cations against Na* by using the method
detailed by Glaus et al. [74]. The treatment is also expected to remove hydrolyzed products -
such as hydroxy-aluminum compounds-, phosphate impurities and soluble minerals like calcite
[30,74]. Briefly, a multistep conditioning procedure was carried out as follows. An IdP
subsample (50 g) was brought in contact with a known volume (1 L) of a IM NaCl/0.1M
formate buffer (FB) solution (with FB being a 0.05 M Na-formate - 0.05 M formic acid solution
at pH 3.5, and the solid-to-liquid ratio, being equal to 50 g.L!). After a 4-hours equilibration of

the clay suspension by gentle stirring, the particles were left to settle overnight by sedimentation.
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The supernatant solution was then removed and the particles were re-suspended by addition (to
1 L)ofalMNaCl/0.1 M FB solution (ratio: 50 g.L™"). The procedure described above was
repeated six times in order to largely remove acid-soluble Ca*"-mineral phases, too. Remaining
solid was then washed three times by 0.1 M NaCl in order to remove format buffer, exchanged
cations and solubilized impurities. It was filled into dialysis bags (Visking® dialysis tubing,
MWCO: 12-14 kDa, Pore diameter: ca. 25 A, SERVA, Heidelberg, Germany) and dialyzed
with a "clay water" prepared as follows. A subsample of 1g of IdP was brought in contact with
10mL of Milli-Q® water in a dialysis bag. The dialysis bag was then equilibrated with 3 L of
Milli-Q® water during 24 h and the concentration of Na™ in the external solution was measured.
The external solution was removed and refilled with Milli-Q® water until the concentration of
Na" in the external solution dropped to < 1 mM. This external dialyzed solution was called
"clay water". The final solid sample was dried at 40°C and then powdered in an agate mortar
and sieved. The size fraction < 75 um was selected and taken as the final NaldP stock sample,

which was stored in a desiccator until its use in experiment.

2.2 Characterization of Illite du Puy

2.2.1 Mineralogical and chemical analyses

The mineralogical compositions of IdP and NaldP were obtained from X-ray diffraction (XRD)
analyses conducted with a Bruker diffractometer (D8 Advance Eco) at the ITES Institute
(Institut Terre et Environnement de Strasbourg, France). The measurements were performed on
both the whole-rock samples and their clay size fraction. The fraction of size lower than 2 pm
that was recovered by centrifugation of the suspensions (at 1000rpm during 2 min. using a
Heareus Megafuge 40R centrifuge and based on calculations using Stockes’ law). It was
isolated by settling, oriented on glass slides and XRD analyses were performed on the sample:
a) without any treatment, b) after sample saturation overnight in ethylene-glycol (EG), c) after

sample heating at 490°C for 4 h, and d) after sample saturation overnight in hydrazine [75].
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Clay minerals constitutive of the clay size fraction were then identified by values of their layer
and interlayer spacing deduced from diffractograms [76]. A semi-quantitative estimate of the
percentage of each clay mineral was made by using the software DIFFRAC.EVA version 4.3,
with an error in reproducibility of the measurements of less than 5 % for each mineral. Chemical
analyses of IdP and NaldP, and their respective clay size fraction, were conducted at SARM-
CRPG (Service d’Analyse des Roches et Minéraux, Centre de Recherches Pétrographiques et
Géochimiques, Nancy, France). Major and trace element analyses were made by using a
Thermo Fischer ICap 6500 inductively coupled plasma optical emission spectrometer (ICP-
OES) and a Thermo Elemental X7 inductively coupled plasma mass spectrometer (ICP-MS),
respectively. The analytical error depends on an element concentration, and was determined to
be lower than 0.1 % (weight % oxides) and in the range 5-20 % for ICP-OES and ICP-MS

measurements, respectively (< 10 % for U concentrations > 10 pg.g™).

2.2.2  Specific surface area

Specific surface areas of IdP and NaldP samples were determined by N2-BET measurements
using an ASAP2420 surface area and porosity analyzer. Subsamples were degassed for 4 h at
150°C before measurements. Values of specific surface areas were found to be equal to 92 and
107 m?.g! for IdP and NaldP, respectively. These values are in good agreement with the value

(97 m%.g!) obtained by Bradbury and Baeyens [77].

2.2.3 Preliminary experiments of (Na)IdP-solution interactions

Preliminary experiments were conducted in order to determine the chemical evolution of a
solution brought in contact with IdP or NaldP, respectively, as function of key physicochemical
parameters. Batch experiments were performed under atmospheric conditions and at a defined
ionic strength value (0.005 M NaCl), for varying values of solid-to-solution ratio, Rs/. (from
0.5to 6 g.L!' and 0.5 to 3g.L"! for IdP and NaldP, respectively), reaction time, tr (24 hours - 7

days), and pH (3-7). Suspensions of (Na)IdP were prepared in individual (50mL) polypropylene
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tubes at desired values of Rs/L and initial pH (2.3 to 3.8 for IdP and 2.7 to 6.2 for NaldP). The
suspensions were then equilibrated by gently shaking end-over-end during a desired reaction
time (from 2 hours to 4 days). Final pH was measured (uncertainty: 0.05 pH unit). After the
equilibration step, the suspensions were centrifuged for a solid—solution separation at 9000 rpm
for 3 hours (which led to a separation threshold of ca.16 nm for illite, based on calculations
using Stockes’ law). Ultrafiltration tests of two centrifuged solutions were also carried out by
passing subsamples of the centrifuged supernatant through a 3kDa-filter (Centricon filter) and
were taken for TME analysis. A defined volume of supernatant solution was taken from each
individual tube and was acidified at pH < 1 by adding a small amount of 67% HNOs3 for analysis
of major and trace elements by ICP-OES (Varian 720es) and ICP-MS (Agilent 7700x),
respectively (uncertainty ranges of 2-20 % and 5-20 %, respectively). The analyses were

performed at the Department of Analytical Sciences of IPHC (Strasbourg, France).

2.3 Macroscopic sorption of phosphate ions

2.3.1 Experimental procedure

Batch sorption experiments were carried out at 25°C under atmospheric conditions to evaluate
the effect of pH, total concentration of phosphate ions (noted [P]i.aq), and solid-to-solution ratio
(RsL) on the retention of phosphate ions at the NaldP—solution interface. Batch experiments
(performed in 0.005 M NaCl electrolyte solutions) were carried out to obtain: (i) phosphate
sorption edges (range of final pH, pHF, of 3-8) at various Rsi (1, 2 or 3 g.L!, [P]raq: 20 uM),
(ii) sorption edges at two phosphate concentrations (20 pM and 100 pM, Rs/: 3g.L™") and (iii)
phosphate sorption isotherms at pH 4 ([P]taq: 20-200 uM, Rsi: 3g.L!). The experiments were
conducted as follows. Suspensions of NaldP in 0.005 M NacCl electrolyte solutions were pre-
equilibrated for 3 days in 15 mL polypropylene centrifuge tubes, at desired values of Rs/. and
pH. If necessary, solution pH was adjusted during pre-equilibration by adding very small

volumes of a 0.1 M HCI or 0.1 M NaOH solution. After 3 days of pre-equilibration, an aliquot
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of a stock phosphate solution of 0.05 M was added in the tubes to achieve the desired [P]iaq
value and the tubes were gently shaken end-over-end for 4 days. Final pH was measured after
a 4-days contact time of sorbate—suspension. Separation between solid and solution phases was
carried out by centrifugation of the suspensions for 3 hours at 9000 rpm (which led to a
separation threshold of ca.16 nm for illite, based on calculations using the Stockes’ formula).
The supernatants were then removed from the tubes after centrifugation. An aliquot was taken
for electrophoretic mobility (hereafter “EM”) measurements. Another aliquot was taken for
chemical analyses after acidification at pH < 1 by addition of 2% HNOs. Each experiment was
performed in duplicate. Blank experiments were also carried out in a similar manner than

described above except that no clay was added in the tubes.
2.3.2 Analysis of experimental solutions of sorption experiments

Measurements of EM of suspended particles present in supernatant aliquots collected at the end
of the sorption experiments were made by using a Zetasizer Nano equipment (Malvern). Each
sample was measured three times and the standard error was then calculated. Quantitative
analysis of final aqueous phosphate concentrations ([P]r.aq) in supernatant aliquots (re-filtered
at 0.20 um) were made by ion chromatography (Eco IC, Metrohm, uncertainties of 1 — 10%).
An aliquot of each supernatant was also acidified to pH < 1 by adding a small amount of 67%
HNO:3 and it was stored at 4°C prior to further chemical analyses. Percentages of P sorbed, and

amount of P sorbed (in pmol.g™! clay), were calculated as follows:

[P]I,aq - [P]F,aq

X 100
[P]I,aq

% P sorbed =

Amount P sorbed (umol/g) = ([Plaq — [Plraq) X +

With [P]raq.: initial aqueous concentration of sorbate (umol.L'), [P]raq: final aqueous

concentration of sorbate (umol.L"), V: volume of liquid (L) and M: mass of solid phase (g).
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Uncertainties on the sorption percentage and surface coverage were estimated to be lower than

10%.

2.4 Insitu ATR FTIR experiments

2.4.1 Procedures of clay deposition on the ATR crystal

Acquisition of IR spectra at the mineral-solution interface was carried out by using a Bruker
Equinox IFS 55 infrared spectrometer equipped with an ATR cell containing a ZnSe horizontal
crystal (with an angle of incidence of 45°, a crystal size of 7.2x1.0x0.7 cm® and 5 internal
reflections) and with a MCT detector (system cutoff: ca. 900 cm™) that was cooled down by
liquid nitrogen during FTIR spectra acquisition. Prior to experiment, the ZnSe crystal was either
coated with a thin and stable film of IdP or NaldP brought subsequently in contact with a 0.005
M NaCl electrolyte, or it was directly brought in contact with a previously pre-equilibrated
NaldP suspension from which the clay particles are left to settle and cover the crystal. Both

methods have the advantage of allowing an in situ monitoring of the solid—solution interface.

The former method was shown in previous studies to be powerful to monitor sorbate sorption
at aluminum oxide—solution interface, with a good reproducibility of the FTIR sorption
experiments and an increased sensitivity of the technique for surface species [8,73]. It was used
in the present work to gain IR reference data on the structure of the clay samples studied and /
or on surface hydroxyls present at clay — solution interface (cf. §2.4.2), by monitoring of
interface between IdP and NaldP samples and a not equilibrated electrolyte solution. It was
conducted by using a multistep procedure as follows : (i) an IdP or NaldP suspension was
prepared (contact time : 0.5 h, Rsi.=5 g.L'!, initial pH 4, respectively) and particles were left to
settle by sedimentation during 1 hour, (ii) ca. 2mL of the supernatant were then pipetted,
deposited uniformly onto the ZnSe crystal surface, and let to dry overnight at room temperature

(25°C) for settling of particles, (iii) the crystal was dried at 40°C for 3 hours, and (iv) the coating
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obtained after drying was gently rinsed with an electrolyte at a pH similar to that of the initial
suspension and dried slowly under a N2 gas flow. The whole procedure described above was
repeated for four times. This procedure was found to be repeatable and it allowed to deposit a

thin film of ca.3 mg of solid onto the crystal.

The latter method, i.e., covering of the ATR crystal with an equilibrated NaldP—electrolyte
solution bilayer system, was used to monitor by in situ ATR FTIR spectroscopy the sorption of
phosphate ions at the interface (cf. §2.4.4), for nearly equilibrated systems prepared to avoid
any significant contribution from clay dissolution to the IR signal and / or structural
reorganization / formation with time of surface hydroxyl groups at the clay-solution interface
(cf. §2.4.3). It was conducted as follows: (i) a NaldP-0.005M electrolyte suspension was
prepared in a polypropylene tube and left to pre-equilibrate by gently shaking end-over-end of
the tube during a contact time of 3 days (Rsp.=3 g.L!, pH 4), (ii) 10mL of the suspension were
then pipetted and added into the ATR cell, (iii) the suspension was left to settle on the ATR

crystal for 3 days and (iv) an ATR FTIR spectrum was taken as a reference baseline.
2.4.2 Monitoring of the clay-solution interaction

In situ ATR FTIR spectroscopy experiments were performed to monitor the clay—solution
interface during interaction of (Na)IdP with a not equilibrated NaCl electrolyte solution, with
the purpose of gaining insights into IR vibrations originating from surface hydroxyl groups at
the interface and / or clay structure (as structural reorganizations of the solid sample are likely
during the interaction). After coating of the ATR crystal with a dried thin film of IdP or NaldP
(cf. §2.4.1), the film was brought in contact with a volume of 10mL of a 0.005 M NaCl
electrolyte solution in the ATR cell, in order to perform FTIR measurements of the (Na)IdP—
solution interface (initial pH: 4, final pH: 6.2 for IdP and 4 for NaldP). A FTIR spectrum was

immediately recorded as a reference baseline after electrolyte addition. The (Na)IdP-solution
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interaction process was then monitored during 3 hours. Each IR spectrum was recorded during

20min with an average of 2000 scans/spectrum at a resolution of 4 cm™.
2.4.3 Blank ATR-FTIR experiment: monitoring of an equilibrated NaldP-solution interface

An ATR FTIR experiment was performed to monitor in situ the evolution of the interface
between NaldP and a nearly equilibrated electrolyte solution at pH 4, in order to ensure a poor
contribution to FTIR interface spectra of IR vibration bands originating from formation /
structural reorganization with time of hydroxyl groups existing at the clay surface (“blank
experiment”). These IR vibration bands must be identified as they may possibly interfere, on
ATR FTIR interface spectra recorded during experiments of phosphate ion sorption, with the
IR signal originating from the sorbed PO units, in the wavenumber’s range 900-1200cm™'. The
blank experiment was conducted as follows. After covering of the ATR crystal by a nearly
equilibrated NaldP-electrolyte solution bilayer system as described in §2.4.1, and after an
immediate recording of a first FTIR spectrum as a reference baseline, the NaldP-solution
interface was monitored during a reaction time of 3 days. Each IR spectrum was recorded during
20min with an average of 2000 scans/spectrum at a resolution of 4 cm™'. There was observed
the appearance of a weal IR signal in the wavenumber range 1000-1200cm™ and its limited
growth with time. The weak IR signal was attributed to a very limited formation / structural
reorganization of surface hydroxyls on clays with time. This signal was proven negligible
compared to the IR signals acquired during the ATR FTIR phosphate sorption experiments (cf.
§3.4.3). This blank experiment therefore confirmed that the preparation procedure of the NaldP-
solution bilayer system (3 days of pre-equilibration followed by 3 days of NaldP particles
settling form the pre-equilibrated suspension on the ATR crystal) was appropriate to ensure a
nearly equilibration of the NaldP — electrolyte solution interface before the start of the ATR

FTIR phosphate sorption experiment.
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2.4.4 Monitoring of the clay—solution interface along sorption of phosphate ions

Experiments were performed to monitor in situ the sorption of phosphate ions at the interface
between NaldP and a nearly equilibrated electrolyte solution, and to gain insights into IR
vibration bands of phosphate sorption species. Two types of ATR FTIR experiments of sorption
of phosphate ions were performed. The first one was devoted to monitor the NaldP-phosphate-
solution interface as a function of reaction time, for a [P]iaq value of 100uM and a pH value of
4. It was conducted as follows. After covering of the ATR crystal with the nearly equilibrated
NaldP-electrolyte solution bilayer system and recording of a FTIR spectrum as a reference
baseline (cf. §2.4.1), a defined amount of a stock phosphate solution was added into the ATR
cell in order to achieve a [P]iaq value of 50 uM. IR spectra of the interface were then recorded
during 1 hour (one spectrum per 20 min.). Total concentration of aqueous P added was then
increased to 100uM by the introduction of an appropriate amount of the stock phosphate
solution in the cell. The IR spectra of the interface were then collected as a function of reaction
time (tr up to 3 days). The second ATR FTIR experiment aimed at investigating the NaldP-
solution interface during a continuous increasing of the [P]raq value from 100 uM to 300 uM.
The experiment was performed as described previously up to the collection of IR spectra at
[Plraq of 100 uM, for a tr value equal to ca. 19 h, which was previously shown to allow the
appearance of a strong IR signal originating from ISSC of sorbed phosphate (based on FTIR
results of the above-mentioned first-type experiment). The total concentration of phosphate was
then raised from 100 to 300 uM by successive additions of 50 uM of phosphate ions, at a rate
of one addition per hour. IR spectra were collected immediately after each increase of the

aqueous phosphate concentration, and then every twenty minutes.

2.4.5 FTIR spectra of aqueous phosphate species

Supporting Information reports the calculated aqueous speciation of P(V) in 0.005M NaCl

electrolyte solutions (Fig. S1), and the equilibrium constants used for calculations (Table S1).
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Aqueous phosphate species existing in these solutions are the triply protonated (H3PO4)
phosphate ion (pH <4), the diprotonated monovalent phosphate ion, H2PO4", as a main species
in the pH range 3-6, and the monoprotonated (HPO4%") phosphate ion (pH >5). Much IR studies
have been previously published in the literature on these aqueous species and only a short
overview is given here (cf. §1 in Supporting Information). Nevertheless, FTIR measurements
(without clay) were performed in the present study for 0.005 M NaCl electrolyte solutions at
various pH (4-7) and total aqueous concentrations of phosphate ions ([P]raq: 20-225 uM), in
order to: (i) get values of detection limits of the ATR FTIR technique for aqueous phosphate
species, (i1) record IR spectra of aqueous phosphate species to be taken as “references” for the
sorption species, -for example, to distinguish between formation of outer-sphere and inner-
sphere surface complexes of phosphate-, and (iii) identify a possible formation of phosphate
precipitates, depending on experimental conditions. A defined volume of a 0.005 M NaCl
electrolyte solution was brought at a desired pH value and was added into the ATR cell. A
reference spectrum was taken. Then, a defined volume of the phosphate stock solution was
added to the electrolyte solution into the ATR cell in order to attain a defined [P]iaq value. Total
concentration of aqueous P added was then increased by successive additions of defined
volumes of the stock phosphate solution. After each addition, one or several spectra were
recorded. Phosphate aqueous species, and their detection limits, were studied in the range of
[P]1aq values of 20-225 uM (45—-175 uM at pH 4, 50-150 uM at pH 4.9, 30-225 uM at pH 6.2,
20-150 uM at pH 7.0). The IR spectra are given and detailed in Supporting Information (cf.
Fig. S2 and §2). In the range of [P]iaq and pH values investigated in this study, only the v3(P-
O) bands at 1160 and 1075 cm™ of H2PO4™ were observable, and the detection limit for this
aqueous species is estimated to be approximately of 45 uM in the pH range 4-6.2. ATR FTIR
analyses were also made to determine the IR band positions of aqueous iron(III)—phosphate

species, although only low concentrations of Fe*" ions were found to be released in solution
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during illite-solution interactions. IR analysis was conducted for a 0.005M solution introduced
into the ATR cell, in which desired volumes of stock solutions of Fe(Ill) and phosphate ions
were added simultaneously to achieve target concentrations of Fe(Ill) and phosphate ions

([Felrag=10uM and [P]1aq=100uM).
2.4.6 Analysis of FTIR spectra

Analyses of FTIR spectra were focused on the 900-1200 cm™! mid-infrared region where bands
associated with various P-O(H) stretching vibrations of the phosphate unit, i.e., where v3 triply
degenerated asymmetric stretching and vi non degenerated symmetric stretching vibration
bands, are found [3,6,7,78]. There is also a broad band on IR spectra of H2PO4™ and H3PO4
aqueous species that has been attributed to the 5(P-OH) bending vibration located at ca. 1220-
1240 cm! [7,11]. The software OriginPro version 9.1 was used for correction of baseline of the
FTIR interface spectra. A linear baseline was fitted between 1200 and 900 cm™ on the raw
spectra, and was brought to a zero value. The software was also used for the decomposition of
the baseline-corrected spectra in order to resolve IR bands with Gaussian lines, and the least-
square fitting was applied. No constraints were applied on adjustable parameters (band position,
band intensity and band width) during spectral decompositions. The band maxima position was

adjusted only for a very few spectra showing low absorbance.

3 Results and discussion

3.1 Chemical and mineralogical compositions of Illite du Puy

The mineralogical compositions of the IdP and NaldP samples, and of their clay-size fraction
(< 2um), are given in Table 1. Calcite is the major mineral constitutive of IdP, followed by
feldspars (mainly potassic) and clays, i.e., illite and kaolinite. Quartz and siderite are present in
the sample as minor minerals, and hematite as an accessory mineral. The clay fraction has a

quite simple composition dominated by illite, then kaolinite. A striking feature is the
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disappearance of the main mineral, i.e., calcite, after Na-homonionic conditioning of illite du
Puy. NaldP is composed mainly by illite and feldspars -and small amounts of kaolinite and

quartz-, while no carbonates (calcite, siderite) nor hematite were detected by XRD analysis.

Table 1. Mineralogical composition (semi-quantitative estimate in %, error in reproducibility

of measurements: 5%) of IdP and NaldP samples and their clay fraction (<2 pm).

Clay Carbonate Feldspar Iron Oxide
lllite Kaolinite Calcite Siderite Microcline Orthoclase Albite  Hematite  Quartz
IdP 18.5 54 32.8 33 18.2 11.6 6.3 0.4 3.5
NaldP 30.2 7.2 - 20.6 20.5 16.6 - 4.9
IdP<2pm) 79 21 - Traces -
NaldP<2um) 76 24 - Traces -

The major element compositions of IdP and NaldP are given in Table 2 and are consistent with
those of silicate rocks whose mineralogy is dominated by K-feldspars, carbonates and clays.
Fe20s represents a significant percentage (> 5%) of the compositions of the two rocks studied,
although siderite and hematite cannot be detected in NaldP by XRD analysis. Iron minerals
may therefore represent less than 5% of the mineralogical composition of NaldP and / or Fe is
incorporated in the clay’s structure, as proposed by Poinssot et al. [79] for conditioned Na-illite.
Removal of carbonate minerals upon clay conditioning is highly marked in the rock
compositions by a sharp decrease of the percentage of CaO from IdP to NaldP. The treatment
also led to the removal of traces of phosphate minerals. The chemical composition of NaldP is
consistent with that given for Na-illite by Bradbury and Baeyens [77], whose Na-homoionic

conditioning procedure for Illite du Puy has been used in the present study.

Table 2. Major element composition of IdP and NaldP samples and associated uncertainties (in

wt/wt percent oxide). D.L.: detection limit, LOI: loss on ignition.

SiOz A1203 F6203 Kzo CaO MgO TiOz PzOs Nazo MIIO LOI

IdP 44.6 19.7 6.6 5.8 54 32 0.7 0.3 0.1 <0.1 13.0
<2 <2 <10 <5 <5 <10 <20 <15 <25 <20
NaldP 51.2 223 7.5 6.6 0.1 33 0.7 d.l 0.6 <0.1 8.0
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Trace metal compositions of the IdP and NaldP samples are given in Supporting Information
(Table S2). For both rocks, the order of concentrations is as follows: Rb, Ba, Zn (>150 ug.g!) >
Cr, Cs (80-100 pg.g") > Pb, As, La, Cu, Ga, Ni (50-20 pg.g’') > other TME including U (ca.
3pg.gh). It is to be noticed that concentrations are lower in NaldP than in IdP for Sr (180 vs.
70 ug.g!), As and Ln, due to the removal of carbonate and/or phosphate minerals after rock

conditioning.

3.2 lllite du Puy — solution interactions

Batch experiments were performed to gain insights into the evolution of the chemical
composition of a solution in contact with Illite du Puy, for different clay-to-solution ratio (Rsi).
Supporting Information (Tables S3-4) shows values of pH, and concentrations of cations and
anions (hereafter “[]raq”) of the final centrifuged solutions, for a 5-days contact with IdP.
Experimental solutions at an initial pH of 2.29 + 0.05 remain acidic for low Rsw (1-2 g.L!) and
reach a near-neutral to slightly basic pH value for higher Rsi (3-6 g.L"). The slight and sharp
increase of pH during experiments was likely due to fast reactions of protonation of functional
groups existing at IdP surface (hydroxyl groups) and/or to mineral dissolution. Final
concentrations of cations are in the order: [Ca]r.aq (1-2.5 mM) > [K]r.aq (230-300 uM) > [Mg]F.aq
(50-120 uM). Silica concentration increases with final pH ([Si]raq: 140-230 uM) whereas Al
concentration sharply decreases ([Al]raq: 110-10 pM). Major anions are fluoride ions and
phosphate ions, which reach an almost constant concentration for a range of Rsw studied
([PO4*JFaq: ~ 40 uM for Rs > 2g.L°!, Fig. 1), while sulfates and nitrates show much lower
concentration values (<10 pM). Concentrations of uranium, nickel and lanthanides remain in
the ppb level. Results of speciation calculations, performed by using the Visual MINTEQ (Ver

3.1) code and associated database, are reported in Supporting Information (Tables S5-6).
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Phosphate ions are expected to be major ligands that influence the speciation of trace metals in
the pH range 4-7, as well as carbonate ions for pH > 6.8, for solutions at equilibrium with
atmospheric CO2. Calculations also indicate that solutions at near-neutral pH (Rs.> 2 g.L'!)
are oversaturated with respect to secondary phosphate minerals such as AIPOas-1.5H20s),
MnHPO4s), and aluminum- or iron(IIl) - (oxihydr)oxides, which suggests that precipitation of
secondary phases may possibly affect metal behavior in IdP-solution systems. An interesting
feature is that, whatever the pH and Rs/L values, [Fe]r.aq displays an almost constant value (ca.
3 uM) in the final solutions. Two tests of ultrafiltration at 3kDa of the centrifuged experimental
solutions (at near-neutral pH) were made, which showed that the value of [Fe]r.aq decreased
with an increase of the filtration threshold (Fig. 1). This evidences the formation of Fe-
containing colloidal phases. Experimental results for NaldP-solution systems are given in
Supporting Information (Tables S3-4 and Figs. S3-4). It was observed that the Illite sample
conditioning drastically decreased the values of [Ca]r,aq and [anions]r.aq of final experimental
solutions, including for phosphate ions (Table S3). In contrast, [Fe]r,aq values remain of the
same order of magnitude and the formation of colloidal phases containing Fe is likely regardless
of the sample studied. For the NaldP - solution systems, values of [Si]r.aq and [Al]r.aq sharply
decrease with pH, suggesting a control by dissolution and/or precipitation of a same mineral
phase, such as a clay. All these data support that macroscopic and spectroscopic work are
needed to elucidate the speciation of phosphate ions on the clay surface, as they are major
ligands of IdP-solution systems and can therefore strongly affect the sorption behavior of trace

metals onto Illite du Puy.



467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

| PR R ®2g/L ®3g/L b
4 ®4g/L ®5g/L 6g/L i e
dl A4g/L, 3Kd A 6g/L, 3Kd o ®
g 3 i & 40 - ®
-_.‘ d T —
S 1l o ® =
=1 | g9 | ©
& &
— ] -
I A
0 T T T T T T T T T T T 1 0 T T T Ll Ll 1
2 3 4 5 6 7 8 2 3 4 5 6 7 8
Final pH Final pH

Fig. 1. Final experimental concentrations of (a) Fe ions and (b) phosphate ions vs. final pH of
solutions contacted with Illite du Puy (IdP) at various IdP - solution ratios (Rs:1-6 g.L'!).
Experimental conditions: initial pH equal to 2.3, 0.005 M NacCl electrolyte, 5 days contact time.

Circle and triangle symbols stand for solutions centrifuged and filtered at 3 kDa, respectively.

3.3 Macroscopic sorption behavior of phosphate ions

3.3.1 Sorption edge of phosphate ions

Fig. 2 shows a plot of the sorption edges of phosphate ions in NaldP - 0.005 M NaCl electrolyte
solution, at different values of total phosphate concentration ([P]iaq : 20 uM and 100 uM) and
clay-to-solution ratio (Rsz = 1, 2 and 3 g.L'!). The percentage of P sorbed is quite constant in
the pH range 3-6, within our experimental uncertainties, and it decreases for pH values higher
than 6. Several hypotheses may account for this pH dependence. First, a progressive
deprotonation of the amphoteric silanol sites present at clay surfaces is expected when
increasing pH to values higher than 6, consistently with the pKa constant values reported in
literature (Table S7, Supporting Information). Second, a pH value of 6 coincides with the
appearance of the aqueous species HPO4>", whose relative contribution to aqueous phosphate
speciation becomes equal to that of H2PO4™ at pH ca. 7.1 (Fig. S1, Supporting Information). All

these features contribute to an increasing of electrostatic repulsion between clay surface and
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aqueous phosphate at near-neutral to neutral pH, which is unfavorable to phosphate adsorption
[68]. Fig.2b shows that the pH-dependence of surface coverage of NaldP by phosphate ions (in
pumol.g™") does not depend on the clay-to-solution ratio, at low [P]iaq (20 pM), under the
experimental conditions investigated (Rsi.:1-3 g.L™!). This suggests that similar sorption sites
and/or sorption species are involved whatever the Rs/L value. In contrast, an increasing of the
[Plraq value (from 20 to 100 uM) results in a strong decrease of the percentage of P sorbed,
throughout the pH range investigated. A concomitant (non-linear) increase of surface coverage,
is observable, too, and it is more marked at acidic pH than at pH higher than 6. This illustrates
the existence of different types of phosphate sorption species with increasing surface coverage
of NaldP by phosphate ions. Sposito [80] proposed a value of density of surface sites onto soil
minerals of 1.25-2.5 sites.nm™ in their modeling study of phosphate adsorption onto a soil. A
value of surface site density of 2.31 sites.nm™ was proposed by Davis and Kent [81] for sites at
illite platelet edges. Bradbury and Baeyens [77] used a value of 80 pmol.g! (which would
correspond to ca. 0.4 sites.nm?) for surface site capacity of Illite du Puy platelet edges (40
pumol.g! for aluminol sites and 40 umol.g™! for silanol sites) in their modeling study of
experimental data on the macroscopic sorption of TME. These authors also considered a small
amount (ca. 2 pmol.g™! or 0.01 sites.nm™) of high affinity sites present at edge clay platelets in
order to successfully fit the TME sorption isotherms. Based on the surface site density values
of Bradbury and Baeyens [77], it can be inferred that the sorption edges of phosphate ions
reported in the present study would reflect P retention mechanisms that involve mainly the high-
affinity sites existing at NaldP particle edges, where strong interactions with adsorbate can
occur, and that low-affinity edge surface sites have a limited contribution. At the highest P
surface coverage studied (for [P]raq = 100 uM), multiple surface sites and/or phosphate sorption

species are likely to be involved in the retention of P onto NaldP.
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Fig. 2: Sorption edges of phosphate ions onto NaldP: (a) percentage of P sorbed and (b) P
surface coverage (in pmol.g™) obtained at different clay-to-solution ratios, Rsi (¢ : 1g.L!, m:
2g.L! or : 3g.L'Y), and total P concentrations, [PJiaq (¢ M®: 20uM or ®: 100uM).
Experimental conditions: 0.005 M NaCl electrolyte solutions, reaction time (tr) of 4 days,

NaldP-electrolyte solution system pre-equilibration (tpre-eq) of 3 days.

3.3.2  Sorption isotherm of phosphate ions

Fig. 3 shows the sorption isotherm of phosphate ions onto NaldP at acidic pH (pHr: 4+0.05;
[PlLag: 20-200 uM; Rsi: 3 g.L7!, tpreeq: 3 days, tr: 4 days). At this pH value, main phosphate
species are HoPO4™. There was observed a decrease in the percentage of P sorption with
increasing [P]iag, Which suggests the successive formation of several phosphate species at the
NaldP-solution interface and/or a progressive saturation of different sorption sites present at
the clay edges. In contrast, surface coverage by phosphate (in pmol.g™! clay, insert in Fig. 3)
increases when increasing [P]iaq up to a value of ca. 50-60 pM. Such a behavior is typical of
the successive formation of various surface complexes of distinct stability and / or successive
implications of high-affinity and low-affinity surface sites for phosphate surface species
formation. A plateau in amount of phosphate ions sorbed (at 5-6 pmol.g™' of phosphate sorbed)

is observable in Fig. 3 (insert) at [P]i, aq values higher than =~ 60 uM. This result suggests a
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saturation of all sorption sites available for phosphate retention. It also indicates no significant
involvement of secondary processes like (surface) precipitation of phosphate phases, under the

conditions investigated.
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Fig. 3. Sorption isotherms of phosphate ions in % of adsorbed P (insert: P surface coverage in
umol.g™) onto NaldP, at pH 4 and at [P]iaq values in the 20-200 uM range. Experimental

conditions: 0.005 M NaCl electrolyte solutions, Rsi. = 3 g.L'!, tr= 4 days, tpre-cq = 3 days.

3.3.3 Electrophoretic mobility

Fig. 4 shows the pH dependence of electrophoretic mobility (EM) measured for NaldP-0.005
M NaCl electrolyte suspensions at different [P]iaq values. In the absence of any potential-
determining ion other than OH/H", NaldP particles display a low value of isoelectric point (IEP
~ 3), i.e., of pH at which EM and surface potential are equal to zero. This is consistent with
previous studies reporting a low value of isoelectric point (IEP) for illitic minerals [82,83]. A
sharp decrease of EM with pH is also observable in Fig. 4. These EM results reflect successive
(de)protonations with pH of amphoteric surface functional groups (like silanol then aluminol /

ferrinol sites) present on clay edge surface in NaldP (cf. Table S7 in Supporting Information
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for values of 1% and 2™ protonation constants of surface hydroxyl groups onto clay minerals).
Fig. 4 also reveals that, at acidic pH, EM of NaldP in the suspensions is slightly diminished at
high phosphate concentration ([P]iaq = 100 uM). This feature evidences a mechanism of

sorption of phosphate ions that adds negative charges to the clay surface.
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Fig. 4. pH dependence of electrophoretic mobility of NaldP particles for experiments at
different initial concentrations of P ([P]iaq) and illite-to-solution ratios (Rsw). Corresponding
data on P sorption are in Fig. 2. Experimental conditions: 0.005 M NaCl electrolyte solutions,

tr =4 days and tpre-eq = 3 days for P sorption and tr = 7 days for the experiments without P.

3.4 ATR FTIR studies

3.4.1 IR data on the clay structure or interface

ATR FTIR experiments were performed with the aim to identify positions of vibration bands
of the clay structure and / or clay-solution interface, e.g., Si-O and/or Si-OH vibration bands,
which may interfere with v(P-O) signals in the 900-1200 cm™ range. In order to record a

significant IR signal, we followed the time evolution of the interface between illite and a not
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equilibrated solution (cf. § 2.4.1/2.4.2). In these experiments, a thin layer of IdP or NaldP was
coated on the ATR crystal surface and brought in contact with a 0.005 M NaCl solution at initial
pH 4 (no step of clay-solution pre-equilibration was made). Fig. 5a shows the evolution of in
situ IR spectra collected at the IdP—solution interface as a function of time. There was observed
since the first hour of IdP-solution contact the appearance in the spectral region 800-1200 cm™!
of a strong “negative” absorbance whose growing rate decreases with time. Decomposition of
the spectra provided values of six vibration band maxima at 835, 873, 912, 979, 1040 and 1110
cm’!. Table S8 in Supporting Information provides a succinct literature data on the OH
deformation and SiO stretching vibrational bands of clay minerals. The bands at 835, 873 and
912 cm! can be attributed to OH bending vibrational mode of Al-Mg-OH, Al-Fe-OH and Al-
Al-OH, respectively, in the structure of clay minerals [84,85]. The band at 979 [84], 1040 and
1110 cm! correspond to SiO stretching vibrational mode [84,86,87]. The main band at 980 cm’
! is reported to be characteristics for Si-O stretching vibration of Si-O-H groups which is
attributed to asymmetric vibration of Si-OH, and it may reflect the presence of OH groups at
surface of polymerized silica [87]. Fig. 5b shows the time evolution of in situ IR spectra
collected at the NaldP—solution interface. There was observed in the range 800-1200 cm™! the
appearance of a low “negative” absorbance (which almost stabilizes after ca. 3 hours), showing
upon spectra decomposition three band maxima at 917, 966, and 1008 cm™! as a main band. The
latter is characteristics of the Si-O stretching band in the micas group, like illite [88]. Hence,
the “negative” absorbance provides evidence for processes of structural reorganizations at the
illite-solution interface with time and / or clay dissolution during interaction of (Na)IdP and a
not equilibrated solution. In contrast, IR spectra recorded during ATR FTIR monitoring of the
interface between NaldP and a nearly equilibrated solution (cf. § 2.4.1 / 2.4.3) showed, and

only after a reaction time of 3 days, a very low absorbance that was found to be insignificant
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compared with that observable in the interface FTIR spectra of sorbed phosphate species (cf. §

3.4.3).
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Fig. 5. Time evolution of in situ ATR FTIR interface spectra recorded along interaction of (a)

IdP or (b) NaldP in contact with a (not pre-equilibrated) 0.005 M NacCl electrolyte, at an initial

pH of 4 (final pH: 6.2 and 4.0, respectively) and results of spectra decomposition (insert). The

solutions were added to a thin film of clay coated on the ATR crystal (cf. § 2.4.1/2.4.2).

3.4.2 IR spectra of aqueous solutions containing PO4>~ and Fe*" ions

IR spectra of 0.005M NaCl electrolyte containing P(V) at different concentrations ([P]raq: 20-

225uM) in the pH range 4-7 are presented and commented in Supporting Information (cf. Fig.

S2 and §2). The v3(P-O) bands at 1160 and 1075 cm™! of H2PO4™ were observable at pH 4 and

the detection limit for this aqueous species was estimated to be approximately of 45 uM, a
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concentration at which IR band intensities are very close to background noise level. Although
the concentration of Fe** ions released in aqueous solution was found to be low (<4uM) in our
experiments of (Na)ldP-solution interactions (cf. §3.2), ATR FTIR analyses were made to
determine the IR band positions of aqueous iron(Ill)-phosphate species. The analysis was
expected to be helpful to detect the potential contribution of OSSC and ISSC of iron—phosphate
species to IR signals of the NaldP-phosphate-solution interface. Fig. 6a compares IR spectra of
solutions at pH 4 containing phosphate ions ([P]iaq of ca. 100uM), in the absence and in the
presence of Fe(IlI). Note that the absorbance observable in the IR spectrum recorded for the
solution containing P(V) only is weak, although the IR bands at 1160 and 1075 cm’
characteristics of the diprotonated phosphate ion H2PO4™ are defined. It was found that, due to
formation of iron(IIl)-phosphate aqueous complexes, the addition of 10uM of Fe(III) in the
phosphate solution at pH 4 slightly increases the absorbance recorded in the wavenumber range
1000-1150 cm’!, with a large main band being observable. Fig. 6b shows that four IR absorption
bands at 1041, 1085, 1124 and 1149 cm™ were resolved upon decomposition of the IR spectra
of the aqueous solution containing Fe*" and PO4> ions, with an additional weak band at 1077
cm! attributable to H2PO4 almost disappearing with time (after ca. 2h) upon formation of the
iron(Ill)-phosphate complexes. Based on the FTIR data given by Tejedor-Tejedor and
Anderson [3], the bands at 1041, 1089 and 1149 cm™ could be attributed to FeHPO4* aqueous
complex, the main species dominating the speciation of Fe under the conditions investigated
(and to additional contribution of FeH2PO4**, a minor species). The bands at 1043 and 1125

1

cm™! could relate to the FeaPO4** species [3]. Fe2(OH)PO3** aqueous species is reported to

display a set of bands at 1041,1085 and 1124 cm™! but it is not significantly formed at pH 4.
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Fig. 6. ATR FTIR spectra of 0.005 M NaCl electrolyte solutions at pH 4: (a) effect of presence
of Fe(Ill) ([Fe]raq: 10uM) in a phosphate solution ([P]raq: 100 or 125uM, tr: 4.6 hours) and (b)
effect of reaction time on a solution containing Fe(IIl) and P(V) ions ([P]Laq:100 uM, [Fe]raq:

10 uM). Circles: experimental curve; lines: results of spectrum decomposition.

3.4.3 ATR FTIR monitoring of phosphate sorption at clay — solution interface

It should be pointed out that in the ATR FTIR phosphate sorption experiments presented below
(IR spectra reported in Figs. 7 and 8), phosphate sorption monitoring was carried out at the
interface between NaldP and a nearly equilibrated electrolyte solution, that is to say, between a
layer of NaldP particles that had previously been allowed to settle on the ATR crystal for 3 days
from a NaldP-solution suspension at pH 4. The suspension was itself pre-equilibrated for 3 days
before being added to the ATR cell (cf. §2.4.1 and §2.4.4). The NaldP-solution bilayer system
studied by ATR FTIR spectroscopy was therefore almost at equilibrium before the start of the
phosphate sorption experiment, in order to minimize clay dissolution and structural
reorganization and/or the formation of surface hydroxyl groups on the clay during the phosphate
sorption process. In addition, blank ATR FTIR monitoring experiments of the NaldP-solution
bilayer system at pH 4 (cf. §2.4.3) provided interface IR spectra showing only a very weak IR
signal in the 900-1200cm™! wavenumber range, which proved negligible compared with those
obtained in the presence of phosphate ions, whether short, intermediate (Fig. 8a) or long

reaction times (Fig. S5 in Supporting Information) are considered.

Effect of reaction time. Fig.7a shows the ATR FTIR spectra recorded by in situ monitoring of
the sorption of phosphate ions at NaldP—solution interface at pH 4 (two successive additions,
attr =0 and 1 hour, respectively, of S0uM of aqueous P to a nearly equilibrated NaldP—solution
bilayer system, cf. §2.4.1 and 2.4.4). There was observed the appearance of a weak absorbance

in the whole region 1050-1250 cm™! after addition of 50 uM of P, which slightly increases with
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an increasing of total phosphate concentration to a value of 100 uM (cf. spectra at [P]raq= 50uM
/ tr = 20min and [P]raq= 100 puM / tr = 1h20min, respectively). From short to intermediate
reaction times (tr of ca. 19h), there was observed the appearance and the progressive increase
of a broad absorbance at lower wavenumbers, which increases dramatically up to a reaction

time of 3 days and shifts the IR absorption signals towards the region 1000-1100 cm™.

At short reaction time (tr < 8 hours), the absorbance observed on the IR spectra of the interface
is weak, which makes it somewhat difficult to decompose the signals. However, it can be
inferred from spectra decomposition (Fig. 7b) that the very short-term spectra (tr < 1h20min)
were dominated by two broad bands centered at 1075 and 1160 cm™', with a small shoulder
centered at 1035 cm!. Peak maxima position of the two broad bands were similar to those
recorded for the phosphate—solution system under similar conditions (Fig.S2 in Supporting
Information) but their intensity is higher. This suggests that at least a fraction of aqueous
phosphate ions was involved in the formation of a phosphate surface species onto NaldP
(hereafter “species A”). Decomposition of spectra reveals that the intensity of the two bands of
species A show a progressive decrease with time (for tr > 2 hours), until disappearance (Fig.
7b). In contrast, a band centered at 1035cm™ (which occurred as a broad shoulder on the short-
term spectra) increases slightly with time (tr < 8h). A poorly-defined band centered at ca. 1132
cm! could be also identified. It seems that the latter band is independent of the concentration
of phosphate ion and reaction time. At an intermediate reaction time (tr = 19h), the band
positioned at 1035 cm™ is well resolved and its intensity shows a further dramatic increase with
time (tr = 3 days). A shoulder at a lower wavenumber (at 1003 cm™) and a band positioned at
1095cm™ are also present in the IR interface spectra collected at intermediate and long reaction
times. We assign the bands at 1003, 1035, 1095 and 1132 cm™ to v3 (P-O), as the IR active vi
(P-OM, M: metal or hydrogen atom) bands are located at wavenumbers lower than 900 cm™!

[7]. The maxima positions of the three v3 (P-O) bands are different from those of aqueous
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H2PO4 species and phosphate surface species A, which evidences that at least another
phosphate surface species is formed at the interface. These positions differ also significantly
from those observable for the vibration bands of FeHPO4" aqueous complex (bands at 1041,
1089 and 1149 cm™), which is the main species expected to dominate the aqueous speciation
of Fe(Ill) under the conditions investigated (cf. §3.4.2). It must also be pointed out that a
contribution to the IR spectra (Fig. 7) from an IR signal originating from the structural
reorganization over time of surface hydroxyl groups and / or clay is to be excluded at tr < 19h
(Fig. 8a) and is very weak at a long reaction time of 3 days (Fig. S5 in Supporting Information),
as “blank” FTIR spectra of the clay-solution interface recorded in the absence of phosphate ions
showed only low absorbance (Fig. S5). Hence, based on band maxima positions observable
from short to long reaction times in the FTIR spectra of the NaldP-phosphate-solution interface
in Fig. 7, we interpret the evolution of the IR signals by the formation of a P surface species
(hereafter “species B”’) whose contribution grows with time. Further addition of phosphate ions
(100 uM) to the 3-days aged system induced no significant change in band’s intensity, which
rather suggests that no additional surface complex and / or precipitate of phosphate is formed
onto NaldP under the investigated conditions, in good agreement with the results of the
macroscopic sorption experiments (cf. § 3.3.2). The increase of absorbance of the band at 1035
cm! and the decrease of that at 1075 cm™ with time may reflect the kinetics of a conversion

from outer sphere (species A) to inner sphere (species B) surface complex of phosphate.
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Fig. 7. (a) Evolution of in situ ATR FTIR spectra recorded at the NaldP — phosphate - solution

interface as a function of time, and (b) results of spectra decomposition. Experimental

conditions: 0.005 M NaCl electrolyte solution at pH 4, [P]1aq of 50 uM (20min), 100 uM (tr: 2
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hours up to 3 days). Aqueous phosphate was added to a nearly equilibrated NaldP — solution

bilayer system deposited on the ATR crystal (cf. §2.4.1 and §2.4.4).

Effect of phosphate ion concentration - Fig. 8 shows the ATR FTIR spectra recorded by in situ
monitoring of phosphate ion sorption at the NaldP—solution interface, as a function of the total
phosphate concentration ([Plraq: 50-300 uM), at pH 4 and at a reaction time < 24 hours
(successive additions of aqueous P to a nearly equilibrated NaldP—solution bilayer system, cf.
§2.4.1 and §2.4.4). There was observed an increase of IR absorbance with increasing phosphate
concentration (Fig 8a). At low phosphate concentration (50 uM), a well-defined band at 1075
cm’!' and a broad band were present in the 1000-1250 cm™ wavenumber region. Results of
spectra decomposition (Fig. 8b) indicate that the broad band maximum is located at 1160 cm’!,
with two shoulders at 1215 cm™ and at 1132 cm™. These bands (i.e., 1075, 1132, 1160 and 1215
cm’!) are present in the range of phosphate concentration 50-250 uM. At a [P]raq value of 100
uM and an intermediate reaction time (tr=2 hours, Fig. 8a), a shoulder of weak absorbance
appears at a wavenumber lower than that of the band at 1075 cm™. This evolution is similar to
that reported in the previously-described ATR FTIR phosphate sorption experiment (cf. Fig. 7).
An increasing of absorbance was observable with increasing total concentration of phosphate,
which appeared to be due to the growing of a well-defined P-O stretching band with a maxima
at 1035 cm™ (Fig. 8b). At [P]raq values higher than 150 uM, another small shoulder centered at
1005 cm™! appeared and increased with increasing phosphate concentration. These bands are
similar to those identified for the phosphate surface species B in the previously-described ATR
FTIR experiment. The band at 1095 cm™! (of species B) could not be observed at [P]iaq < 250
1M, possibly due to overlapping of the band at 1075 cm™ which exhibited a strong absorbance.
Note that a significant contribution of IR signals originating from the structural reorganizations

of surface hydroxyl groups or clay appear unlikely, given the negligible absorbance observable
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in “blank” IR spectra (Fig. 8a) recorded after 20h of ATR FTIR monitoring of the nearly

equilibrated NaldP — solution bilayer system without P (blank experiment, cf. §2.4.3).

Hence, seven absorption bands (at 1003, 1037, 1075, 1095, 1132, 1160 and 1215cm™) were
identified on the FTIR NaldP-phosphate—solution interface spectra recorded when the
concentration of phosphate ion is increased in experiment. These bands are assigned to the same
surface species as those identified in the previously described ATR FTIR phosphate sorption
experiment on the effect of reaction time. The bands at 1075, 1160 and 1215 cm™! correspond
to the species A. The bands at 1003, 1037, 1095 -and possibly 1132 cm’!- relate to the species
B. Note that the band at 1132 cm™! of low absorbance is independent on phosphate concentration

([P]raq < 250 uM) and reaction time (for tr < 19 hours).
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731  Fig. 8. (a) Evolution of in situ ATR FTIR spectra recorded at the NaldP—solution interface

732 along an increase of P concentration in experiment ([P]iaq : 50-300 uM) and (b) results of
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spectra decomposition. Experimental conditions: 0.005 M NacCl electrolyte solution at pH 4, tr
up to 21 hours. Successive additions of P (§2.4.4) were made to a nearly equilibrated solution-
clay bilayer system deposited on the ATR crystal (cf. §2.4.1). In situ ATR FTIR spectrum
recorded after 20h of monitoring of the solution-clay bilayer system without P (blank

experiment, cf. §2.4.3) is also given in (a).

4 Discussion

4.1 Macroscopic sorption of phosphate ions at illite—electrolyte solution interface

Sorption edges of phosphate ion sorption onto NaldP presented here for low [P]iaq values (<
100 uM) show that the highest percentage of phosphate sorption was found at acidic pH (3-6),
with this percentage decreasing with increasing pH. This findings are consistent with previous
studies of phosphate ion sorption onto aluminum-oxide, illite, and kaolinite [8,13,22]. Del Nero
et al. [8] showed a maximal and quite constant sorption of phosphate ions onto alumina at pH
3-6, and a decrease in sorption at higher pH. The authors proposed that two sorption
mechanisms, i.e., formation of ISSC/OSSC and surface precipitation of Al-phosphates, were
involved in the retention of phosphate ion at the alumina-electrolyte solution interface when P
loading increases at acidic pH. At low surface coverage, P sorption was shown to be controlled
by reactions of surface complexation i.e., by surface ligand exchange reactions implying high
affinity aluminol edge sites, and by formation of an outer-sphere phosphate surface complex at
protonated aluminol surface sites (e.g., = AIOHJ ). Edzwald et al. [22] examined the
macroscopic uptake of P by (not conditioned) clay minerals like illite, kaolinite and
montmorillonite. They observed that the sorption of phosphate ions was maximal at pH 4-5 and
further decreased at higher pH, which is a similar pH-dependence than that observed in the
present study for NaldP. The authors concluded that the aluminol surface groups of clays, which
have an isoelectric point at high pH, are more important in sorption of phosphate ions than the

silanol surface groups (which have a negative charge down to a pH of 2). Edzwald et al. [22]
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also emphasized that the adsorbed metals (e.g., iron) as bridging cations present at the surface
of clay and/or the metal (e.g., Fe- and Al-) oxides contained in the clay sample, controls the
retention of phosphate ions. Van Emmerik et al. [13] studied the sorption of phosphate ions
onto a pretreated kaolinite (at concentrations of phosphate ions in the range 1-10 mM). Their
data also showed that the percentage of phosphate ion sorption was maximal and constant in
the range of pH 3-5 and decreased with pH, at low and high surface loadings. They reported
that formation of ISSC and/or surface precipitates of phosphate at edge sites of the alumina-
like layer of kaolinite was predominant over the studied pH range, depending on surface loading
by phosphate ions. The sorption edge and sorption isotherms of phosphate ions on NaldP
presented in the present study are consistent with the above-mentioned studies, which suggest
a predominant role on P sorption of the aluminol and/or ferrinol surface sites present at edges
of illite. Our macroscopic data suggested the successive formation, with increasing [P]raq (<
200 uM) or with decreasing Rs/L, of surface complexes of distinct stability. Alternately, high-
affinity and low-affinity surface sites might be successively implicated in formation of
phosphate surface species onto NaldP, up to a surface coverage of ca. 5-6 umol.g™! for which
no clay surface sites are available anymore for P sorption (see § 3.3.1, §3.3.2). Such a limiting
surface coverage is consistent with values of surface concentrations of low affinity and high
affinity aluminol sites expected to exist at NaldP clay platelets [77]. It is unlikely that significant
amounts of Al-phosphate surface precipitates are involved in phosphate ion sorption onto NaldP
under our experimental conditions ([P]raq < 200uM), as P surface coverage reaches a plateau.
Therefore, the aluminol surface sites at NaldP edges mostly participate to the formation of ISSC
of phosphate under our investigated conditions, which may be favored at acidic pH by a first
step of electrostatic attraction between the positively charged clay surface (due to existence of
protonated aluminol sites as ZSOH2" and the negatively charged aqueous phosphate ions

(HPO4* and H2POs) approaching the surface (formation of OSSC of phosphate). EM
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measurements are useful to determine the isoelectric point (IEP) of colloidal materials as well
as to distinguish ISSC from OSSC formation [6,89]. Later surface species are reported to
influence the value of EM but they do not produce changes in IEP, whereas ISSC formation
may lead to surface charge reversals and shifts in IEP [6,8,89]. EM data showing charge reversal
and IEP shifts to lower pH value with increasing phosphate loading onto minerals were reported
in the literature as indirect evidences of formation of ISSC of phosphate ions at the interface
between solution and kaolinite or iron / aluminum (hydro)oxides [3,6,8,10,15,90]. As long as
the edge aluminol (and/or ferrinol) sites are responsible for phosphate sorption onto clay,
sorption reactions of phosphate ions at such sites would play a role on surface charge evolution
of clay. The data presented here show a slight decrease in EM as a consequence of phosphate
ion sorption onto NaldP at acidic pH, which suggests a mechanism of P sorption imparting

negative charges to the clay surface.

4.2 ATR FTIR spectroscopic study of P sorption at illite—solution interface at pH 4

Phosphate surface species A (1075, 1160 and 1215 cm™).

Phosphate surface species A has two v3 bands at 1075, 1160 cm™ and a broad band centered at
1215 ecm’™!. The position of these bands are very similar to those of the dissolved phosphate
species (H2POs, Cav), as reported by [3]. The latter also have a band at 1215 cm™! assigned to
the 6(P-OH) bending mode of dissolved phosphate species (e.g., H2PO4", C2v) [3,6,7,78]. In the
present study, a broad and weak band at 1215 cm™! is present in IR interface spectra recorded
at short reaction time during the sorption process of phosphate ions at the interface (while it
was not observed in IR analyses of the phosphate — electrolyte solution system). That the band
at 1215 cm! of the §(P-OH) bending mode was observed during the P sorption process
suggested the formation of OSSC species of phosphate. Accumulation of negatively charged
phosphate ions by electrostatic attraction as counter-ions to balance positively charged edge

sites created at the clay-solution interface, i.e., ZSOH>" sites, and/or by weak hydrogen bonding
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to surface water or surface hydroxyl sites, might increase their absorbance. Molecular symmetry
of sorbed phosphate ions is expected to be similar to that of dissolved phosphate species (Cav)
if the phosphate ions is weakly sorbed. The numbers of P-OH bands of the weakly sorbed
phosphate should be the same as for the corresponding aqueous P species, and the peak position
should be close, too [6]. The maximal number of v3 vibrational bands of PO4 unit for a Cay or
lower molecular symmetry is three [7] because the v3 vibrational bands is triply degenerated
when PO4 units have a Td molecular symmetry mode [91]. Theoretically, the third v3 band
located at 940 cm™! should be present in IR signals for an OSSC species of phosphate. The band
was however not observable in our IR interface spectra possibly due to: (i) the strong IR
absorbance of NaldP—solution system below 1000 cm™ as observed by Borgnino at al. [23] for
an iron modified montmorillonite, and (ii) cutoff of detector at ~ 900 cm™'. We thus conclude
that the phosphate surface species A with IR bands at 1075, 1160 and 1215 cm™! is an OSSC of
diprotonated phosphate ions (as ZSOH2"...H2PO4") formed at NaldP—solution interface, which
predominates the phosphate surface speciation at short reactions times and / or at low P

concentrations.
Phosphate surface species B (1005, 1037, 1095 and 1132 cm™).

Phosphate surface species B has four v3 bands at 1005, 1037, 1095 and 1132 cm™ whose band
intensity increases with reaction time -except the poorly-defined band at 1132 cm™'. This species
exhibits a vibration band at 1035 cm! that predominates at a long reaction time (> 24 hours).
Borgnino et al. [23] have shown in an ATR FTIR study of phosphate sorption at the Fe-modified
montmorillonite—solution interface that, at a low pH value, two ISSC of phosphate were formed
at the surface of iron(IIl) (hydr)oxides present in the clay. The first one was shown to be an
unprotonated bidentate surface complex =(FeO)2PO2, with v3 bands at 1088, 1049 and 941 cm’
!. The authors suggested a Ca2y or lower molecular symmetry for this ISSC, whose band maxima

positions resulted from shifts of v3 bands of H2PO4™ (at 1160, 1076 and 940 cm™). The second
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one was proposed to be a monoprotonated bidentate surface complex, e.g. =(FeO)2(OH)PO,
whose bands’ positions were at 1128, 1011 and 978 cm™!, with a C1 molecular symmetry. Dolui
et al. [19] investigated the mechanisms of phosphate sorption ([P]raq= 100 uM) at acidic pH at
the kaolinite—solution interface by using in situ ATR FTIR spectroscopy and they identified
five v3 bands (1138, 1108, 1086, 1074 and 1061 cm™). They reported the formation of multiple
surface species of phosphate ions at the surface of kaolinite with a predominant surface species
(ISSC or surface precipitate) formed at edge aluminol sites whose band position was at 1138
cm™. Li et al. [69] studied surface speciation of phosphate ions at the a-Al2Os—electrolyte
solution interface from pH 5 to 9 by using *'P solid state NMR coupled with ATR FTIR and
DFT calculation. Five IR bands (at 1130-1131, 1092-1096, 1053-1060, 1020-1025 and 1005-
1010 cm™) were identified. The authors concluded on the co-existence of two surface
complexes of phosphate ions as predominating surface species at pH 5: a monoprotonated
bidentate binuclear surface complex, as Z(AlO)2(OH)PO and an unprotonated bidentate
binuclear surface complex, as Z(AlO)2POa2. The authors observed at high pH a decrease in
intensity of bands at 1130 and 1010 cm™!, which relate thus to the protonated species (and bands
at 1096, 1060 and 1020 cm™! may relate to unprotonated species). Del Nero et al. [8] investigated
the sorption mechanisms of phosphate ions at acidic pH onto a-Al2O3 by in situ ATR FTIR
spectroscopy and zeta potential measurements. They reported formation at low surface
coverage of an ISSC of phosphate that decreased the surface charge of alumina and had possibly
IR bands at 1084 and 1033 cm™'. The main phosphate surface species was shown to become
progressively a surface precipitate of Al-phosphate incorporating Al** ions released by mineral
dissolution, with a band at 1137 cm™ and a constant surface charge, when increasing surface
coverage by phosphate ions. Based on bands’ positions, molecular symmetry considerations,
and above-mentioned literature data, we assign the three vs bands positioned at 1005, 1037 and

1095 cm™! for species B identified in the present study to a monodentate binuclear surface
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complex species formed at edge surface sites (S) of clay, i.e., Z(SO)2PO2, likely via surface
ligand exchange implying high-affinity aluminol sites on the edge of illite platelets, and, to a
lesser extent, low-affinity aluminol surface sites. The symmetry of the phosphate unit for
species B is Cay or lower. The small v3 bands at 1132 cm™! can be tentatively assigned to limited

formation of a monoprotonated monodentate binuclear surface complex =(SO)2(OH)PO2 as
similar band position were reported for ISSC of phosphate of the type =(SO)2(OH)PO: by Li et
al. [69] and =(FeO)2(OH)PO: by Borgnino et al. [23]) formed onto Al- and Fe-oxides,

respectively, and / or to low amounts of Al-phosphate surface precipitates.

5 Conclusions

This study provides new insights into the sorption mechanisms of phosphate ions at the illite —
solution interface, for a range of aqueous phosphate concentrations (20-200 uM) and clay-to-
solution ratios that led to low to moderate coverage of the clay surface by P (2-6 pmol.g™). It
was found that the percentage of P sorption is dependent on pH and the coverage of the clay
surface by phosphate. At high P loading, the process of phosphate sorption added negative
charges to the clay surface and involved multiple sorption species and/or surface sites present
on the clay edges. Data acquired by in situ monitoring of the illite-solution interface by ATR
FTIR spectroscopy provided evidence that phosphate ions were primarily sorbed at acidic pH
via the increasing formation, with time and aqueous phosphate concentration, of inner-sphere
phosphate surface complexes, probably monodentate binuclear surface complexes, i.e.,
=S0)2P02, through surface ligand exchange involving hydroxyl surface sorption sites (S) on
the clay edges, likely the high affinity aluminol sites and, to a lesser extent, low affinity
aluminol sites. These surface species were characterized by vas(P-O) bands positioned at 1003,
1035 and 1095 cm!, and were formed by transformation over time of an outer-sphere phosphate
surface complex that dominates phosphate surface speciation at low reaction times and low P

concentration. The information on phosphate surface speciation presented here is novel, and
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provides for the first time in situ spectroscopic evidence of strong sorption of phosphate ions at
the surface of a 2:1 layered clay, which are important minerals of soils and clay formations.
This knowledge is mandatory to better understand / predict the surface reactivity of clays and
its impact on the behavior of TME in agricultural water-soil systems, or in assessing the safety
of high-level radioactive waste disposal in clay rocks. This work also provides a context for
more in-depth spectroscopic studies of complex ternary systems of TME/radionuclides,

phosphates, clays and solutions.
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