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Abstract

Although it is well known that clays and phosphate ions (hereafter referred to as “P”) can
contribute to the long term uptake of uranium (U) in a variety of geochemical systems, work is
still needed to document the surface speciation of U(V1) and P sorbed on relevant clay minerals
such as illite. Following on from previous work showing strong sorption of phosphate ligands
on the surface of a homoionic Na-illite ([1]), we addressed the (competitive/synergistic)
mechanisms of (co)sorption of trace levels of uranyl ions (1-10uM) and phosphate ligands (100
KUM) onto this clay, and the identity of the surface species formed, by in situ spectroscopy
monitoring of the clay-solution interface along sorption. We also performed complementary
batch sorption experiments and electrophoretic mobility (EM) measurements. Macroscopic
data indicated a uranyl sorption dependent on pH, aqueous U concentration and clay-to-solution
ratio, a signature of P on the U sorption, and a promotion of P sorption with U concentration.
Macroscopic and EM data also suggested mostly reversible mechanisms of P and U co-sorption
that confer negative charges on the mineral surface and involve several types of uranyl
phosphate surface species and/or surface sites present on the clay edges. FTIR interface spectra
confirmed that several types of inner sphere uranyl phosphate surface species formed at acidic
pH at the illite-solution interface, as a function of U surface coverage and/or reaction time. An
inner-sphere uranyl phosphate surface complex, likely with a U-bridging structure, was formed
rapidly on high-affinity surface sites existing in limited quantities on the clay edges. Another
U-P surface complex (with a possible P-bridging structure) was progressively formed in
increasing amounts with U surface coverage and time on low affinity clay edge sites. Finally, a
third U-P surface species having an autunite-like structure (probably a U-P polynuclear surface
species) was formed on the illite surface at high U concentration (L0uM). The two later species
competed with the existence on the illite surface of inner sphere surface complexes and outer-

sphere surface complex of phosphate, which were identified in the absence of U. Information
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on uranyl surface speciation in the presence of phosphate ligands presented here is novel and
provides for the first time in situ spectroscopic evidence of synergistic U-P sorption process
leading in the formation of several types of uranyl phosphate sorption species on the surface of
illite. These results provide a sound basis for better understanding / prediction of U sorption in
the environment, including in clayey formations being considered as long term barriers to

radionuclide migration in far field of high level nuclear waste repository.

Keywords

Illite, Uranyl sorption, Phosphate ligands, Surface speciation, In-situ ATR FTIR spectroscopy,

/ Environment.

1 Introduction

The environmental behavior of uranium (U) is a major issue of soil - sediment - water continua
due to the natural abundance of this metal in rocks, its involvement in a variety of anthropogenic
activities such as metal mining, water treatment and energy production [2-4], its radiological
and chemical toxicity, and the complexity of the biogeochemical processes that govern its fate
in ecosystems [5,6]. Nuclear power plants generate spent nuclear fuel containing U and produce
radioactive wastes, for which various long-term management strategies have been proposed
including the disposal of high-level radioactive wastes (HLW) in repositories in deep geological
formations [7-9]. Near field engineered barrier systems will isolate stored HLW from
groundwater and prevent dissolution, but their progressive degradation poses a long term safety
issue. Hence, to prevent migration of dissolved and colloidal radionucleides (RN) in
groundwater —as a result of long term HLW dissolution- into the human-accessible environment,

host argillaceous rocks as geological far-field barriers, such as Callovo-Oxfordian clay, COX,
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and Opalinus clay, OPA [10], have been considered by several countries. These rocks have clay
minerals as their main constituents and outstanding physicochemical properties for storage,
such as low permeability and high mineral retention capacity for RN, including U ([11-16]).
Uranium -which exists mainly in environment in the 1V and VI oxidation states- is indeed
known to be potentially mobile in the hexavalent state as uranyl ions, UO2** [5], which
participate in formation of a variety of aqueous complexes given the high chemical affinity of
U(VI) for the dissolved ligands OH- and COs? [17-20], organic ligands [6,21] and phosphate
ligands, PO4s* (hereafter referred to as “P”) [22,23]. In particular, phosphate ligands can
promote U(VI) retention in rocks or soils via precipitation and / or sorption processes.
Precipitation of U(VI) phosphates like chernikovite or autunite can limit U solubility under
certain conditions [22,24-28]. Moreover, secondary uranyl phosphate precipitates were found
in the vicinity of U-ore deposits or in contaminated sediments [24,29-38] and U was shown to
exist in close association with P and iron(l11)/Al(111) oxihydroxides or clays [32,34,39-44] in
some soils or surface environments. Due to the ubiquity of phosphate minerals/ligands in clay
rock-soil-water continua, a thorough understanding of the mechanisms of U(V1) and P(V) co-
sorption on relevant minerals is mandatory to provide a solid basis on which to build a robust

assessment of the fate of uranium in the environment.

The objective of this work is to provide new insights into the mechanisms and surface species
involved in uranyl and phosphate ions co-sorption onto illite, a main constituent of clay rocks
including COX. Numerous studies have reported strong sorption of uranyl ions at surfaces of
metal oxihydroxides [45-48] and clay minerals / rocks [11,13,15,49-53], and the promoting
effect of P sorption on retention of U(VI) on metal oxihydroxides and kaolinite, at acidic/neutral
pH [45,46,54-56]. In addition, spectroscopic studies have clarified the surface speciation of
U(VI) sorbed to Al and Fe oxihydroxides [57-63] and clays [13,53,64—-68], in the absence of P.

However, far less spectroscopic work has been devoted to mineral-solution systems containing
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uranyl and phosphate ions (or arsenate ions as P homologues) and little structural data exist on
the U and/or P surface species formed [55,68-70], particularly on clays [71,72]. Troyer et al.
[71] have reported no significant P sorption (in absence of U) on montmorillonite and no P
signature on the sorption of U, which was controlled by formation of inner-sphere surface
complexes (ISSC) of uranyl phosphate (with U-bridging). Further work is required to identify
the U/P species formed on the surface of clays like illite and kaolinite, for which a strong P
sorption and/or signature on U sorption has been reported, and thus clarify the effect of clay

surface properties.

Spectroscopic studies have evidenced that, in the absence of P, U(VI) sorption species existing
on Fe(l11) oxi-hydroxides are surface-U(VI)-carbonato complexes formed in a wide pH range
[57,58] and bidendate ISSC of U(VI) on goethite [69]. For Al oxihydroxides, formation of the
former has also been reported, notably under conditions where uranyl tricarbonato species exist
in solution [63], and effect of U loading has been demonstrated on the main forms of sorbed
U(VI) (bidentate ISSC vs polynuclear surface species of U(V1) [60,61]; or surface carbonato
complex vs. oligomeric surface complex / precipitate of U(VI) [62]). For clays, multiple U(VI)
sorption species have also been identified, even at low U concentration (for example, [53]).
U(VI) was sorbed as exchangeable UO2?" in the montmorillonite interlayer space, in addition
to uranyl ISSC and/or U(VI) polynuclear surface species [13,64-66] and surface-U(VI)-
carbonato complexes formed at clay edge sites [67]. In the presence of phosphate ligands, too,
spectroscopic studies have concluded that sorbate surface coverage and pH are main parameters
controlling U(V1) surface speciation. Based on Extended X-Ray Absorption Fine Structure
(EXAFS) spectroscopic studies, Singh et al. [59] have evidenced U sorption onto goethite via
formation of U-phosphate-Fe(l11) oxide surface complexes, at acidic / neutral pH, and low and
moderate concentrations of U (< 10uM) and P (100 uM). These authors have indicated a U-

bridging structure for the surface complex but have suggested that the presence of a P-bridging



109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

structure was statistically possible. Studies using in situ Attenuated Total Reflection Fourier
Transform Infrared Spectroscopy (ATR FTIR) and Time Resolved Laser Induced Fluorescence
Spectroscopy (TRLFS) have shown that U(VI) was sorbed at alumina-P-solution interface via
the formation of uranyl phosphate ISSC, with a gradual transition to surface precipitation of
U(VI)-phosphate with increasing P loading [55,70]. To our knowledge, only two spectroscopic
studies have been devoted to the co-sorption of uranyl and phosphate ions on clay surfaces.
Gladys-Plaska et al.[72] have pointed out, on the basis of X-ray Photoelectron Spectroscopy
(XPS) and ATR FTIR data, that two types U(VI)-phosphate surface complexes, those with a
high and those with a low P content in their structure, are formed on the edge sites of red clays
during simultaneous sorption of U(V1) and phosphate ions. Troyer et al. [71] have used EXAFS
and TRLFS to investigate the effect of P and U concentrations on U(V1) surface speciation on
montmorillonite, and have evidenced a transition between formation of surface complex and
surface precipitates of U(V1)-phosphate with increasing sorbate surface coverage at pH 4-6, as
well as existence of a uranyl carbonate surface complex at pH 8. The authors have indicated a
U-bridging structure for the ternary surface complex, which was most consistent with their
macroscopic data. In contrast to montmorillonite, P was found to exhibit a significant
macroscopic sorption on Na-illite ([1]) and in situ ATR FTIR spectroscopic evidence has been
given that P was sorbed via formation of phosphate ISSC at edge sites of illite platelets. The
question arises as to the mechanisms of U-P (co)sorption in such a system, namely competition
between uranyl and phosphate ions for surface binding and/or the formation of U(VI)phosphate
surface species. In situ spectroscopic monitoring of the clay-solution interface during the
sorption process is mandatory to answer this question of the (competitive/synergistic)

mechanisms, and U/P species identity.

The purpose of this study was to identify the mechanisms and (multiple) U-P species involved

in the retention of low concentrations of U(VI1) on homo-ionic Na-illite, in the presence of
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phosphate ligands, by in situ ATR FTIR spectroscopic monitoring of the clay - U(VI) -
phosphate - solution interface during sorption. In situ ATR FTIR sorption experiments were
carried out to record FTIR spectra of the interface as a function of parameters like reaction time
and U surface coverage (total U concentrations, [U]iaq: 1-10puM). Sorption species were
identified by (changes in) the coordination environments of the sorbed phosphate units, which
were deduced from changes in the FTIR interface spectra recorded in the 900-1200 cm™ region
(characteristic of P-O stretching vibrations), and comparison with FTIR phosphate sorption data
previously acquired in the absence of U ([1]). In complement, batch sorption experiments were
carried out to quantify the macroscopic retention of U and P as a function of pH (sorption edges)
at different clay/solution ratios (Rsi.: 1-3 g.L1). Sorption isotherms were determined at acidic
pH over a range of total U ([U]iaq: 1 — 25 uM) and P ([P]i.aq: 20 — 200 pM) concentrations.
Electrophoretic mobility (EM) measurements of suspended clay particles were also carried out
to determine the sign of charges imparted to the illite surface by sorption reactions. This study
presents the first published in situ surface speciation of uranyl and phosphate ions sorbed in
illite — U(VI) — P(V) - solution systems. Mechanistic data given here on competitive /
synergistic sorption of U and P on illite is central to improve our knowledge on the retardation
mechanisms of U(VI) by clay formations such as those envisioned as far-field host rocks in

HLW repository.

2 Materials and methods

Analytical grade chemical products and ultrapure Milli-Q water (purity >18 MQ.cm) were used

in all experiments.

2.1 The clay sample used

The clay sample used is a homoionic Na-Illite (noted as NaldP) obtained by conditioning of a

size fraction (< 77 um) of Illite du Puy (referred “IdP”) purchased at a company (Argile Verte
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du Velay of Lissieu) and collected in “Le Puy-en-Velay” region in Massif Central Mountains
in France. The conditioning procedure [73] allows to remove hydrolyzed products such as
hydroxy-aluminium compounds, phosphate impurities and calcite [14,73]. Methods used and
mineralogical and chemical characteristics of the samples are detailed in Guo et al. [1] and are
summarized hereafter. Specific surface areas of IdP and NaldP were found to be equal to 92
and 107 m?.g’%, respectively, in agreement with a previously published value of 97 m2. g* [50].
Mineralogical composition of whole rocks and their clay size fractions (< 2 um), as obtained
by X-ray diffraction analyses, layer / interlayer spacings of clays (e.g. Brindley and Brown [74])
and semi-quantitative estimates by using the DIFFRAC.EVA software (4.3 version, error <5%)
are as follows. 1dP is mainly composed by calcite (38%), feldspars (36%) like microcline,
orthoclase and albite, and illite (19%) and low amounts of kaolinite, quartz, siderite, and
hematite. Main minerals of NaldP are Na-illite (30%) and feldspars (58%) and accessory
minerals are quartz and kaolinite. Clay fraction of both samples only contains illite (> 75%) and
kaolinite. Major element composition of NaldP obtained by Inductively Coupled Plasma
Optical Emission Spectrometry analysis (ICP-OES, analytical error <0.1%) is consistent with
that of a K-rich silicate rock and with removal of carbonate minerals and phosphate minerals
during clay conditioning (CaO < 1% in wt/wt % oxide and P20s under detection limit). It is to
be noted that Fe concentration remains significant (Fe20s: 8% in wt/wt % oxide) and indicates
either presence of accessory Fe-minerals (< 5%) and/or an incorporation of Fe in clay structures.
Trace metal element (TME) compositions obtained by ICP Mass spectrometry (ICP-MS,
analytical error: 5-20 %) indicate that concentrations of Sr, As and Ln are lower in NaldP than
IdP, likely due to removal of carbonate and/or phosphate minerals during clay conditioning.
Concentrations of other trace metal elements (TME) are similar in both clay samples (> 150ppm

for Rb, Ba, Zn, Cr and Cs; < 50 ppm for other TME; ca. 3 ppm for U).
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2.2 Batch sorption experiments

Experiments carried out in the Part 1 of this study ([1]) have provided data on the chemical
evolution of a 0.005 M NaCl electrolyte solution brought in contact with (Na)IdP samples.
Phosphate ions were main inorganic ligands released in solution during IdP-solution
equilibration. Such a release is expected to affect the behavior of uranium (V1) at trace level in
Illite du Puy —solution systems. No significant amounts of phosphate ions and uranium(VI)
were detected in final experimental solutions equilibrated with NaldP. This sample was thus
chosen to study the (co)sorption processes of uranyl ions and/or phosphate ions onto clay, under

well-controlled laboratory conditions.

2.2.1 Uranyl sorption

Batch experiments were carried out under atmospheric conditions and at 298K to evaluate the
effect of pH, total concentration of uranyl ions ([U]i.aq) and clay-to-solution ratio (Rsi) on the
macroscopic uptake of uranyl ions by NaldP. Sorption edges were obtained at pH 3-8, at
different values of [U]i,aq (1 and 12 puM) and Rsi (1, 2 and 3 g.L™1). Sorption isotherms ([U]iaq
varying from 1 to 10 uM) were obtained at pH 3, 3.5 and 4, respectively, and at Rs,. equal to 3
g.Lt. The individual experiments were conducted at defined values of Rsi. and pH as described
below. Defined amounts of NaldP subsamples were introduced in individual 15 mL
polypropylene tubes and brought in contact with an electrolyte solution (10 mL of 0.005 M
NaCl), at defined initial pH value. The suspensions were pre-equilibrated during 3 days (tpre-eq).
When necessary, the pH value was re-adjusted by adding very small volumes of a 0.1M HCI or
0.1M NaOH solution in the tubes. After pre-equilibration, a given volume of a U(VI) stock
solution (with [U] = 4.61x107 M, solution acidified at pH 1 by HCI) was introduced in the
individual tubes to achieve defined [U]iaq values. The tubes were then gently rotated end-over-

end and shaken during 4 days. After this contact time (tr), the final pH of the suspensions was
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measured. Solid-solution separation was achieved by a 3 hours centrifugation at 9000 rpm of
the individual tubes containing the suspensions (illite cutoff: ca.16 nm). The supernatants were
then removed from the individual tubes. Foe each supernatant, a given volume was taken for
electrophoretic mobility (EM) measurement and another one was acidified (using a 2% HNOs
solution) for analysis of final aqueous concentration of U(VI) (noted here as [U]raq). Each
experiment was carried out in duplicate. Blank experiments without solid were also performed

in a similar way than described above.

2.2.2 Uranyl and phosphate ions (co)sorption and desorption

Sorption experiments were conducted to investigate the effect of the presence of phosphate
ligands on the uptake of uranyl ions in NaldP—electrolyte solution (0.005 M NaCl) systems, at
a given clay-to-solution ratio (Rsi. = 3 g.L ™). First, sorption edges (pH 3-8) of U(VI) and P(V)
were obtained at two different concentrations of total U (JU]i.aq = 1 and 12 uM, respectively)
and a moderate concentration of total P ([P]i.aq= 100 pM). Second, sorption isotherms of uranyl
ions ([U]iaq varying in the range 1-12 uM) were obtained at pH 4 and at two P concentrations
([P]1aq: 20 and 100 uM, respectively). Experiments were conducted as described cf. §2.2.1
except that known volumes of stock solutions of phosphate ions and uranyl ions, respectively,
were added simultaneously to the individual tubes in order to achieve desired [P]i,aq and [U]i.aq
values. Two of the co-sorption experiments (pHr equal to 5.2 and 4.1, respectively) were used
for studying the kinetics of desorption of U(VI) and provide information on the reversibility of
the (co)sorption processes. After the step of equilibration of the two above-mentioned sorption
experiments, the pH of the suspensions were brought to a value of 3.2 in the individual tubes.
The tubes were then gently rotated end-over-end and shaken during ca. 15 days. Aliquots of the

suspensions were regularly taken for solid-solution separation by centrifugation.
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2.3 Sample analyses

At the end of each experiment, the supernatant of the centrifuged sample was taken for EM
measurements (Zetasizer Nano equipment Malvern, three measurements per sample) and an
aliquot was also diluted with 2% HNOs prior to its analysis by ICP-MS to determine final
aqueous concentration of U ([1]). Each supernatant was also analyzed by ion chromatography
to determine final concentration of phosphate ions (Eco IC, Metrohm, analytical uncertainties:

1-10%). Percentage (%) and amount (umol. g*) of sorbates sorbed were calculated as follows:

Ci - Ceq
% sorbed = . x 100 %

Amount sorbed = (C; — Ceq) X %

Cinit. and Ceq are the initial and final aqueous concentration of sorbate (umol.L™?), respectively,
V the volume of solution (in L) and M the mass of solid sample (in g). Uncertainties on the

percentage of sorption and surface coverage were estimated to be lower than 10% for U and P.

2.4 In-situ ATR FTIR spectroscopy experiments

The methods used and results obtained from ATR FTIR experiments carried out to monitor in
situ the sorption of phosphate ions (20-250 uM) onto NaldP, and to acquire reference data on
the IR vibrations of aqueous phosphate species, or changes in (Na)ldP (surface) structures
during sorption, are detailed elsewhere ([1]). In the present study, experiments were performed
to monitor by ATR FTIR spectroscopy the in situ evolution of (Na)ldP - solution interface
during (co)sorption of trace level of U(VI) ([U]iaq : 2-10 uM), in the presence of phosphate ions
([P]1.aq : 100 pM). Complementary “blank™ experiments were performed to get reference data
on IR vibrations of aqueous uranyl phosphate species and/or on possible U(VI)-phosphate
precipitates formed directly from experimental solutions. Each IR spectrum (an average of 2000

scans/spectrum, resolution of 4 cm™) was collected during 20 minutes.
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2.4.1 Monitoring of the clay—solution interface along sorption

The method used to cover the ATR crystal with a two-layers NaldP-solution system is
described in details in a previous study ([1]). Briefly, the method consisted in equilibrating a
clay-solution system in a polyethylene tube by gentle shaking during 3 days (at pH 4 and Rs/.
=3 g.L1). Then, the suspension was introduced in the ATR cell and the clay particles were let
to sediment onto the ZnSe crystal during 3 days. A reference baseline was taken before starting
the sorption experiment. The whole procedure was shown to yield nearly equilibrated clay —
solution systems, leading to insignificant contributions of IR vibrations originating from illite
dissolution and / or (surface) re-organization to the FTIR spectra recorded during sorption ([1]).
Two ATR FTIR experiments were performed to gain insights into the effects of key parameters.
The first experiment was carried out to monitor changes in coordination environments of sorbed
P along an increasing of [U]i.aq (2-10 uM) as follows. First, 100 uM of aqueous P was added to
an equilibrated NaldP—electrolyte solution bilayer system in the ATR cell (two successive
additions of a small volume of a stock phosphate solution to reach a [P]i,aq value of 50 UM and,
after twenty minutes, of 100 uM). The FTIR interface spectra were recorded during 2 hours.
Second, the concentration of U in the ATR cell was progressively increased by stepwise
additions of small volumes of a U stock solution (increase of [U]i,aq by 2 uM per hour). After
each addition, FTIR interface spectra were recorded. The second experiment aimed at
monitoring the NaldP-solution interface as a function of reaction time (tr = 3 days) along the
process of (co)sorption of phosphate ions and uranyl ions (simultaneous additions in the ATR
cell of small volumes of the P stock solution and U stock solution to reach values of [U]iaq0f 8

UM and [P]i,aq of 100 puM, and recording of FTIR interface spectra during 3 days).
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2.4.2 Blank ATR FTIR experiments

ATR FTIR spectroscopy analyses of solutions were made (in the absence of clay) in order: (i)
to obtain IR spectra of reference for aqueous complexes formed between uranyl ions and
phosphate ligands and/or to identify possible U(VI)-phosphate precipitates likely to form under
certain conditions, and (ii) to determine detection limits for the U(VI) phosphato species /
precipitates. Uranyl phosphate solution species were studied at pH 4, for a given agqueous
phosphate concentration ([P]iag = 100 pM) and an increasing of [U]iaq (from 2 to 8 pM) that
were similar to those investigated in the first ATR FTIR sorption experiment (cf. §2.4.1).
Desired volumes of stock solutions of P and U(V1) were added simultaneously to a 0.005 M

NaCl electrolyte solution in the ATR cell and the IR spectra were recorded (tr < 4 hours).

2.4.3 Analysis of the FTIR spectra

Analysis of the FTIR spectra recorded was focused on the mid-infrared region 900-1200 cm*
which is characterized by the presence of the vs P-O(M) antisymmetric stretching and / or va P-
O(M) symmetric stretching (M: hydrogen or metal atom) vibration bands [75,76]. The
OriginPro version 9.1 software was applied for baseline correction and decomposition of IR
spectra to identify IR peaks (Gaussian lines and least-square fitting). Adjustable parameters
(such as position, intensity, and width of bands) were kept free during spectra decomposition.
Only in few spectra showing very low absorbance, the band position was adjusted. In previously
published studies of phosphate sorption onto Fe- and Al- (hydro)oxides, band’s number and
position in the region 900-1200 cm™* were widely used in consideration of phosphate molecular
symmetry [75-79]. In addition, 6(P-OH) bending band may be present as a broad band at 1220—
1240 cm* in IR spectra of aqueous species as H2PO4™ and HaPO4° [78,80] and / or outer sphere
phosphate surface species formed at mineral minerals. Previously published studies of uranyl

coordination environments by using vibrational spectroscopy were mainly focused on the
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infrared-active U-O antisymmetric stretching band (v3) observable at 900-980 cm™ and on the
Raman-active U-O symmetric stretching band (v1) at 800-880 cm™ [81,82]. For complexes of
uranyl ions formed in solution or at mineral surface, the vs of the uranyl unit was found to be in
the range 890-954 cm® and the v1 in the range 834-870 cm™ [55,82,83]. The vz band of uranyl
unit was expected to be not easily observable in IR spectra of NaldP—solution systems, due to

a high IR absorption of clays at ~950 cm™ (e.g., [84]) and to our system cutoff at ~900 cm™.

2.4.4 Short overview of published IR data on uranyl and phosphate species

Phosphate ions. A short summary of the molecular symmetry analysis of PO4 unit in phosphate
ions is given here, based on previously published papers [75-77,85]. Aqueous phosphate
speciation in 0.005 M NaCl electrolyte solution is dominated at pH > 12 by PO:* ions, which
have a Ta molecular symmetry. These unprotonated phosphate ions have two IR-active IR bands
corresponding to antisymmetric bending at 567 cm™ (T2, v4) and antisymmetric stretching at
1006 cm™ (T2, v3) [85]. The monoprotonated HPO4% (aq) and triply protonated HsPOag) ions are
main species at pH 8-12 and at pH < 2, respectively, and have a Cav molecular symmetry. The
former has three IR-active bands: two vz bands at 1077 (E) and 989 cm™ (A1) and one v1 band
at 850 cm (A1). The latter has two vz at 1174 and 1006 cm™ and one v1 at 890 cm™ [75-77].
In the pH range 2-7, H2PO4™ ions are predominant phosphate species and display a C2y molecular
symmetry. They have three vs vibration bands at 1160 (A1), 1074 (B1), 940 (B2) cm™ and one
v1band at 874 cm™ (A1) [77,85]. The number and bands’ position of IR-active bands v3 and v1
of aqueous phosphate ions are references to be used in the analysis of molecular symmetry of
PO4 unit in phosphate species sorbed at mineral-solution interfaces (for example, [78]) or

participating in aqueous complexes (for example, [75]).

Uranyl ions. Two vibration bands characteristics of the UO2 unit, i.e., the antisymmetric band

v3 (IR active) and symmetric band vi (Raman active), were widely used in molecular-scale
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studies of the coordination environment of UOz in aqueous solution or in solid state [86]. Free
(hydrated) uranyl ion shows a v3 band at 962 cm™ and a v band at 870 cm™ [82]. Replacement
of equatorial water molecules of uranyl ions during their complexation by ligands leads to a
weakening of the U=Oax axial bonds, and consequently, bonds’ lengths are increased and
positions of v3 and v1 bands are decreased (i.e., v3 < 962 cm™ and v1 < 870 cm™?) [82]. The IR-

active band (v3, 962 cm™®) was studied here in blank ATR FTIR experiments.

Uranyl-phosphate aqueous species and/or precipitates. Nguyen Trun al [81] have investigated,
using Raman spectroscopy, aqueous uranyl complexes formed with different ligands such as F,
CI, Br,, SO4%, HSO47, NOs", ClO4, CH3CO2 and C204%. The authors studied shifts in v1 band
of UO2 (Raman active, symmetry stretching of U=0) when varying solution parameters like
pH, ionic strength and ligand-to-uranyl ratios. Comarmond et al [54] have investigated aqueous
uranyl phosphate species at pH 4 (at [U]i,aq = [P]iag = 20 pM). These authors have indicated
that low solubility of U(V1)-phosphate aqueous complexes made it difficult to get vibrational
data. Nevertheless, they could observe that the IR spectra of a freshly prepared uranyl phosphate
solution was almost identical to that of a U(VI) phosphate precipitate (acquired after
ultracentrifugation of an aged U-P-solution system). They identified IR bands at 1125, 994 and
919 cm* and suggested to attribute the latter to the vz band of UO2 and the formers to vz bands
of PO4 units (having a Cav molecular symmetry when coordinated to uranyl ions, likely in a
monodentate complexation mode). They have moreover identified by using TRLFS
spectroscopy the precipitates formed in their studied solutions as being (UO2)3(PQO4)2). Similar
IR spectral features were observed for several U(VI) phosphates [87], for which the v3 bands
of UO:2 unit and PO unit were found at 880-920 cm™, at 995-1000 and 1115-1123 cm™,
respectively (e.g., at 915, 1000 and 1120 cm™ and 919, 995 and 1123 cm™ for meta-autunite,

Ca(U02)2(P04)2-6-8H-0, and sabugalite, HAI(UO2)4(POa4)4 6-8H20, respectively).
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3 Results and discussion

3.1 Macroscopic sorption behavior of uranyl ions

3.1.1 Uranyl sorption edges and isotherms

Fig. 1 shows the effects of pH on macroscopic (co)sorption of U(VI) at two total concentrations
([U]1.aq: 1 and 12 uM), in the presence or absence of phosphate ions ([P]i,aq=0 or 100 uM), and
on particle EM in NaldP - solution 0.005 M NaCl systems (Rs/.: 3 g.L%, tr = 4 days). There
were observed S-shaped uranyl sorption edges (Fig. 1a) whose values of pHso (the pH at which
the percentage of U sorption is equal to 50%) are in the acidic pH domain. In the absence of P,
a ten-fold increase in [U]i.aq induces a small shift in the pHso value (from ca. 3.9 to 4.1 for [U]i,aq
increasing from 1 uM to 12 uM) and U(VI) uptake is almost complete in the pH range 6-8. This
suggests that multiple sorption species and/or clay surface sites are involved in the uptake of U
at pH <5, in the range of U surface coverage studied (< 3.8 pmol.g™, Fig. 1a). A limited change
in the respective contributions of high and low affinity surface sites at clay edge platelets are
likely. If considering a simple hypothesis, which is that each uranyl ion sorbed is bound to a
single sorption site at the clay surface, the calculated value of surface site occupancy by U is
found to be low (ca. 0.02 sites. nm-2). This value is much lower than previously published values
reported in the literature, for example, for the density of total sites present at edges of illite
platelets (2.31 sites.nm [88], 0.4 sites.nm2 [50,89]), or low-affinity sites on clay basal planes
(13-16 sites. nm2 [90]). Bradbury and Baeyens [50,89] considered in their modeling studies of
the sorption of uranyl ions and other trace metals onto Illite du Puy that a small amount (ca.
0.01 sites.nm or 2umol.g™) of very high affinity sites were present at the clay edges, whose
total surface site capacity was much higher (40umol.g™ for aluminol sites and 40pumol.g™* for
silanol sites). Based on their work, it is expected that a small amount of high affinity surface
sites present on the edges of NaldP particles may be involved in very strong interactions with

sorbates, and may control U(VI) sorption at the lowest U concentration studied here ([U]iaq=1
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UM and Rsw = 3 g.L%, Fig. 1a). A limited fraction of low-affinity edge surface sites may
contribute to U sorption at a tenfold higher U concentration, which would be consistent with
the decrease in U sorption percentage observed upon increasing [U]iaq in experiment, at a given
acid pH ([U]i.aq= 12 pM, Fig. 1a). Complementary sorption isotherms acquired at pH 3, 3.5 and
4.1 over a wide range of U concentration ([U]i.aq: 1-25 pM) are presented in the Supporting
Information (Figs. S1-S2). A slight increase in U sorption percentage was observed at the
highest U concentrations studied (at pH 4), as well as a non-linear increase in amount sorbed,
indicating the formation of additional uranyl sorption species at high U surface coverage,
possibly including U(V1) (surface) precipitates. The results obtained on the effect of a decrease
in RsL (from 3 to 1g.L™%) on the sorption edges of U(VI) confirm that a small number of very
high-affinity sites is available for U sorption on the edges of NaldP, consistently with published
studies [50,89] (Figs. S3-S4 in Supporting Information). At low U concentration ([U]iag=1uM),
a decrease in Rs/ had no or little effect on U sorption edges and U coverage values of the clay
surface. High-affinity surface sites may therefore be primarily responsible for the sorption of
trace amounts of U onto the clay edge platelets under these conditions. In contrast, a decrease
in Rg/L for a tenfold concentration of U in the experiments ([U]iag=12M) induced a significant
shift in the position of the U sorption edge (from 4.1 to 4.8) and a non-linear increase in U
surface coverages (at pH>5). Uranyl ion sorption, at high U concentration and low Rsi, can
therefore lead to saturation of high affinity sites and may involve multiple types of surface sites

and/or uranyl sorption species.

3.1.1 Effect of uranyl sorption on electrophoretic mobility

EM measurements of NaldP suspensions (pH: 3-8, , Rsi.: 3 g.L™ in 0.005 M NaCl electrolyte
solution) have been detailed previously ([1]). The isoelectric point (IEP) of NaldP, i.e., the pH
at which EM and surface potential are equal to zero, was found to be low (pHier~3). EM was

shown to diminish with pH due to deprotonation of amphoteric | (silanol, aluminol or ferrinol)
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surface sites. Results obtained here on the effect of U(VI) sorption on EM values are given in
Fig. 1c, where they are compared to EM values acquired previously in the absence of phosphate
and / or uranyl ions. There was observed that sorption of 1-12 uM of U(V1) at acidic pH has no
significant effect on EM, within our experimental uncertainties. A small effect is visible at near-
neutral pH (~7) where the quantitative sorption of U induces an EM increase (for [U]iaq= 12
M), which suggests the formation of U sorption species that impart positive charges to the

clay surface.
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Fig. 1 Macroscopic sorption of uranyl ions (a) and phosphate ions (b), and electrophoretic
mobility (c), vs final pH, for experiments performed in NaldP-solution systems at different total
U(VI) concentrations, in the absence or presence of phosphate ions. Conditions: NaldP-to-
solution ratio, Rsi, of 3g.L™; 0.005M NaCl electrolyte solution; reaction time, tr, of 4 days;
pre-equilibration time of NaldP-electrolyte systems prior to sorbate addition, tpre-eq, Of 3days.
(O: [Uliag = 1uM and [P]iaq = 100 uM; A: [U]i.aqg = 12 uM and [P]iaqg = 100 uM; A ,® without

P; OJ: Blank). EM data of blank experiments without U and P (x) taken from [1].

3.1.2 Effect of phosphate ligand on the macroscopic sorption of U

Fig. 1a shows that the presence of phosphate ions ([P]iag = 100 uM) resulted in a significant
shift of U(VI) sorption edges towards lower pH values (for [U]i,aq=1 and 12 uM). At acidic pH,
significant increases in the surface coverage of clay by U were observed (3-4 umol U.g* at pH
4-5 and [U]iag= 12 uM). Hence, at acidic pH, the presence of P promoted the sorption of U(VI)
onto NaldP. An increase in the percentage of P sorbed and clay surface coverage by P (of ca. 2
and 6 pmol P.g™! at acid and near-neutral pH, respectively) were also observed with increasing
U concentration in the experiment (Fig. 1b and Figs. S5-6 in Supporting Information). Thus,
the increase in U sorption observed when phosphate ligands were added to NaldP-solution
systems was probably due to the formation of (multiple) uranyl phosphate ternary surface

complexes and/or U(VI) phosphate surface precipitates. Fig. 1¢ shows that the presence of
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phosphate ligands slightly decreases the EM values of clay particles in the pH range studied,
i.e., it confers negative charges on the clay surface, suggesting the involvement of phosphate
anions in the surface species formed. Furthermore, based on published values for the high
affinity surface sites of the conditioned Illite du Puy (about 2 umol.g? or 0.01 sites.nm?,
[50,89]), we can hypothesize that uranyl phosphate surface complexes formed on NaldP may
involve high-affinity and low-affinity hydroxyl (amphoteric) sites present on the clay edge
platelets, for high [U]i,aq and [P]i.aq Values used in the experiments. Complementary U sorption
isotherms acquired for a wide range of U concentrations (Figs. S1 and S2, Supporting
Information) show that, at acidic pH, the promotion of U(VI) sorption upon addition of

phosphate ligands is higher at high U concentrations ([U]Jiag =12 puM) than at the low

concentration, suggesting that multiple uranyl phosphate species are successively formed in
NaldP-phosphate-solution systems when [U]i,aq increases. Since limited formation of uranyl
phosphate colloidal phases was observed in the absence of NaldP (5-10% of total U, for
[U]1,ag=1-10 uM and [P]i,aq=100 uM, Fig. S7 in Supporting Information), the contribution of a
U(VI) phosphate precipitation mechanism from supersaturated solutions cannot be excluded to
explain the increased retention of U observed in NaldP - phosphate - solution systems at the

highest value of [U]iaq studied (25 puM).

3.1.3 Reversibility of the sorption of U in the presence of phosphate ligands

The results of the desorption experiments of uranyl ions ([U]i,aq = 12 uM) previously sorbed
after a reaction time of 4 days and at pH values of ~4 and ~5, respectively, and in the presence
of phosphate ligands ([P]iag = 100 uM), are presented in Fig. 2. A sharp decrease in the
percentage of U sorption was observed when the experimental pH was reduced from its initial
value to 3.2. Desorption of U(VI) was found to be rapid and almost complete within a few hours.
In fact, the percentage of total U retained at pH 3 on the clay surface after a few hours desorption

was found to be around 20% (which is slightly higher than the percentage of U sorption at pH
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3 under similar conditions of U and P concentrations, see Fig. 1a). This finding provides
evidence that the U-P co-sorption prevalent under the conditions studied proceeds mainly by
reversible surface reactions, such as surface complexation reactions. This supports the
hypothesis of the formation of ternary surface complexes of uranyl phosphate on NaldP at acid
pH and at low U concentrations (< 12 pM), possibly onto hydroxyl sites present on the clay
edges, and rules out the formation of a significant amount of uranyl phosphate (surface)

precipitates, under the conditions studied.
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Fig. 2 Results on the desorption kinetics of U(VI) previously sorbed on NaldP, in the presence
of phosphate ions, at a pH of (a) 5.1 and (b) 4.1 (full circles), after decreasing the experimental
pH to a value of 3.2 (empty circles). Conditions: [P]i.ag = 100uM, [U]1,2=12 UM, Rs1. = 3g.L ™,

0.005M NacCl electrolyte solution.

3.2 Insitu ATR FTIR study of uranyl-phosphate surface species

3.2.1 Reference IR spectra of uranyl phosphate solution species

The aqueous speciation of U(VI) in the presence of phosphate ligands ([U]i,aq=2 uM and 10
HUM; [P]iaq= 100 uM) calculated by using the Visual MINTEQ code, and the database used, are
reported in Supporting Information (Figs. S8-S9 and Table S1, respectively). In the pH range
4-8, the major aqueous species are: UO22* (pH<4), UO2HPOusaq) (4<pH <6), UO2PO4 (6<pH<7)
and (U0O2)2C0O3(0OH)s™ (7<pH<8). Fig. 3a reports ATR FTIR spectra (in the wavenumber region

900-1200cm'Y) collected during 3 hours for solutions at pH 4 containing uranyl and phosphate
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ions ([U]i.aq= 8 UM, [P]i.aq= 100 uM). The spectra show the appearance of IR absorption bands
whose intensities were increasing during the first two hours. Three bands were observable, with
the most intense one being positioned at 996 cm™ and the others at 1122 and 924 cm2. It should
be noted that the absorbance of these bands is at least two orders of magnitude higher than that
of vibrational bands recorded for the aqueous phosphate species H2POa4’, under similar
conditions and in the absence of U ([1]), certainly due to formation of uranyl phosphate aqueous
complex and / or precipitate. FTIR spectra of uranyl phosphate complexes and/or precipitate(s)
forming in solution at pH 4 and at the higher U concentration studied ([U]i.aq= 8 pM) are shown
in Fig.3b. An increase in the intensity of the IR absorption bands was observed during the first
2 hours, due to increasing formation of the uranyl phosphate complexes / precipitates. In
addition to the three above-mentioned IR bands (at 996, 1122 and 924 cm™), two other weak
vibrational bands were observable. Weak intensities of the latter made it difficult to determine
precisely the position of their maxima (at ca. 1055 and 1170 cm, respectively). These bands
could possibly be ascribed to an aqueous U-P species whose v3(P-O) bands are slightly shifted
compared to those reported (at 1075 and 1160 cm?) for the diprotonated phosphate ion (H2PO4,
Cav), which is the dominant aqueous phosphate species at pH 4. Maxima positions and relative
intensities of the main bands (at 996 cm™, 1122 and 924 cm™) are consistent with previously
published IR data by Cejka et al. [87] and Comarmond et al. [54] for uranyl phosphate aqueous
complexes and/or of U(VI) phosphate minerals, which display almost similar IR features (cf.
82.4.4). Formation of a U(VI)-phosphate phase is in agreement with calculations indicating that
solution used in experiment (at [U]iaq = 8 uM and [P]i.aq = 100 uM) was highly over-saturated
with regard to a U(VI) phosphate mineral, namely (UO2)3(PO4)2), and slightly oversaturated
with respect to Na-autunite (Supporting Information, Table S2). Moreover, batch experiments
conducted without clay indicated the formation of uranyl phosphate colloids (Supporting

Information, Fig. S7) at pH 4, which would represent ca. 5% of total U. Concerning IR spectra
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of U(VI) in electrolyte solutions containing no phosphate ligands, no absorption bands were
observable for [U]iag < 10 pM (data not shown). These FTIR results on uranyl phosphate

solution speciation is further discussed in 84.1.
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Fig. 3 FTIR spectra of uranyl phosphate solution species recorded at different reaction time (tr)
after simultaneous addition of phosphate ions ([P]i.aq = 100 uM) and uranyl ions at (a) [U]iaq=
2 UM and (b) [U]iaq= 8 pM, to a 0.005 M NacCl electrolyte solution at pH 4, in the ATR cell

(inserts : FTIR spectra decomposition).

3.2.2 Insitu ATR FTIR experiments of (co)sorption of uranyl and phosphate ions
Effects of uranyl concentration. NaldP-phosphate-solution interface was monitored along an
increase in the total concentration of U(VI) (from 0 to 8 uM). After two successive additions

of 50uM of phosphate ions in the equilibrated bilayer NaldP - solution system in the ATR cell,
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spectral data were recorded during a reaction time of 2 hours (spectra 1 and 2, Fig. 4a). A well-
defined band with a peak maximum at 1075 cm™ and a broad band at 1100 - 1250 cm™, whose
intensity increased with time, were observed. Based on spectra decomposition shown in Fig.
4b, five IR absorption bands’ maxima were identified (at 1037, 1075, 1132, 1157 and 1215 cm’
1), These data are consistent with those obtained in our previous ATR FTIR experiments of
phosphate ion sorption on NaldP at acid pH ([1]). Briefly, these bands were attributed to
formation of an outer sphere surface complex (OSSC) of phosphate formed at low reaction time
and/or low phosphate concentration (referred “P-species A”, with IR bands at 1075, 1157 and
1215 cm™), with band positions similar to those of aqueous H2PO4™ species. This OSSC was
found to convert slowly (during ca. 1 day) into inner-sphere surface complexes of phosphate
forming at high affinity sites present of clay edge platelets (referred “P-species B”, with vz P-
O bands at 1003, 1035 cm™, and another one with a vs P-O band at 1132 cm™). P-species B
were shown to dominate the phosphate surface speciation at high values of [P]iaq (> 250uM)
and/or tr (3 days, at [P]iag = 100uM), in the absence of U ([1]). The IR interface spectra
recorded herein during a stepwise increase of U(VI) concentration (by 2 puM per hour) in a
NaldP — phosphate - solution system are given in Fig. 4a (spectra 3 to 7, tr = 7 h). After first U
addition (at tr = 2 h), there was observed the progressive disappearance within one hour of the
P-species B bands (at 1037 and 1132 cm™) and the appearance on the left-hand side of the band
at 1075 cm™ of a shoulder, which becomes a band with a maximum at ca. 1050 cm™. Such a
disappearance of ISSC of phosphate, -and shift from 1037 to ca. 1050 cm™-, provides strong
evidence of a change in the coordination environment of sorbed PO4 units upon addition of U.
The intensity of the band at 1050 cm™ increased with increasing U(V1) concentration, although
absorbance remained fairly low and spectra rather noisy. Nevertheless, the existence and the
growth of this IR band provided evidenced for formation of uranyl-phosphate surface species

at the illite surface within a few hours. This band was not observed on IR interface spectra
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recorded in NaldP — phosphate - solution systems without U, neither at short reaction times
(spectra 1-2 in Fig. 4a) nor at longer reaction times up to 3 days ([1]). This band cannot be
attributed to a change in the configuration of surface hydroxyl groups with time ([1]) or with
sorption of U(VI), as it was not detected on the IR interface spectra recorded during U(VI)
sorption experiments on NaldP performed at [P]iaq = O (data not shown). Spectra decomposition
results (Fig. 4b) show the presence on the FTIR interface spectra of a small band centered at
~1126 cm, too, which could be also assigned to the v3 P-O vibration mode and whose weak
absorbance was independent of uranyl concentration. Possibly, this band corresponds to a
uranyl phosphate surface species (“U-P species A”) formed in limited amount and at low U
concentration. The bands at 1075 and 1157 cm™ of P-species A, the OSSC of phosphate,
showed a small decrease in intensity with increasing [U]iag, concomitantly to the increase of
the band at 1050 cm™. These results provide evidence of increasing formation with [U]i,sq of a
uranyl phosphate surface species that has a main IR band at 1050 cm™ (referred to as “U-P
species B”). In summary, the IR data recorded at the NaldP-U-P-solution interface, as a
function of uranyl ion concentration and for a short reaction time (tr <7h), show : (1) the fast
formation of an OSSC of phosphate (P-species A having IR bands at 1075 and 1160 cm™)
before U addition and an ISSC of phosphate (P-species B having IR bands at 1075 and 1160
cm?), (2) the fast formation of a uranyl phosphate surface species formed in limited amounts
(U-P species A with a band at 1125 cm™) and another uranyl phosphate surface species (U-P
species B displaying a band at 1050 cm'®), which occurs concomitantly to the disappearance of
P-species B (at tr < 3h), and, (3) the growth of U-P species B with an increasing of U

concentration.
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554  Fig. 4 Insitu ATR-FTIR interface spectra recorded with increasing U(V1) concentration, during

555  (co)sorption experiment of phosphate and uranyl ions added successively to a NaldP-solution
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bilayer system: (a) FTIR interface spectra and (b) spectra decomposition. Conditions: pH 4,
[P]i.ag = 50-100 pM (50 uM of P added at tr=0 and 1 h), [U]iaq =0, 2, 4, 6, and 8 uM (at tr =
0-2, 3, 4,5, and 6-7 h, respectively), Rsi. = 3g.L %, 0.005M NaCl electrolyte. See main text and

82.4.1 for experimental procedure.

Effect of reaction time (tr). In situ ATR FTIR monitoring as a function of time (tr = 3 days) of
the (co)sorption of uranyl and phosphate ions added simultaneously in a NaldP-solution bilayer
system is illustrated in Fig. 5. A broad band with a low absorbance was observable in the range
of wavenumbers 1025 — 1125 cm for spectra recorded within a reaction time of 20 hours. The
small band at 1123 cm™ of “U-P species A” was observable only in the very short term. After
a tr of 20 hours, there was observed a broad band exhibiting two maxima and extending
throughout the region of wavenumbers 950-1125cmt, with its absorbance increasing with time
until stabilization at tr = 3 days (Fig. 5a). For tr < 20 h, spectra were decomposed in five bands
of weak absorbance and divided in two sets with maxima positions at 1075 and 1160 cm™, and
1053, 1081, 1114 cm, respectively (Fig. 5b). All these bands can be assigned to vz (P-O)
vibration bands, based on the comparison with IR spectra of aqueous phosphate species [77,78].
As described previously, the former set of bands is assigned to an OSSC of phosphate (P-species
A, [1]) and / or to H2PO4 species in solution, because the bands’ position of these two types of
phosphate species are expected to be similar. These bands displayed a decrease in intensity with
tr and were not observable anymore at tr > 7 hours, while the other bands (at 1053 and
1081 cm and the small one at 1114 cm) showed an intensity increase with tr. The IR band at
~1055 cm* remained constant after 7 h and it was assigned to the U-P species B. As shown in
the previous experiment, its appearance coincided with the introduction of uranyl ions in the
NaldP — phosphate - solution system and its intensity was growing with U concentration (but
stabilized after one day). The well-defined band at 992 cm™ in Fig. 5 was observable at tr > 20

hours and its intensity increased concomitantly with that of the band at 1081 cm™ along the
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sorption process, i.e., up to tr~3 days. These two bands, and the small band at 1114 cm™, are
tentatively gathered and attributed to P-O vibrations of a single uranyl phosphate surface
species formed at a long reaction time (referred to as “U-P species C”), due to their similar
evolution during sorption. In summary, the IR data recorded during (co)sorption of uranyl and
phosphate ions at the NaldP—solution interface as a function of time (3 days) show : (1) the
presence at a short reaction time of an OSSC phosphate species that disappears rapidly (tr < 5h)
(P-species A with IR bands at 1075 and 1160 cm™?), (2) the formation at a short reaction time
of a uranyl phosphate surface species formed in limited amounts (U-P species A with a band at
1125 cm™), (3) the formation of a uranyl phosphate surface species (U-P species B with a main
band at 1052 cm™) whose growth stabilizes after tr = 1 day, (3) the late appearance (at tr=1
day) and growth with time of an uranyl phosphate surface species that becomes dominant at

long tr (U-P species C with IR bands at 992, 1081 and 1114 cm™).
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Fig. 5 In situ ATR FTIR interface spectra recorded as a function of reaction time, during an
experiment of the (co)sorption of phosphate ions and uranyl ions added simultaneously to a
NaldP-solution bilayer system: (a) FTIR interface spectra (8 points- Savistzky-Golay algoritm
smoothed) and (b) spectra decomposition. Conditions: pH 4, [U]iaq = 8 UM, [P]iag= 100 uM,

Rsi. =3 ¢.L7, 0.005 M NaCl electrolyte. See main text and §2.4.1 for experimental procedure.
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4 Discussion

4.1 Uranyl phosphate solution speciation

In the present study, FTIR bands characteristics are reported for uranyl phosphate solution
species formed at pH 4, under conditions of low (V1) concentrations and moderate phosphate
ligand concentration ([U]i.aq: 2uM and 10pM, [P]i.aq: 100pM), for which UO2HPOag) Species
are calculated to be predominant aqueous species by using the MINTEQ code. However, the
high (baseline corrected) IR absorbance that we observed in the present speciation study
suggests the precipitation of a U(VI)-phosphate phase, too (as the IR absorbance is at least two
orders of magnitude larger than that of the uranyl phosphate surface species formed onto NaldP,
under similar conditions). Hence, the experimental solutions studied here might be instable (in
the absence of NaldP) and uranyl phosphates colloids formed directly from the solutions might
undergo a sedimentation onto the ATR FTIR crystal. This hypothesis is consistent with the
batch experiments results indicating the formation of small amounts (ca. 5% of total U) of
uranyl phosphate colloids at pH 4, in the absence of NaldP. This is also in agreement with
saturation index calculations, which indicated that the experimental solutions (at pH 4, [U]iaq
=10 uM and [P]iag = 100 uM) were over-saturated with respect to a U(V1)-phosphate mineral,
namely (UO2)3(POa4)2s), and slightly oversaturated with respect to Na-autunite. The IR bands
identified in the present study show similar positions of vs P-O bands at 1122 and 993 cm™ and
of v3 U=0 band at 940 cm™* than those reported in the literature for (UO2)3(POa)2-4H20) ([91]).
The main strong band at 996 cm™ and the small bands at 924 and 1122 cm™ observable on the
FTIR spectra are consistent with those reported by Comarmond et al. [54] for U-P solution
species (pH 4, [U]iag = [P]iaqg = 20 uM), too. These authors have reported identical IR spectral
features for uranyl phosphate aqueous species and U(VI) phosphate precipitates forming at
acidic pH. They have suggested the formation in their experiments of an aqueous uranyl

phosphate complex, with a monodentate complexation mode between uranyl and phosphate
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ions based on the evidence of a Cav molecular symmetry of the PO4 unit (two v3 P-O), and on
band positions (at 1122 and 996 cmt), as well as formation of an U(V1)-phosphate mineral.
The main uranyl phosphate aqueous species expected in our experimental solutions at pH 4 is
UO2HPO4(ag), in which the molecular symmetry of POs unit is Ci1 (with three v3 P-O bands
observable in IR spectra), while only two v3 bands were however observed in the IR spectra of
the U-P solutions studied. However, the contribution of a uranyl phosphate aqueous complex
to the IR spectra of our U-P solutions cannot be excluded. DFT calculations carried out for
different modes of uranyl-phosphate complexation have been reported in the literature [92].
The authors have indicated that hydrated UO2HPO4 species containing 4 structural water
molecules (e.g., UO2HPO4 (H20)4) have a vz band of U=0 at 940 cm™, which is close to the
value reported by Comarmond et al. [54] and in the present work. Interestingly, the DFT
calculation ([92]) carried out for a cluster of UO2HPO4(H20)4 has shown the transfer of a proton
from water equatorially-coordinated to the uranyl ion to an oxygen atom of the phosphate ion.
This proton transfer was reported to lead to a diprotonated phosphate ion, i.e.,
UO2H2P04(H20)30H, with the PO4 unit having a Cav molecular symmetry. Based on the above
discussion, it is likely that an uranyl phosphate aqueous complex with a molecular structure like
UO2HPO4(H20)4 (having an equivalent structure as UO2H2PO4(H20)30H) contributed to IR
signals of the U-P solutions studied here. There was also observed on our IR spectra two vz P-
O bands at 1055 and 1170 cm™. These bands may be attributed to formation of an additional
uranyl phosphate aqueous complex, -as it was reported that solid phases have rather small
band’s width [54,76]-. Such additional complex possibly has a Cav-like symmetry (as its vs
bands at 1052 and 1170 cm™ may result from a shift of the vz bands at 1075 and 1160 cm™ of
H2PO4 aqueous species). A third vs band of small intensity would be expected at a low
wavenumber (around 940 cm™) but the strong band observable at 997 cm™ in our IR spectra

may overlap with it. The additional species is possibly UO2H2PO4" @aq) which is expected to exist
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as a minor uranyl phosphate aqueous species according to speciation calculations. If this species
has a Cav-like symmetry, the phosphate ion should be coordinated to the uranyl ion in a bidentate
mode and the hydrated form of UO2H2PO4* may be UO2H2PO4*-3H20. Further studies using

complementary techniques like TRLFS and EXAFS may be helpful to confirm this hypothesis.

4.2  Surface speciation of uranyl ions at the NaldP-solution interface

A recently published study [93] has shown the presence of two vs U=0 bands at 910 and 900
cm on ATR FTIR spectra acquired during the sorption of uranyl ions (at [U]iag: 20 uM) at
near-neutral pH (6.8) onto montmorillonite. The authors have suggested that the strong sorption
of aqueous UO2(OH)2 ions onto the clay surface led to a shift in the wavenumber of vs U=0
band of more than 10 cm™. In the present study, the vs IR bands of uranyl ions (< 960 cm™)
could not be studied. However, our U(VI) macroscopic sorption results indicated that several
sorption mechanisms / species can contribute to the uptake of uranyl ions by NaldP, depending
on key parameters such as pH, U concentration and clay-to-solution ratio. Data presented here
show a decrease in the U sorption percentage, at a given acidic pH, when increasing U
concentration in a certain range (1-10uM) or when decreasing the clay-to-solution ratio (from
3to 1g.L™Y). These trends strongly suggest that a very low amount of high affinity sorption sites
(<0.02 sites.nm™?) at NaldP edge platelets, which interact strongly with U, become
progressively saturated while low affinity surface sites are increasingly involved in U sorption.
It has long been reported that 2:1 layers clay minerals display different types of surface sites
having distinct concentrations and affinity towards H" and other aqueous ions [94], including
silanol, aluminol and ferrinol sites at clay edges. Bradbury and Baeyens [50,89] have provided
modelling of trace metals and actinides sorption onto Na-illite by using a non-electrostatic
model, which included two-sites protolysis non-electrostatic surface complexation and cation
exchange. The authors could fit successfully their macroscopic data on U(VI) sorption by

considering a mechanism of cation exchange implying UO2?* in clay interlayer space (and
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dominating in the pH range 2.5-3.5) and the strong sorption of U by formation of uranyl surface
complexes of the types =SO°UO.*, =SO’UO20H and =SO°UO20H: that involve high affinity
sites (noted =SO°®) present in low amounts (ca. 0.01 sites. nm) at clay edges. Several EXAFS
analyses have moreover provided evidence that uranyl ions are sorbed, at low pH, as
exchangeable UO2%" in the interlayer space of smectitic clays, and at moderately acidic pH, as
additional inner-sphere uranyl surface complex and / or U(VI) polynuclear surface species,
depending on surface coverage [13,64—66]. Uranyl carbonato ISSC were also shown to form at
edge sites of smectite platelets when increasing pH [67]. Based on spectroscopic results, Troyer
et al. [71] could fit U(VI) sorption isotherms (in the concentration range 1-10 uM) on
montmorillonite by using in surface complexation modeling three types of species, namely,
cation-exchanged UO2?* (noted UO2X2), a cationic surface complex (zSOUO:") and a ternary
uranyl carbonate surface complex (=SOUO2COs’), which dominated at pH 4, 6 and 8,
respectively. Our results are consistent with those reported in the above-mentioned modeling
or spectroscopic studies. They suggest a variable contribution of both high affinity and low
affinity surface sites to the sorption of uranyl ions onto NaldP edges, at acidic pH, via formation
of ISSC of U(VI), in most of the conditions investigated. Unlike for the montmorillonite [71],
the relative contribution of cation-exchanged UO2%* is not observable for NaldP, due to the
difference in permanent structural charge between these two types of clay. As no significant
effect of U(V1) sorption on EM is observable at pH < 5 in our experiments, even at the highest
U concentrations investigated, it is possible that the sorption mechanisms of U(VI) onto NaldP
included the deprotonation of the protonated hydroxyl sites (ferrinol / aluminol) followed by
the formation of ZSO°*UQO:" surface complexes, and / or the formation of =SO*UQO20H surface
complexes on neutral hydroxyl surface sites. Dahn et al. [95] have investigated by EXAFS the
coordination environment of uranyl ions adsorbed onto NaldP at pH 5 (in 0.1 M NaClO4

electrolyte solution) and at low surface loading of U (4 pmol.g?) and have suggested a
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preferential binding of uranyl ions to the iron octahedral surface sites over the aluminum
octahedral surface sites of the clay. No evidence on the contribution to U sorption of each type
of surface hydroxyl at Na-illite edges can be provided in the present study. At the highest U
concentration values studied (25 uM), we observed an increase in the U sorption percentage
(and a nonlinear increase of amount of U sorbed) which is attributable to the contribution of an
additional sorption mechanism, likely the (surface) precipitation of a uranyl hydroxide phase.
Such a mechanism is possible as the sorption on low affinity edge sites of a high U concentration
(> 10 uM) may be less efficient to compete against the direct precipitation of a uranyl hydroxide
from solution. We can alternately propose the formation of surface precipitates of uranyl
(hydr)oxides and / or polynuclear uranyl surface species similar to those described by Sylwester
et al. [64], which may nucleate on clay surface, even before all weak sorption sites available for

U surface complexation become saturated.

4.3  Surface speciation of uranyl ions at the NaldP—phosphate-solution interface

Uranyl sorption edges and isotherms presented here show that the presence of phosphate ligands
(100 uM) promoted U(VI) sorption at acid pH onto NaldP, especially at a high U concentration
(10 uM). Moreover, phosphate ion sorption was enhanced by an increase of U concentration in
experiment, too. Such a phosphate signature on U(VI) sorption at a clay surface has already
been reported in the case of kaolinite but it was not observed for montmorillonite [71], for
which formation of inner-sphere surface complex (ISSC) of uranyl phosphate (with U-bridging
at the surface) was reported. Macroscopic results given in the present study suggest thus a strong
involvement of phosphate ligands in U(V1) surface speciation in NaldP — phosphate — solution
systems, with (great part of) uranyl ions sorbed via formation of uranyl phosphate ternary
surface complex(es) and/or U(VI) phosphate surface precipitates. Experimental results, such as
the non-linear increase of U and P surface coverages when increasing U concentration (from 1

to 10uM), highlighted moreover the formation of multiple uranyl phosphate sorption species
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and/or the implications of several types of surface sites. Desorption experiments provided
strong evidence that the sorption of U at acidic pH has occurred in the presence of phosphate
ions mainly via a reversible process, i.e., via uranyl phosphate surface complex formation.
Formation of such surface complexes were shown to impart negative charges to the clay surface
throughout the pH range investigated, which is an additional indication of the participation of
phosphate anions. Based on values of high-affinity sites given in literature [50] for the
conditioned Illite du Puy (ca. 2 pumol.g™* or 0.01 sites.nm™), it is likely that uranyl phosphate
surface complexes that were formed in our experiments for the moderate U and P concentrations
studied (12 uM and 100 pM, respectively) would involve both high- and low-affinity
(amphoteric) sites at clay edge platelets. The contribution of a mechanism of uranyl phosphate
precipitation from oversaturated solutions is not to be ruled out at the highest U concentration

studied, in the presence of phosphate ligands ([U]i.ag= 25 UM, Rsi. = 3 g.L NaldP).

Our in situ ATR FTIR experiments of the U — P (co)sorption onto NaldP conducted at varying
U concentration or as a function of reaction time provided valuable information on surface
speciation. It was found that several species contributed to the phosphate surface speciation
during U-P co-sorption, with three types of uranyl phosphate surface species being identified.
At short reaction times (< 7 h), two uranyl phosphate species were identified onto NaldP, with
the first one (U-P species A) being formed at low U concentration and the second one (U-P
species B) growing with an increase in U concentration. It should be noted that, when phosphate
ions were added before U in experiment, the formation of these two U-P species (and / or one
of the two U-P species) affected the IR signals of previously-formed phosphate surface species,
i.e., it led to disappearance of IR bands of preexisting ISSC of phosphate (a shift from a band
at 1038 cm?, attributable to an 1SSC of phosphate [1], to ca. 1050 cm™). There was also
observed a small decrease in bands’ intensity of the OSSC of phosphate. Thus, pre-existing

phosphate surface species formed onto NaldP were desorbed and / or converted rapidly upon
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the addition of uranyl ions in the system and the subsequent rapid formation of U-P surface
species, which are therefore interpreted as being inner sphere uranyl phosphate surface species
forming at edge sites of the clay platelets and competing against the existence of ISSC of
phosphate on illite surface. Formation of uranyl-phosphate ISSC onto NaldP is in good
agreement with previously published spectroscopic studies of the (co)sorption, under conditions
close to those used in the present study, of uranyl and phosphate ions at surfaces of aluminum
/ iron (hydr)oxide, SiO2 and clays [55,54,71,59]. Regarding the uranyl phosphate surface
species identified in the present study, U-P species A has a (weak) IR band at ~1125 cm™, which
is independent of the U concentration (2-10 uM). This suggests that its formation took place at
high-affinity sites existing in limited amounts onto clay edges. Whether this species represents
a surface precipitate (e.g., (UO2)3(POa)2-4H20(s)) and / or an outer sphere surface complex (i.e.,
UO2HPO4 (H20)4) having a band at 1122 cm™, can be ruled out. In such cases, its absorbance
would increase with U concentration [96]. It is likely that this U-P species is a U-bridging ISSC
of uranyl phosphate because it forms onto high-affinity sites at illite platelet edges, which are
expected to interact strongly with U [89]. Conversely, U-P species B displays an IR band at
~1050 cm™ whose intensity increases with U concentration in the range 2-8 uM, and it
dominates phosphate speciation at low reaction times (7 hours). Actually, this band can hardly
be attributed to an OSSC of uranyl phosphate (having IR bands at positions close to those of
aqueous UO2H2PO4" @ag) species), because an OSSC complex would display two bands at 1052
and 1170 cm* of similar intensities (see discussion in 84.1). A reduction of molecular symmetry
of PO4 unit from Cay to C1 is expected if the uranyl phosphate aqueous species is involved in
formation of the ternary surface complex. The band at 1050 cm™ is therefore ascribed to a
uranyl phosphato ISSC forming at low affinity sites onto clay edges. It should be noted that
formation, at a short reaction time (tr = 7 h) during our ATR FTIR (co)sorption experiments,

of the two types of U-P inner sphere surface complexes has prevented the formation of (V1)-
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phosphate colloids, which were observed in the absence of clay and under similar solution

conditions (see discussion in 84.1).

At a long reaction time (3 days) and high U concentration ([U]i,aq= 8 uM), two uranyl phosphate
species were identified to exist onto NaldP, namely, the U-P species B (whose formation took
place within the first hours and increased then slowly with time) and another species (U-P
species C) whose intensity was increasing with reaction time, from a reaction of ca. 5h to 3
days. The latter uranyl-phosphate surface species has three vz P-O antisymmetric stretching
band at 1114, 1080 and 992 cm, which indicates a C2v or lower molecular symmetry (likely
C1) of PO4 unit. The band at 992 cm™* was not observed at short reaction time (tr = 7h), possibly
due to some interferences of IR absorption from clay structure at wavenumbers lower than 1000
cm™. The bands’ positions of U-P species C are quite different than those observed on IR spectra
of uranyl phosphate solutions, ruling out formation of uranyl phosphate OSSC and / or U(VI)
phosphate colloids formed directly from solution. These positions are shifted with respect to
those reported in the literature for the group of autunite minerals but they compare well with
them (1118, 1074 and 985 cm™ for autunite, and 1118, 1048 and 985 cm™ for meta-autunite
[97]). Hence, we hypothesize that U-P species C is an autunite-like surface species. Formation
of this species may contribute to the slight increase of macroscopic P sorption on NaldP with
increasing U concentration. Troyer et al. [71] have investigated by EXAFS and TRLFS the
effect of increasing concentrations of phosphate and uranyl ions (0.025-100 uM) on the uptake
of U(VI) by montmorillonite at pH 4-6. These authors have evidenced a transition between
formation of uranyl phosphate surface complexes at low coverage of the clay, and surface
precipitates of U(VI1)-phosphates at high surface coverage. If the U-P species C represents a
U(VI) phosphate precipitate formed on NaldP, this would imply that its formation has occurred
in limited amounts under our experimental conditions (despite the dominance of its signal on

the IR spectra), because our desorption data indicate primarily reversible co-sorption
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mechanisms. Alternately, the U-P species C can rather be an autunite-like uranyl phosphate

surface complex (e.g., as a polynuclear complex) that forms on NaldP at a high reaction time.

It should be noticed that the successive addition of phosphate ions followed by uranyl ions, or
their simultaneous addition, to the NaldP — solution system does not lead to the same surface
speciation, even at low reactions times (7h). The initial addition of P alone -allowing the clay
surface to be covered by P sorbed for the first 2h- and subsequent, progressive additions of U
led to the existence onto NaldP, after a reaction time of 7h, of a (U bridging) ternary U-P
surface complex formed rapidly on the high-affinity clay edge sites, a U-P surface complex
formed progressively on the low-affinity clay edge sites, and an OSSC of phosphate (shown in
a previous study to transform slowly into an ISSC of phosphate, in the absence of U [1]). Instead,
the simultaneous addition of P and relatively high concentration of U (10 uM) resulted in the
existence onto NaldP, after a reaction time of 7h, of the two former species and an autunite-like
surface complex/precipitate. This suggests that the formation of the U-P surface complex on
low-affinity sites on the clay edges is not fast enough to prevent fairly rapid nucleation of
surface precipitates and/or formation of polynuclear surface species of uranyl phosphate. It is
possible that the U-P surface complex existing on low-affinity sites is formed by the binding of
P on low-affinity sites (upon slow conversion of OSSC to ISSC of phosphate formed over time
by surface ligand exchange) and the binding of uranyl ions on sorbed P (P-bridging uranyl
phosphate complex). The conversion of OSSC to ISSC of phosphate, in the absence of U, was
found to proceed slowly up to a reaction time of 3 days, leading to the predominance of ISSC
of phosphate at a long reaction time, and a very intense band at 1035 cm™ on the spectra of the
NaldP-phosphate — solution interface. In similar conditions, with the exception of the presence
of 10 uM of U in the system, a (less intense) band shifted to 1050 cm™ is present on the FTIR
interface spectra. Presumably, the formation of precipitate / polynuclear species of uranyl

phosphate on the clay surface limited the formation of ISSC of phosphate in the long term (and
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presumably it also limited the amount of U-P surface complex likely to form at weak sites).
Formation of P-bridging uranyl phosphate surface complex on low affinity sites, and U-P
surface precipitates / polynuclear surface species, could explain the signature of P on the
macroscopic sorption of U onto NaldP, in contrast to montmorillonite for which the existence
of a U-bridging uranyl phosphate ISSC has been reported [71]. The use of other spectroscopy
techniques is however necessary to confirm the hypothesis of a P-bridging uranyl phosphate

surface complex.

5 Conclusions
To our best knowledge, the present study is the first one combining macroscopic experiments
and in situ ATR FTIR spectroscopic study to investigate the (co)sorption mechanisms of

phosphate ions and trace levels of uranyl ions at the illite—electrolyte solution interface.

All the macroscopic data reported here pointed at several sorption mechanisms / surface sites
contributing to the uptake of uranyl ions by NaldP and depending on key parameters such as
pH, U concentration, clay-to-solution ratio and phosphate ligand concentration. In peculiar, data
indicated that a low amount of high-affinity sorption sites (<0.02 sites.nm?) existing at the
NaldP edge platelets can strongly interact with U and become progressively saturated, while
low affinity surface sites are increasingly involved in U sorption, when increasing U
concentration (1-10uM) or decreasing clay-to-solution ratio (1-3 g.L ™) in experiment. It was
also shown that the presence of phosphate ligands enhances the sorption of U(V1) at acidic pH
onto NaldP and, conversely, the uptake of phosphate ions by the clay surface is promoted by
an increase of U concentration in sorption experiment. Macroscopic and EM data highlighted
the formation of several types of uranyl phosphate species imparting negative charges to the
clay surface and / or several types of sorption sites, with the mechanisms of U-P co-sorption
remaining highly reversible. Data acquired by in situ monitoring of the illite-solution interface

by ATR FTIR spectroscopy provided evidence that uranyl ions and phosphate ions were
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(co)sorbed at acidic pH mainly via the formation of three types of inner-sphere uranyl phosphate
surface complexes, whose predominance depend on reaction time and U surface concentration.
A uranyl phosphate surface species (with a weak v3(P-O) band at ~1125 cm™) is formed rapidly,
likely at high-affinity surface sites existing in limited amounts on the clay edges, and is
identified as an inner sphere uranyl phosphate surface complex (possibly with a U-bridging
structure). An additional U-P surface complex (with a band at ~1050 cm™) is progressively
formed in increasing amounts with U concentration and reaction time, likely on low affinity
clay edge sites. It is possible that this surface species is formed via binding of U to phosphate
sorbed as an inner sphere phosphate surface complex onto illite (P-bridging structure), which
was shown to exist on NaldP in the absence of U [1]. Finally, an “autunite-like” uranyl
phosphate surface species (e.g., such as a polynuclear complex) having v3(P-O) bands at 1114,
1080 and 992 cm* appears after a few hours after simultaneous addition of P and U at relatively
high concentration (10uM). The present work clearly demonstrates that uranyl ions are not
sorbed onto illite at the expense of phosphate ion sorption but that several types of uranyl
phosphate sorption species are formed in NaldP — U(VI) — phosphate — solution systems, which
is consistent with macroscopic data showing a strong P sorption onto illite [1], a promotion of

P sorption with U concentration and a signature of P on the sorption of U(VI) (this study).

The information on uranyl surface speciation in the presence of phosphate ligands that is
presented here is novel, and provides for the first time in situ spectroscopic evidence of the
synergistic formation of several types of uranyl phosphate sorption species on the surface of a
2:1 layered clay, namely illite, which is an important phase in soils and clay formations. This
knowledge is important to better understand / predict the effect of clay surface property and its
impact on the sorption behavior of uranyl and phosphate ions in the environment and / or to

model the long-term behavior of U(VI) in argillaceous formations where illite is the main clay
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constituent, such as those envisaged as barriers to U dissemination in the far-field of HLW deep

repository.
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