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Uranyl sorption species at low coverage on Al-hydroxide:

TRLFSand XAFS studies
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8Institut Pluridisciplinaire Hubert Curien, Départeant de Recherches Subatomiques, ULP /
CNRS /IN2P3, UMR 7500, 67037 Strasbourg CedexBde:.

PLaboratoire de Cristallographie, CNRS, UPR 5038042 Grenoble Cedex 9 France

Abstract

Detailed understanding of the respective roles adfiton and surface parameters on the
reactions at uranyl solution / Al-(hydr)oxide irfeeres is crucial to model accurately the
behaviour of U in nature. We report studies on ¢ffects of the initial aqueous uranyl
speciation in moderately acidic solutioesy.of mononuclear, polynuclear uranyl species and
/ or (potential) U(VI) colloids, on the sorption bf by large surface areas of amorphous Al-
hydroxide. Investigations by Extended X-ray AbsmnptFine Structure (EXAFS) and Time-
Resolved Laser-induced Fluorescence SpectroscopitRS) reveal similar U coordination
environments on Al-hydroxide for low to moderatddadings of sorption samples obtained
at pH 4-5, independently of the presence of monl@an®r polynuclear aqueous species, or
of the potential instability of initial solutionsyoring true U-colloids formation. EXAFS data
can be interpreted in terms of a dimeric, bidentatger-sphere uranyl surface complex as an
average of the U surface structures. TRLFS dataeher, provide valuable insights into the
complex U surface speciation. They indicate mudtiplanyl surface species under moderately
acidic conditions, as predominant mononuclear amat Mdinuclear, inner-sphere surface
complexes and as additional minor species havingtduns in a uranyl (hydr)oxide - like
coordination environment. The additional speciedpbly occur as surface polymers and / or

as adsorbed true U colloids, depending on the aguBoconcentration level (1 to 100 uM).



These results are of importance because they duihge#\I-hydroxide surface characteristics

strongly control uranyl surface species in moddéyateidic systems.
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I ntroduction

The mining and reprocessing of natural U and thst peaste disposal activities have
generated contaminated soils and sediments, asas/&ll mill tailings which produce acidic-
water contamination plume®.§. Morrison et al., 1995; Arnold et al., 1998). Unami in
hexavalent oxidation statee. uranyl UOZ*, is stable in many soil and aquifer systems and
tends to generate potentially mobile U(VI)-carrjessich as hydrolysis products, complex
ions, true and pseudo colloids. Sorption mechanisnte minerals, such as adsorption and
co-precipitation, have been suggested to retardnigeation of U in specific ecosystened.
Payne et al., 1994; Murakami et al., 1997; Brunalet1998; 2002; Del Nero et al., 1999;
2004). In particular, sorption of uranyl onto almmim (hydr) oxides is of interest due to the
abundance of such minerals in nature, to their Isigicific surface area, and to their high
surface affinity for U(VI). The knowledge of the aations of uranyl ions at the Al-

(hydr)oxide / colloid / solution interfaces is thofsimportance for predicting U geo-cycling.

Several authors have found evidence, by using BetkrX-Ray Absorption Fine Structure
(EXAFS) spectroscopy, that U(VI) forms mononuclearner-sphere, bidentate uranyl
complexes at Fe-oxide surfaces, in systems ecafiirat acidic or basic pHt pH,. <8)
with 10-100 uM initial uranyl solutions that comta range of mononuclear and polynuclear
species (Waite et al., 1994; Reich et al., 1998p&aet al., 2000). Reich et al. (1996; 1998)
and Sylwester et al. (2000) have shown by EXAF$tH@.* ions sorbed at pH 3.5 also form
such complexes at Al-oxide and silica(te) surfa&gdwester et al. (2000) have pointed to the
additional formation of polymeric surface speciesear-neutral pH, when the covering by U

(r) of silica and alumina surfaces is increased up t00.1 and I = 05umol U/nf solid,

respectively, for initial solution concentratioﬁ@]lAQ) of ~40 uM.



The formation of multiple uranyl surface speciesocelumina, silica and silicate surfaces has
been supported by the use of spectroscopic tecasighle to detect distinct U coordination
environmentsi.e. Time-Resolved Laser-Induced Fluorescence Specpys@ RLFS) and X-
Ray Photoelectron Spectroscopy (XPS). Gabriel ef(2001) have evidenced, for uranyl
sorbed at trace concentration level onto silicagghpH-dependent fluorescent species
postulated as distinct mononuclear, inner-spherdgntate uranyl surface complexes. At
moderate to high U surface coverage of quattz [{ <  pb%ol U/nf), two pH-dependent
uranyl surface components have been detected by (KRftdeval et al., 2003; Froideval,
2004). The XPS results have been interpreted imgeof mononuclear, inner-sphere U
surface complexes coexisting with polynuclear fosgite-like surface species, irrespective of
solution parameters favouring either mononuclegoatynuclear / colloidal U(VI) species in

solution @< pH. <8; 10uM s[U]lAQ <100uM). Chisholm-Brause et al. (2001) have

shown by TRLFS that four uranyl species coexistoontontmorillonite under certain
conditions, with the preponderance of mononuclearer-sphere surface complexes at low
(<3%) occupancy by U of surface sites, irrespectiv@queous monomeric or oligomeric U

species 8< pH. <7, 40uM < [U],AQ < 200uM). These studies show that the nature of U

sorption species is function both of solution ch&myiand of mineral surface characteristics.

Regarding Al-(hydr) oxides, two pH-dependent uraswiface species have been observed by
XPS and/or TRLFS at low U surface covera@e( Qomol U/nf) of y-alumina (Kowal-
Fouchart et al., 2004) and at moderate to highasartoverage @05<T < 0.5mol U/nf)

of gibbsite (Baumann et al., 2005), for solids &hqrated with solutions a[U],aq values of
100 and 10 pM, respectively. Baumann et al. (20d@B)e interpreted their results by the

formation of polynuclear uranyl complexes at neamral pH in addition to the mononuclear

inner-sphere complexation occurring at lower pHsdabon the EXAFS study of Sylwester et



al. (2000). Kowal-Fouchart et al. (2004) have sustggk that the U surface species arise from
the U aqueous speciatidre. from the sorption of the freOZ* ion at low pH, and of

polynuclear species at pH>5. Further work is howeseded to assess the respective roles of
agueous speciae. mononucleawrs. polynuclear species, and of surface parameterow

vs.high U coverage, on the nature of the uranyl gseanto Al-(hydr)oxides.

In this work, we aimed to identify surface spec¢dow to moderate U surface coverage of
amorphous Al-hydroxide, and to gain insights irteit dependence on U solution species.
Solid samples were obtained at a defined U loading 0.005 or 0.05 pmol U/f) as a

function of [U]|AQ by adjusting in batch experiments the solid cotre¢ion of suspensions
(1g/1 =C,,4 <100g/1). We performed analyses of U sorbed p@iti. <5 from solutions
where eithelJOZ* ions or polynuclear / U(VI) colloids are expectedoredominate [ULAQ =

1, 10, 50 or 100 pM). TRLFS was applied to detastirttt coordination environments of
uranyl in the sampleise. multiple U sorption species and/or emitting U cam@nts. EXAFS
was used to provide the average of the chemicakandtural environments of sorbed U and

to complement the interpretation of TRLFS resuitterms of U coordination environments.
1. Experimental and analytical section
1.1. Material and experiments

The chemicals used are of analytical grade (Merskgntion was paid to minimize adsorbed
carbonate species in sorption experimentspldt < 4.5). Wijnja and Schulthess (1999) have
evidenced no bands of adsorbed carbonates on tReFATR (Attenuated Total Reflectance

Fourier Transform Infrared) spectra of aggéd Al,O, suspensions purged with pure air and

at pH. values of 4.5. We thus washed the initja+ Al,O, in N;-atmosphere in order to



remove autochthonous carbonate surface speciastprour experiments. All of the solution
preparations and experiments were carried outgloee box where a stream ofdgas was
maintained, using C&free NaOH / HCI solutions, ultra-pure water (résisy: 18 MQ)

supplied directly from a Milli-Q apparatus, and blibg of N,-gas through initial solutions.

1.1.1. Solid pre-treatment

The initial y— Al,O, (Merck) was washed by pumping ultra-pure wateoulgh a series of

filters containing solid sub-samples until the lea@e resistivity is of ~ 1BIQ (Froideval et
al., 2003). The size fraction 63-100 um of the sabmples was collected and left for drying to
constant weight (room temperature;-&¢mosphere). The X-ray diffraction analysis of the

dried solid indicated thaty— AlLO, was completely transformed by leaching into an

amorphous Al-hydroxide and into small amount ofbgite indexed JCPDS 33-0018 and / or

bayerite indexed JCPDS 20-0011. This is in agre¢nvéh studies showing the formation of
bayerite and / or gibbsite yaalumina / solution systems at 298 K (Lefevre et 2002; Kim

et al., 2004). The specific surface ar&g ) of the dried sample is equal to 143/,

1.1.2. Batch experiments of uranyl partitioning in Al-nggide / solution systems

Batch experiments were performed to measure ak2@8N,-atmosphere the partitioning of

uranyl between the mineral, colloidal and aquedussps of Al-hydroxide / 0.1 MNaNG,
solution systems. Th@H. values were in the range 4-7. The parameter ungestigation
in a first series of experiment{inlAQ ~50 uM) was the concentration of soli@(,,= 1, 5,
10, 25 or 50 g/l).e. of surface Iiganc([AIOH]Sm) in the system. The values of maximal U
loading (".,) were equal to ~0.350, ~0.070, ~0.035, ~0.014 @OG7 pmol U/m solid,

respectively. Experiments were also performed @uate the effect oiJ],aq ([U]|aq = 1,10



and 100 pM) at constaﬂiiﬂ\lOH]SrOT/[U]I values (e at_ = 0.007 and 0.07 pmol U/m
AQ

solid). A reference sample was made to measuré thptake {U]|AQ =1ImM) at pH. of 3.

The experimental procedure includes: (i) a 2-dagrsod of shaking of the solid / electrolyte
sample, (ii) a 3-days period of shaking of the J(¥olid / electrolyte sample (after initial

pH adjustment and addition of a small volume df/@,(NO,),.6H,0 solution in 1G M
HNQO,) and (iii) a phase separation step as follows. Sdmaple is centrifuged at 6000 rpm for

15 min. The supernatant is removed, filtered a2 uen, and 5 ml of the filtrate is ultra-
centrifuged at 50,000 rpm for 2 h for colloidal/aqus phase separation. The “mineral
fraction” collected after centrifugatione. the U-loaded Al-hydroxide and possibly uranyl
precipitates, is left for drying to constant weigithe tube (298 K, Natmosphere). The final
pH is measured on both of the aliquots collectadrafentrifugation and filtration (which

were found to display similar pH within thApH. error of 0.02). The final contents of

dissolved U [U]FAQ in M) and of total U in solution[l(J]FmT’SOL in uM) i.e. dissolved and

colloidal U species, were determined by ICP-MS ys®ed of the ultra-centrifuged and
centrifuged solutions, respectively (error: 5%;ed¢ion limit: 0.1 ppb). The solutions were
analysed for their final Al content by ICP-AES. Thercents of total U removal from true
solution (including colloids) and of U removal bgrption / precipitation are as follows:

L], L.,
U

(Y

% U removal (total) { ) ]*100 (1)

bl b))

% U removal (sorption+precipitation){— [U]
(Y}

Blank experiments were performed using the sameepiure as that described previously

except that the Al-hydroxide was not add<{1d](AQ =1, 10, 50 and 100 pM; 8 pH. < 7;

solution ageing timet,: 15 min - 3 days). The experiments provided infation on the



stability of uranyl solutionge. on the formation of true U colloids and/or on firecipitation

of uranyl oxide hydrates i€O, - free U(VI) / 0.1 NaNQ, solution systems at 298 K.

1.2. Spectroscopic analyses
1.2.1. XAFS measurements

After drying to constant weight at 298 K inddtmosphere (section 1.1.2), the U-containing
Al-hydroxide samples were removed from the expenialetubes. Sub-samples were stacked
into pellets, encapsulated between two Kapton faild sealed with a polyethylene foil. A
sub-sample of the synthetic meta-schoepite of Ex@tat al. (2003) was used as a reference
and was diluted in boron nitride before stackindBE$ measurements were performed at the
FAME beamline (BM 30B) at the European SynchrotRadiation Facility (ESRF). Spectra
were recorded at room temperature at the;lddge, using a Si<220> double monochromator.
The calibration in energy was made using the fitBéxion point of the k edge of U metal
(17166 eV). The meta-schoepite was analysed irsitnggsion mode. The sorption samples
were analysed in fluorescence mode, using a 30ezitnsolid state Ge detector (Canberra),
with sample orientation of 45° to incident beamtd@eduction and analysis were performed
using ifeffit and feffit softwares (Newville, 200Newville et al., 1995). Phase and amplitude
were generated by the feff 8.1 code (Ankudinov Rethr, 2000), for the model compounds
a -UO,(OH), (Taylor and Hurst, 1971) and soddy{ld0, ), SiO,.2H,O (Demartin et al.,
1992), in which Si atoms were replaced by Al atoj@glwester et al., 2000). All fitting
operations were performed to Fourier transform (§gctra in R-space between 0.9 and 4.0

A. The amplitude reduction factd®. was set to 1. The four-leggéi=0, =U =0, =U

ax

path was used to model the trans-dioxo multipletegag (MS) without adding variables to

the fit, since its parameters were linked to thoSé¢he single scattering —O,, path, with



Nys. Oys and R,s set respectively atN,s =N, , 03ys =205 , Rys=2R, (N:

coordination numberg?®: Debye-Waller factor,R: neighbour inter-atomic distance). For

U-0, and U -U shells, the Debye-Waller factor and the coorderathumber were

defined as free parameters during the fit and vierad to be strongly correlated.
1.2.2. TRLFS measurements and analyses of fluorescenag dec

Sub-samples of the dried U-containing Al-hydroxstdids and of the meta-schoepite were
put in glass capillary tubes (optical quality, m@l¢ : 2 mm, L: 5 cm). The tubes were tightly
sealed before removal from the-Btmosphere glove box. The TRLFS measurements were
performed at the Institut de Physigue NucléairdOo$ay and were collected on a system
including a Continuum pulsed laser Nd:YAG (7 nssputluration) for sample excitation. The
equipment is described by Kowal-Fouchard et al0Og30The excitation wavelength was set
to 430 nm. The fluorescence emission was measurethe range 470-600 nm. The
uncertainties on the position of the uranyl emisdiands were of ~ 1 nm. The fluorescence

decay was measured within the interval time 0.0Q2us. The gate width was 2 pus.

The fluorescence intensitif (A,t), at wavelengthd and at timet, in presence of multiple

emitting componentyg is described by :

n

F(At)=> F (1.0expl-t/7) (2)

j=1

where the pre-exponential factdr; (/1 ,O) is the fluorescence intensity at time=  dd the
emitting component andz; is its lifetime.

The pre-exponential factdF, (4,0) depends on the experimental set-up (optical pagiie ,

laser intensityl,, factor k), on the molar absorption coefficient and on therescence

quantum vyield of the component, and on its concentration in sample. The values of



F; (/1 ,O) and of 7; were obtained by a fitting procedure of the flsoence decay curve

(fluorescence intensitys. time) using a third or a fourth-exponential funati The choice of

the fitting function was based on considerationsesidual and of reduced chi-square value
(,er) as the goodness-of fit parameter, obtained uki#igerror on experimental data points.
Comparing the relative contributions,, associated to the pre-exponential factarsof the

fitting function, is useful to evidence trends iancentration of the componentamongst
related samples that are analysed and obtainedr widelar conditions. The relative

contribution of a defined emitting componentamongst then emitting componentg , to

the overall fluorescence intensity is given by:

P =g -Ti/iai T (3)

The emission and the decay of fluorescence of tHeydroxide matrix were also measured.
The matrix emitted a weak fluorescence signal abdexponential decay function (lifetimes

of ~9 ps and ~45 ps). The valuesmfand ofa, for the matrix, were taken as fixed values in
the fitting procedure used for sorption samplese $tim of the contributiong, of the matrix

to the fluorescence decay of the sorption sampéeslower than 2 %.
2. RESULTSAND DISCUSSION

2.1. Macroscopic uranyl uptake

Data of removal of aqueous U fa0™® —10™*M uranyl inCO,—free, 0.1 MNaNQ, solutions

/ suspensions of Al-hydroxide is reported in FigFihal solution concentrations of U and Al,

and related solubility curves, are given in elagit@nnex EA-1. Main results are as follows.
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1. Solutions at[U]lAQ >10uM are unstable upon ageing and hydrolysis due to the
formation of uranyl colloids (and of large partglat [U],aq =100uM and pH_ = 7).
Final concentrations of aqueous uratﬂ}d]%) are close to equilibrium with respect

to crystalline {U]|AQ =10uM) or meta-stable[(l],AQ >10uM ) uranyl oxide hydrates.

2. Adding Al-hydroxide to the potentially unstable stbns suppresses the contribution
of colloids to the removal of U from true solutiorhe uranyl removed is found in the

mineral fraction. Its percentage increases witlnareasing of the values gsH. and

of C,, (at acidicpH.). Values o1‘[U]FAQ in final solutions are below the predicted

solubility of crystalline schoepite (except@t,, <10g/l and [U]|aq =100uM).

3. Adding Al-hydroxide to stable ~1uM uranyl solutidesds to the removal of U by the
mineral phase, but generates U colloidspit. =5. Sorption of U on Al-colloids,
which are present at trace concentration levehénfinal solutions over-saturated with

respect to gibbsite, may contribute to the peroékt removal at |0V\,{U]|AQ values.

A major finding is the formation, within 3 days @action, of uranyl colloids in hydrolysed

solutions at{U]lAQ >10uM, possibly as solubility-limiting schoepite or metable schoepite

- type phases, whose solubility constants are tegdan Table 1. This agrees with studies
showing the formation of U colloids in solutions evh polynuclear aqueous U(VI) species
pre-exist (Fig. 2) and of meta-stable uranyl oxigerates in super-saturated solutions (Dent
et al., 1992; Torrero et al., 1994; Diaz-Arocas @rdmbow, 1998). The major assessment of
our experimental work is that sorption onto largeface areas of Al-hydroxide controls the

removal of U from aqueous phase for such unstaiigisns a[U],AQ >10uM , as well as for

the stable uranyl solutions. Such features areistmms with studies suggesting that aluminol

11



groups at Al-oxide and clay surfaces act as stiggands for U (McKinley et al., 1995;
Turner et al., 1996; Del Nero et al., 1999; Wangalet 2001). However, the question is,
whether reactions at Al-hydroxide surface and ieast of formation of aqueous U
oligomers/colloids compete amongst one anotherooperate to the sorption of uranyl. On
the one hand, spectroscopic studies of Al-oxide siida(te) surfaces have suggested the
predominant role of U surface coverage over aquespeciation on the formation of
polynuclear uranyl surface species (Sylwester gt2800; Chisholm-Brause et al., 2001;
2004; Froideval et al., 2003; Froideval, 2004). tBa other hand, it has been suggested that
polynuclear U species on alumina arise from thegd®n of pre-existing solution species
(Kowal-Fouchart et al., 2004). Speciation studie @orbed at low density on Al-hydroxide,
in presence of mono- or polynuclear aqueous speaiescrucial to assess the control exerted

by abundant surface ligands. solution species on the U sorption species.
2.2. Presentation of the spectroscopic samples

TRLFS and EXAFS were applied to U-loaded Al-hyddexisamples obtained gH. <5.

Sorption samples at near-neutral pH, and a sycthegta-schoepite (Froideval et al., 2003),
were used as references. Spectroscopic sampletiomsdare listed in Table 2. The sample

name relates to experimental conditions[g, _ pH. _Cg,, ([U], in UM, Cq in gil).

Note that low U coverage samples were obtained @reges oi[U]lAQ values (1-100 puM).

2.3. Average of surface structureson acidic-pH sorption samples

EXAFS spectroscopy is well suited to study the l@teucture of sorbed uranyle. element
identities, distances and coordination humbersatoms around the U atom, but the major
limitation is that it observes the average of alfface structures present for adsorbing uranyl.

The raw R-weighted EXAFS spectra of the sorption samplestardmeta-schoepite sample

12



are shown in Fig. 3, along with the correspondirayrier Transform (FT). The Fourier
transformation yields a radial distribution of thear-neighbour atoms surrounding the U
atom. The peaks on the FT spectra appear at shibistances relative to the true neighbour

distances(R) because of the electron scattering phase shifis~0.4 A). All the EXAFS

spectra are dominated by the backscattering framattal oxygen atom§O, ) of the linear

UOZ* group (peak at 1.4 A on the uncorrected FT). Téwosd peak at ~2 A on the FT is
related to the backscattering from oxygen atomthénequatorial plan@eq) of uranyl. The

FT spectra show a peak at ~3 A which correspondbeanultiple scattering effects of the

U -0, coordination shell. The results of the data aresyare given in Table 3.

2.3.1. The acidic-pH sorption samples

The coordination environment of U is almost idegitior all the sorption samples obtained at
pH. 4-5. The first coordination shell consists of the axial oxygen atoms at a distance of
1.80 A. The second shell is composed of 4 to 6 tegiahoxygen atoms at distances between
2.41 and 2.46 A. For this shell, the coordinatiomber and the Debye-Waller factor, taken
as free parameters during the fits, are stronglyetated and the standard deviation on

Ny_ceq Values is estimated to be + 20 %. The- O,, distances of 2.41-2.46 A are close to

those of U atoms coordinated by 5-6 equatorial erygtoms of aqueous species (Aberg,
1970; Dent et al., 1992; Chisholm-Brause et al941%Allen et al., 1997; Thomson et al.,
1997; Wahlgren et al., 1999) or of outer-spherdaser complexes onto clays (Chisholm-
Brause et al., 1994; Hudson et al., 1999; Sylwesteal., 2000). They are also close to an
average of the bond lengths reported for 5-6 oxyaems split in two equatorial sub-shells
of sorbed U as an inner-sphere bidentate uranfdceicomplex ontg-alumina (Sylwester et

al., 2000). The absence of equatorial splittingdiar acidic-pH sorption samples may indicate

13



outer-sphere surface complexes and/or multiple ylir@oordination environmentse(g.

Elzinga et al., 2004). It may also result from shert k-range used in the measurements.

For all the sorption samples @iH, 4-5, attributing the peak at ~3 A on the uncoeddtT
spectra to the multiple scattering effects of the-O,, shell provided a poor fit to the data.

Several authors have reported that the peak featur® A on FT spectra for uranyl onto
several Al-silicates is the superposition of thdtiple scattering (MS) effects of thd —O_,
shell and of the interactions between uranyl argkisate (Thomson et al., 1997; Hudson et
al., 1999; Hennig et al., 2002). A significantifitprovement was obtained by adding in the
data analyses the contribution of the single sgageoriginating from Al atoms of the Al-
hydroxide. The procedure givés— Al bond distances of ~3.38 A and coordination numbers
of 0.6-0.8 (£ 20 %). The presence of detectdble Al interactions evidences that inner-
sphere surface complexation is an important meshaoif adsorption of uranyl at acidic pH.
The experimentall — Al bond length of ~3.38 A matches tble- Al distance for the model

structure of Hennig et al. (2002) with the urangity F?U_Oeq = 2.35 A) in bidentate, edge-

sharing connection witIﬁAIOG] octahedra (1.85R,_,<1.97 A). Assuming a monodentate

surface complex would result Id — Al distances larger than the experimental ones (lgenni
et al.,, 2002). The value oN,_, reported herein possibly results from multiple a&qual
coordination environmentgse. ~70 % + 20 % of the uranyl ions are bound to s&fa
hydroxyls in a bidentate fashion and have one Agimmour. For all the sorption samples at
pH. 4-5, a better fit was achieved.g. electronic annex EA-2) by including @ —U shell
resulting in an average of one U neighbour (+20%3.82 A. SimilarU -U distances are
reported in the literature for aqueous polynucle&anyl species (Aberg, 1970; Navaza et al.,
1984; Dent et al., 1992; Moll et al., 2000) and doanyl oxide hydrates (Allen et al., 1996).

On the one hand, the EXAFS parameters give an g@eradel structure consistent with a

14



dinuclear, bidentate inner-sphere uranyl surfaceptex in edge-sharing connection with
[AIOG] octahedra. On the other hand, they are consistghtthe existence of multiple U
species,e.g. inner-sphere surface complexes as mononuclearoardihuclear species,
polynuclear surface oligomers / surface precipstated possibly outer-sphere complexes. The
reference samples presented hereafter provide deampspecies possibly coexisting on Al-
hydroxide atpH. 4-5. The present EXAFS study indicates that irspdrere surface complex
formation, and (surface) polynucleation, are maj@chanisms competing against U colloid
formation at acidic pH. Highly-reactive, singly-admated terminal hydroxyl groups (Bargar
et al.,, 1997), at surfaces of gibbsite/bayeritespné in small amount in the Al-hydroxide

phase used, may partly account for the high suidéfagty of the phase towards uranyl.
2.3.2. EXAFS results for the reference sample 1000_3 100

The difference between the reference sample 10d®® obtained atpH. 3 and the
sorption samples apH. 4-5 is evident in th& —U coordination shell. Introducingla —U
shell for the sample 1000_3 100 leads to no sipamti fit improvement. When assuming
U -U interactions, the fitting procedure gives ~0.4ras@ighbour U atoms. Thus, no (or
only a few) polynuclear uranyl species occur irs tample. The sorption of U(VI) giH. 3

on Al-hydroxide results in predominant mononuclsarface species, with 80 % = 20 % of
the uranyl ions sorbed through inner-sphere congpiex in a bidentate fashion. This is in a
good agreement with previous EXAFS data on thetgorpf U at pH 3-4 on (hydr)oxides

(Reich et al., 1996; 1998; Waite et al., 1994; et al., 2000; Sylwester et al., 2000).
2.3.3. EXAFS results for the reference sample 50 6.2 _If@nithe meta-schoepite

Unlike for the acidic-pH sorption samples, no Aelwas detected in the sample 50 6.2_1

obtained at near-neutrgbH. and at high U loading. Uranyl is found surroundsd~4

15



equatorial oxygen atoms at a mean distance of 2.48d by ~2 (+ 20 %) uranium atoms at
3.93 A. Such a structure resembles that of the +sehaepite sample except that te,

atoms in meta-schoepite are split in two sub-shaiseported by Allen et al. (1996). Uranyl
probably occurs as poorly-crystalline U(VI) oxidgdnates in the sample 50 6.2 1. The
precipitation of large particles out of the hightyer-saturated initial solution might be
favoured by the low concentration of solid usethie experiment. The retention of U colloids
on Al-hydroxide can not be ruled out, because tdueolloids are abundantly formed upon

aging of hydrolysed solutions @JJ]lAQ =50uM (Fig. 1). This sample is thus representative

of poorly-crystalline uranyl oxide hydrates formingder our experimental conditions.
2.3.4. EXAFS results for the reference sample 1 6.9 1

Uranyl oxide hydrate precipitates and/or colloide anlikely to contribute significantly to

sorbed uranyl in the high surface coverage sampt91l1 obtained at near-neutrpH_,

because the solution @JJ],AQ =1uM used in the experiment is stable (Fig. 1). Ondhe
hand, the mean structural parameters oftheO,, shell and of th&J -U shell (N,_, =1.2

+0.3; R,, =3.93 A) are close to those of the sorption sampk pH, 4-5. On the other

hand, no Al shell is present at 3.38 A. At high gimn density, uranyl ions form
predominantly polynuclear surface oligomers andimorphous surface precipitates on the

Al-hydroxide brought in contact with stable and meautral uranyl solutions.
2.4. TRLFS evidencesfor multiple U componentsin the acidic-pH sorption samples

Spectra of the emission of fluorescence of urapgcges/compounds have a great variability
in spite of characteristic resolved vibronic stures. They are sensitive to environmental
sample parameterg.@. hydration) and to molecular structural factorshsas solvation and

bonding modalities in the equatorial plane of thhanyl moiety. Also the decay of the

16



fluorescence emission for uranyl in a species/camgois related to its coordination
environment (as well as to environmental and istdrelectronic factors). Different bonding
environments may thus shift the peak positions@ndétime values. For example, lifetimes
larger than that of aqueolwO>" ions have been reported for hydrolysis speaeg. Kato et

al., 1994; Moulin et al., 1995; 1998; Eliet et &000; Kirishima et al., 2004) and for inner-
sphere surface complexes (Gabriel et al., 2001st@iin-Brause et al., 2001; 2004; Kowal-

Fouchard et al., 2004; Walther et al., 2005), duseplacements oH,O ligands of the aquo

uranyl ion byOH ™ ligands or surface hydroxyls, respectively. TRLBES powerful tool to
detect distinct surface coordination environmeriits) @.e. multiple U surface “components”.
Major limitations concern the assignment of the ssiain characteristics to surface species.
No relationships exist to describe the fluorescepraperties of the U surface species as a
function of their structure and composition, orsainple parameters. Moreover, lifetimes are
sensitive to non-equivalent U atoms possibly cdawdsn a single surface species, as claimed
by Catalano and Brown (2005). Providing referenoésrnal to the system under study for

the fluorescence emission characteristics is teefulifor surface species identification.
2.4.1. TRLFS results for the acidic-pH sorption samples

Fluorescence emission spectrBhe fluorescence emission spectrum of U sorbegtt 3

(sample 1000_3 100) is well resolved and is charaetd by peak maxima at 498, 519 and
540.5 nm (Fig. 4 and Table 4). These values argedo those reported for envelope spectra

of sorbed uranyl species (Table 5). The spectrauofsamples apH. <5 show no marked

variation in the shape and position of the peakiiastion of the values of or [U],Aq, and

are almost similar to that of the sample 1000_3 (F9§. 4). Thus, emitting U components

may be of similar nature for all the sorption sa@splThere just observes a small change in
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the peak intensities ratio with an increasing @& [h value, which suggests multiple U(VI)

components whose relative proportion depends aradihg.

Lifetime measurementsthe fluorescence decay experiments strongly stppuritiple
emitting uranyl componentgse. U atoms in distinct coordination environments.tifg
analyses indicate at least three components ahdidifetimes (Fig. 5a). Assuming a fourth-

exponential function for fitting decay curves pre$ reasonable values of the goodness-of-fit

parameter §7) and lifetime values from short(=9 + 3 andr, = 31 + 10) to long £, = 85

+ 25 andr, = 210 + 40). Similar lifetime values are resolfed all the sorption samples at
pH: <5 (Fig. 5b). Trends in the relative contributionamimponent to the decay for these
related sampleg,e. in percentagep, (relation 3), provides information on trends ireth
concentration of the component Thep, values for the sample 1000_3_100 indicate a major
contribution of longer-lived components to fluoresce decay (Table 4). The percentages

for all the acidic sorption samples fall within tleege error bars associated to spgcivalues.

So, fluorescence data of U sorbed on Al-hydroxid#cate multiple emitting U components
of distinct lifetimes, similar in nature and posdgilclose in distribution for all the sorption

samples atpH_; <5, despite different U surface coverage and aquEotsncentrations.

2.4.2. Comparison with the meta-schoepite reference ateature data

TRLFS results for the meta-schoepite reference Earpe well-resolved spectrum of meta-
schoepite exhibits six fluorescence maxima and e peak at 522 nm (Table 4). TRLFS
studies of schoepite have reported structurelebsoad spectra at 523-535 nm (Table 6). The

structure of meta-schoepite consists of layersatisiometry (U02)4O(OH)6, formed from
edge-sharingJO, pentagonal bipyramids, with fiv®,, atoms split in fivel —O,, shells at

distances between 2.18 and 2.63 A and four nonvalguit U atoms having slightly different
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U -0, values (Weller et al., 2000). All the U atoms lo¢ tmeta-schoepite reference sample

appear identical when analysed by XPS (Froideval.e2003) or by EXAFS, which gives a

single U atom having ~@,, split in two equatorial shells (Table 3). By cadt, three uranyl

components are resolved from the meta-schoepiteeficence decay which is dominated by
the contribution of the short-lived componentsaind 7, (Table 4). This does not mean that
lifetime analysis allows identifying all non-equleat U atoms in the meta-schoepite. Several
authors have reported, for schoepite-like phasesgde lifetime whose value may depend on
phase crystallization (Table 6). Moreover, othetdes such as sample hydration induce shifts
in lifetime values. The sample presented here idem# of meta-schoepite and dehydrated

schoepite (Froideval et al., 2003), which may dbnte to the different lifetime components.

Comparison with the acidic-pH sorption samplé&fie meta-schoepite exhibits short lifetime
values ¢, andr,) and a lifetime valug, comparable to those of the sorption samples. Such
a finding is not an evidence of the existence ofarsehoepite and/or schoepitic precipitates
in the sorption samples. Very short to long lifetsrhave been resolved for emitting uranyl
complexes onto Al-(hydr)oxides and montmorilloniégd have tentatively been assigned by
authors to different uranyl surface species (Ta)leMoreover, aqueous uranyl hydrolysis
species display lifetime values between 10 and 88Tjable 6). Thus, the assignment of the

emitting U components of lifetimes, 7, and 7, in the acidic sorption samples, can not be

made on basis of lifetime measurements for norteélsamples.
2.4.3. Comparison with the related samples 50 6.2 1 ard9l 1

It is useful to compare the fluorescence charasttesi of the sorption samples to those of the
U(VI) oxide hydrates and surface oligomers formurgler our experimental conditions. The

emission spectra of uranyl sorbed at moderatesugtace coverage show a marked variation
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with a drop of pH. from acidic to near-neutral (Fig. 4), regardlesshe initial aqueous
uranyl concentration[KJ]IAQ =1uM or =50uM). Unlike for the acidic-pH sorption samples,
the spectra of the samples 50 6.2 1 and 1_6.9 unaesolved and display one fluorescence
maximum centered at 519-521 nm. However, polynuctaface oligomers/amorphous
surface precipitates (sample 1_6.9 1) exhibit #goence decay features close to those of
acidic-pH sorption samples (Table 4). A long lifleéi of ~200 us(r4) is resolved, when
using either a fourth- or a third-exponential figi function (cf. footnotes in Table 4). By
contrast, the contribution af, to the fluorescence decay of amorphous uranyleokigirates
(sample 50 _6.2_1) is not firmly established (cbtfmtes in Table 4). Three components of
lifetimes r,, 7, and 7, are univocally resolved for this sample and thert&mn-lived ones
mainly contribute to the fluorescence decay. Suktirigs are of importance because they

strongly support that the emitting componént) is related to U binding at surface groups

i.e.to replacement oH ,0 ligands of aquaJOZ*ions by surface hydroxyl groups.

2.5. Discussion: single sor ption species ver sus multiple sorption species

The reference sample 1000_3 100 having U atomsdentate, mononuclear inner-sphere
surface complexes are characterized by the preseihtiee long lifetimer, and by the
preponderant contribution of long-lived componefits and r,) to its fluorescence decay,
unlike the amorphous uranyl oxide hydrates (sanffle6.2_1). We thus attribute the
component(s) of lifetime of 170-260 ps presentlirthee sorption samples ghH. 4-5 (and
in the sample 1_6.9_1 made up by polynuclear serddigomers) to “surface U atomsé. to
U atoms directly bound to surface hydroxyl groufsmilarly, the lifetime r, of these

samples is tentatively attributed to inner-sphenefase complexes / species because it

dominates their fluorescence decay (unlike for darfp_6.2_1).
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Assigning components of lifetimés and 7, to precise U coordination environments is

difficult. Because the influence of near-neighbdlratoms on fluorescence properties of
surface U atoms is unknown, the range of lifetii®-260 us may relate to surface U atom(s)
in mononuclear surface complexes and/or in polyarckurface oligomers. Similarly, the

lifetime 7, may relate either to surface U atoms or to U atofrtinuclear surface complexes

/ polynuclear surface oligomers not directly anelabto aluminol sites. Baumann et al. (2005)
have argued, sincél,O in the coordination environment of uranyl quenclasrescence

lifetime, that clusters of polynuclear surface sgechave lifetimes larger than that of
mononuclear, bidentate inner-sphere complex on iakingroups of gibbsite. By contrast,
Chisholm-Brause et al. (2001) have suggested tsat df coordinated water of inner-sphere
U(VI) sorption complexes (relative to aqueous utaspecies) results in long fluorescence
lifetimes, whereas polymeric surface species ontmorillonite exhibit shorter lifetimes as
poorly-crystalline phases. In the present stat&krawledge, it is not possible to extract
precise structural information from uranyl lifetimén complex sorption systems. Further
TRLFS analyses on reference samples are needecetemmine the effects on uranyl
fluorescence properties of loss of hydration watetecules in inner-sphere surface complex,
of different U coordination environments in polyneesurface species, and of crystallinity of
U(VI) hydroxide-like phases. So the absolute lifedi values of the longer-lived components
provide no clear insights into the occurrence ohorucleaws. dinuclear surface complex in

samples apH; 4-5. Only the similarity between the emission $geof all the acidic-pH

sorption samples (including 1000_3 100) suggestspirsistence of mononuclear, inner-

sphere U surface complexes onto Al-hydroxide, wihereasing the pH from 3 to 5.

By contrast, the lifetime measurements stronglypsup the existence of U emitting

components similar to those in amorphous uranyll@xiydrates, and in polynuclear surface
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oligomers/amorphous surface precipitates, forralAl-hydroxide samples brought in contact
with diluted or concentrated uranyl solutions at&cpH. Indeed, the presence of the four
fluorescent U components in these samples, indutlinse characteristics of the amorphous
uranyl oxide hydratesr( andr,), disagrees with the interpretation of the EXARSadas a
single dinuclear, bidentate inner-sphere surfaceptex. Such a complex displays two kinds
of U atomsi.e. the surface U atom and its neighbour U atom, jgiediall sorption sites are
similar. Even in the case of multiple sites indgcshifts in lifetime, it is unlikely that U in

dinuclear, bidentate inner-sphere surface compldiggday lifetimes similar to those ( and
r,) which dominate the fluorescence decay of distsnttoepitic phases (the meta-schoepite

and the amorphous uranyl oxide hydrates).

Thus, we interpret the fractional coordination nemiN,_, recorded by EXAFS for the

sorption samples apH. 4-5 as multiple sorption species. as predominant inner-sphere
mononuclear and dinuclear surface complexes, ardi@itional surface species having U in
uranyl (hydr)oxide-type coordination environmentecBuse large particles of schoepite
precipitating out from solution are unlikely at pH5, these surface species may result (i)
from the retention of uranyl colloids existing imlgtion, and/or (ii) from the surface
polymerization/surface precipitation of uranyl ion&inally, both the EXAFS and
fluorescence lifetime measurements are also cemsistith the contribution of outer-sphere
surface complexes of aqueous uranyl hydrolysisiepeaf short lifetimes (Table 6), for all

sorption samples apH. 4-5. The contribution of such species is expetidae low, because

they occur as minor aqueous species under suclopditons (Fig. 2).
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3. Conclusions

This work is a valuable contribution towards a éetinderstanding of the respective roles of
the solution and surface parameters which conbeluptake of U by hydroxides. A major
finding is that uranyl is mainly sorbed, at pH<Braugh mechanisms of inner-sphere surface
complex formation on large surface areas of Al-bydie, irrespective of preponderant
monomeric or oligomeric (potentially colloidal) umd species of initial solutions. Thus, high-
affinity surface aluminol sites strongly controkthature of the uranyl species formed at low /

moderate sorption density on Al-hydroxide.

Another important finding is that multiple uranygrption complexes co-exist at low coverage
by U of the Al-hydroxide surface. Whereas the Uate speciation at pH 3 is dominated by a
mononuclear, inner-sphere uranyl surface compleg, EXAFS data indicate a dinuclear,
bidentate, inner-sphere uranyl surface complexnaavarage of surface structures at pH 4-5.
The TRLFS data complement such structural inforomaéind evidence that the uranyl surface
speciation is complex. Sorbed U appears in the foffmmononuclear and/or dinuclear inner-
sphere surface complexes, and of minor surfaceiegpegith U atoms in coordination
environments close to those of uranyl oxide hydra¢een for stable initial U solutions. The
minor surface species may thus result from polynagion/surface precipitation of uranyl
ions. Such a result stresses again the importébfdhe surface characteristics of Al-phases
(abundance of strong sites / surface structurdheruranyl surface speciation. In the case of
potentially highly unstable solutions, one cannubg out that small amounts of U colloids are

formed, despite inner-sphere surface complexatind,are sorbed on the Al-hydroxide.

The results presented herein are of interest frtdinsport of uranyl in subsurface systems
characterized by moderately acidic / poorly cartbetaolutions. They suggest that surfaces

of amorphous Al-hydroxide retard the migration oinstable and poorly concentrated uranyl
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solutions via continuous processes, from the fawnabf mononuclear bidentate, inner-
sphere surface complex to the surface polymerizatitoreover, large surface areas of Al-
hydroxide in contact with unstable, acidic uranglusions may also prevent the migration of
schoepite-type colloidg) by the formation of inner-sphere surface compleo@apeting to a

large extent against the formation of U colloii§, and by sorption of the uranyl colloids

formed in small quantities.
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Figure Captions

Figure 1: Macroscopic uptake of aqueous uranyC{@,—free 0.1 M NaNG, solution / Al-
hydroxide systems aged for 3 days,final pH (pH; ). Effects of variable concentrations of

initial aqueous uranyI[LJ],AQ , and of Al-hydroxideC,,,, (dashed and solid lines refer to total

U removed and to U precipitated, respectively,gaiag solution experiments).

Figure 2: Aqueous speciation diagrams, for diffenemnyl concentration Ievels[L(]lAQ) of
CO,—free 0.1 MNaNGQ, solutions at 298 K, calculated using data in Tdbl&olids are not

allowed to precipitate (dashed lingO,NO; agqueous species).

Figure 3: Uranium k EXAFS (left) and corresponding Fourier Transfomgl{t) for uranyl
sorption samples and for the reference meta-scteoggulid lines: experimental data; dashed

lines: fits).

Figure 4: Fluorescence emission spectra of uraondt®n samples obtained (a) and (b) at
acidic pH and at different U loading§ (in pmol U / g solid) and (c) at near-neutral pteT

spectra of 1000_3 100 and of meta-schoepite ametezhin (ab) and (c), respectively.

Figure 5: Lifetime valuesr,, of emitting uranyl components obtained by usiay third-
exponential or (b) fourth-exponential functionsfitting fluorescence decays. U loading,

I, of sorption samples obtained at different iniigleous U concentratidf/ ], ) and final

pH(pH, ). Dotted and dashed-dotted lines refer to the eafers 1000_3_100 and 50_6.2_1,

respectively
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Table 1: Dissociation constan(B)g,Bqu) for the aqueous phase and solubility constants of

schoepite - type mineral@aog Kmin) related to the reactiodO;.2H,0q) UOZ* +3H,0

reported in the literature and used in this studglues are at 298 K and at infinite dilution

standard state.

Species log By, *Reference
UO,OH* -5.2 %Grenthe et al., 1992
UO,(OH), -12.15 Guillaumont et al., 2003
UOo,(OH); -20.25 Guillaumont et al., 2003
(UOZ)Z (OH)* -5.62 %Grenthe et al., 1992
(Uo,),(oH); -15.55 %Grenthe et al., 1992
(UOZ)S(OH); -32.20 Guillaumont et al., 2003
(U02)4(QH); -21.9 %Grenthe et al., 1992
UO,NO; 0.3 %Grenthe et al., 1992
Schoepite mineral logK .., Reference
Crystalline 4.83 %Grenthe et al., 1992
Meta-schoepite 5.38 Torrero et al., 1994
“Easily-forming” 5.37 Diaz Arocas and Grambow, 1998
“Amorphous” 5.73 Torrero et al., 1994

# Value selected in the thermodynamic data compitatth Grenthe et al.
(1992) and confirmed in the revised selection ofll@umont et al. (2003)
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Table 2: Experimental and spectroscopic conditioh&)-containing Al-hydroxide sorption

samples.

Name and U loadingd; , of the Al-hydroxide sorption Experimental solutions: uranyl concentrati
samples and solid concentratid®y ., , of experiments [u] in uM and final pH,pH,

Sample name Ceoig U loading, I Initial U Final U Final U

[U]IA _PH: _Cais gl pH. Aqueous  “Total ®Aqueous
0 umolU/g pmol U/ [U]uAQ [U]FTOT,SOL [U]FAQ

151 1 0.5+0.1 0.004+0.001 5.0 1.26+0.06 00804 0.10+0.01
10.45 1 1 23+0.9 0.02+0.01 45 104+05 18014 6.9+0.3
50_4.4 5 5 5.0+0.8 0.04+0.01 44 54 +3 29+2 27%2

50_4.1_10 10 2.1+0.3 0.02+0.01 41 45+ 2 25+1 201
50_4.1 25 25 1.0+0.2 0.007+£0.002 4.1 54 +3 +28 24+1
50_4.2_50 50 09+0.1 0.006+0.001 4.2 54+3 0D 9.3+05
100_4.3_10 10 5.5+0.8 0.04+001 43 1085 +34 53 +3
100_4.2_100 100 09+0.1 0.007+0.002 42 124+630+2 28 +2
1000_3_100 100 5.8+0.8 0.04+0.01 3.0 960+4882+19 383+19
1691 1 1.3+0.2 0.009+0.002 6.9 1.26+0.06 1480001 0.01+0.01
50.6.2 1 1 52+3 0.37+0.02 6.2 53+3 0.90+0.06.10+0.01

%f. section 1.1.2 and relation (1) in main text
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Table 3: EXAFS parameters of U-containing Al-hydd®x sorption samples

schoepite.

and of meta-

Description of U coordination shells

Sample U neighbour %Coordination ®“nteratomic  “Debye — "E,  °R-factor
Name atom number distance () Waller factor  (eV)
A Ny s R)oa 02 (A2
151 Oax ) 1.81 0.003 0.5 0.07
Oeq 4.7 2.46 0.009
Al 0.7 3.39 90.003
U 1.0 3.92 0.006
10 45 1 Oax ) 1.80 0.003 1.2 0.03
Ocq 4.5 2.43 0.010
Al 0.7 3.36 90.003
U 1.2 3.93 0.010
50 4.4 5 Oax ) 1.80 0.003 -0.9 0.03
Ocq 4.3 2.43 0.009
Al 0.7 3.39 90.003
U 1.4 3.94 0.011
50 4.1 10 Oax a2 1.80 0.004 -2.9 0.03
Ocq 4.1 2.42 0.009
Al 0.7 3.36 90.003
U 0.9 3.93 0.006
100 4.3 10 Oax 2 1.79 0.003 -4.1 0.02
Oeq 4.5 2.41 0.010
Al 0.4 3.38 90.003
U 1.1 3.91 0.012
100 _4.2_100 Oax 2 1.79 0.004 -4.4 0.05
Ocq 5.6 2.41 0.013
Al 0.8 3.39 90.003
U 1.1 3.90 0.009
1000 _3 100 Q ) 1.80 0.003 -1.9 0.003
Oeq 3.6 2.41 0.007
Al 0.8 3.39 90.003
(V) (0.5) (3.92) (0.006)
50 6.2_1 Q d2 1.81 0.003 -0.4 0.02
Oeq 35 2.43 0.008
U 1.8 3.93 0.012
1.6.9 1 Q ) 1.80 0.003 -0.7 0.06
Oeq 4.7 2.45 0.008
U 1.2 3.93 0.005
Meta- Oax 2 1.79 0.005 1.1 0.05
Schoepite Oeq1 1.9 2.32 0.009
Oeq2 1.8 2.51 0.006
U 1.9 3.91 0.007

aBNy-a, = 200p; BRu-4 = 0.02 A: Ac? = 0.001-0.002 A? shift in threshold energy:

‘Goodness of fit defined as the weighted sum of iszguaf residuals divided by the degree of

freedom:’held constant during the fit
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Table 4: Fluorescence characteristics of refersaocgples: main emission bands and fit

results of decay data.

Sample name  Fluorescence decay paramefifi¢): lifetime 7, (us), Fluorescence emission

ercentagep; (%) and goodness-of fif?
[U]|aq—pHF—CSOIid P gep; (%) 9 W,

Line width (description)

I I, I3 7, X; and main bands (nm)
(p) (p.) (ps) (p)
1000_3 100 16+2 484 116 +9 247 +25 1.4 Structured 498; 519; 541
14+4) (22+6) (49x13) (15z%9)
°1 6.9 1 18+2 49+ 6 106 £12 233+15 2.5 Broad, centered at 521
(15+5) (30+10) (37+12) (18x9) Shoulder at 535-540
50 6.2 1 11+1 402 141 +6 0.6  Broad, centered at 519
(36 +£5) (45%8) A7 +7) Shoulder at 532-540
Meta-schoepite 11+2 41+3 134 +7 0.7 Structured 460; 480; 500;
(22+7) (52+15) (26+10) 521; 545; 572

&cf. section 1.2.2 of main text
Passuming three exponentials in the fit suppressesdntribution ofr,

‘assuming four exponentials in the fit leadsgp< 10% and does not improve
value of y?
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Table 5: Fluorescence data (emission bands antimidésr; ), and authors assignment, of

uranyl species sorbed on Al-(hydr)oxides and momnilfonite under different experimental

conditions.
Conditions Fluorescence Reference
Sorbent
[U]lAQ pH.; T i b(ar,) °Species “Main emission
(UM); - (umollg)  (US) assignment peaks (nm)
Gibbsite ~9; 5; 1 122 Mo IS SC  502-526 unst. Chisholm-Brause
~9; 8; 17 120 Po IS SC 510-529 unst. etal. (2004)
Gibbsite 10; 5-8; ~0.1-0.8 0.33 MoISSC ~497,519,541 'Baumann etal.
4S,: 15 5.6 Po IS SC (2005)
y-alumina 100; 4.3; ~6 45 (5) Mo IS SC 498, 518, 540Kowal-Fouchard
S, : 140 100; 6.3; ~10 45(5) Mo IS SC 497,518, 540 et al. (2004)
120(10) PoISSC
Montmo- ~40; 3.5-5.8; 1.4-2.0 2-12 OSSC -~500, 519, 540
rillonite 170-270 Mo IS SC Chisholm-Brause
CEC:1.2 ~1000; 3.5-5.8; 34-52 170-270 Mo IS SC “~497, 519,541 etal. (2001)
15-25 Pm SC to unst.

4 S, specific surface area fthg); CEC: cation exchange capacity (meq / g).

®values reported when given by authors.

‘Mo: mononuclear; Po: polynuclear, Pm: polymeric; I8ner-sphere; OS: outer-sphere; SC:
surface complex.

d”envelope” spectrum if multiple sorption specieswt unst.: unstructured spectrum.

an unstructured time-resolved spectrum (centere&2t nm) is given by authors for Pm SC.
'measurements were performed for gibbsite suspesnsion
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Table 6: Fluorescence data (emission bands artariger; ) of aqueous uranyl species and of

U(VI) oxide hydrates reported in the literature.

Aqueous species / 2 1, + At, (US) Emission band (nm) Reference
U(VI) oxide hydrate Line width (description)
uoZ 23+04 narrow, 488, 510, 533
UO,0H" 11.3+45 narrow, 497, 519, 543 K'”Sg'g& etal.
(UO,),(0H)% 17.8+2.8 broad, 498, 515, 534
(UO,),(OH); 33.3£5.2 broad, 498, 514, 535
Uranyl °63 £ n.r. unstructured Chisholm-Brause
hydroxide “131 +n.r. unstructured et al., 2001
solids °n.r. unstructured, 549 - 559 Morris et al.,
Schoepite n.r unstructured, centered at ~529 1996
minerals . n.r. unstructured, 523 - 533

n.r.: not reported by authofdresh precipitate® aged precipitate
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Electronic Annex Captions

Figure EA-1-1: Final aqueous uranyl concentrati[hhkko, vs. final pH (pH;), for CO,—

free 0.1 M NaNQ, solution / Al-hydroxide systems aged for 3 days Fig. 1). Solubility

curves of schoepite (s.) minerals, calculated udatg in Table 1, are reported.

Figure EA-1-2: Final concentrations of agqueous [NI]AQ and of colloidal AI,[AI]ConinI , VS.
final pH (pH; ), for experiments of Fig. 1 at different concetitnas of Al-hydroxide,C,, -

The solubility curve of gibbsite, calculated usthg solubility constant of May et al. (1979),

and dissociation constants for Al aqueous spedidoastrom and May (1996), is reported.

Figure EA-2: Fourier Transform amplitude (soliddg) and imaginary part (dotted lines) for
the sample 100 _4.2_100, between 3.3 and 4.3 A. Bhes represent the fit obtained by
including U-U interactions (leading to a resultlofl + 0.2 U at 3.90 A), green lines the fit

obtained without including U-U interactions. Thef&tor, which characterizes the goodness
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of the fit, diminishes by including a U shell from0.06 to 0.05.
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