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ABSTRACT: Safety assessment studies of future nuclear wegtesitories carried out in many
countries predict selenium-79 to be a critical eadiclide due to its presence in the anionic form
resulting in weak retardation by most common rockarals. This assumption, however, ignores
its potential uptake by AFm phases, positively gkdranion exchangers which are present in
significant quantities in the cementitious mateviated in artificial barriers. Here we report for
the first time wet chemistry and spectroscopic datathe interaction of the most reduced
selenium anion species, i.e. HSavith two AFm phases commonly found in cement,
monocarbonate (AFm-G and hemicarbonate (AFmM-OHGYO Batch sorption experiments
show that Se(-Il) is retained much more strongly €R100+50 L kg") by the hemicarbonate
than by the monocarbonatey(R 4+2 L kg'). The cause of this different sorption behavioswa
elucidated by extended X-ray absorption fine-striteet(EXAFS) spectroscopy, showing that
Se(-1l) is mainly intercalated in the larger andn¢e more accessible interlayer of the
hemicarbonate (d-spacing = 0.82 nm), whereas nmegsii)\Ss sorbed by the anion exchange sites
on the outer surfaces of the AFm platelets in theecof monocarbonate, where the interlayer
space is less accessible due to the smaller drgpatiO.75 nm. EXAFS spectra of oxidation
experiments further show that Se(-1l) in the irdgdrs is better protected from oxidation than
Se(-Il) sorbed to the outer surfaces. The quaivéatorption data along with the molecular-scale
processes obtained from this study provide cruamsight into the Se mobility in the

cementitious near-field of a radioactive waste sgpoy under reducing conditions.

INTRODUCTION
Selenium-79 is one of the critical radionuclides thoe safety of radioactive waste repositories

due to its long half-livet{,, = 3.27-10 years) and its presence in the anionic form respin



weak retardation by many common near- and far-frelderals in low and intermediate level
nuclear waste (L/ILW) repositoriésThe assumption of weak retention adopted in mafgty
assessment studies, however, ignores the potenpitdke by positively charged anion
exchangers such as hydrated calcium aluminate pljagen phases) present in the cementitious
materials used as artificial barrier in L/ILW rejioses®>®> AFm phases are Ca, Al layered
double hydroxides consisting of Ca(OH) octahedhaless in which 1/3 of the €aions are
replaced by Al* ions, resulting in a positive structural permangmrge (e.g. Matschei and co-
workers 2007§. This positive charge is compensated by the inksica of anions in the
interlayers. The anionic composition of AFm phasesementitious materials is dominated by
anions such as GO, SQ%, CI and OH depending on the type of cemé&nthese interlayer
anions are generally relatively weakly bound thusviging potential exchange sites fbiSe
anions. In addition to these interlayer anion ergeasites, AFm phases also possess a smaller
number of ion exchange sites on their outer susfgeeainly positively charged interlayer
cleavage faces). AFm phases thus seem to prowgadisant immobilization potential for this

critical radionuclide.

Under the alkaline reducing conditions expectegrevail in the cementitious near field of a
L/ILW repository (10 < pH < 13.3; -750mV (SHE) < E -230 mV (SHE) § 8 Se(1V), Se(0),
Se(-Il) are the predominant redox states and theass Se speciation is dominated by anionic
species Se§), HSeé and a series of polyselenides ,f9e mainly Se*, Se® and S&
(Supporting information (SI), Figure S1)During the last decade, several studies have been
conducted to unravel the sorption behavior of Se@to cementitious materials, including AFm
phases®** Sorption of Se(-Il), however, has been largelyigul by the scientific community in

the past, as it is experimentally difficult to stede this element in the (-1l) redox state. The



present study deals with the sorption of H8eto two types of AFm phases, AFm-£énd
AFm-OHCQG;. These phases were chosen because they are ekfmebamong the most stable
AFm phases in hardened cement paste in the presénaebonaté.|n this study, batch sorption
experiments under controlled reducing conditionsreweombined with X-ray Absorption
Spectroscopy (XAS) investigations to monitor theseim oxidation state and to characterize

the molecular structure of HSetained by these AFm phases.

MATERIALSAND METHODS

Experiments were carried out in inert Btmosphere gloveboxes 4GCO, concentration < 0.1
ppm). Solutions were prepared using pro analyssslgrchemicals and high-purity deionized
water (resistivity = 18.2 Mcm) generated by a Milli-Q Gradient A10 System I(igore,
Bedford, USA). The MilliQ water was degassed bylibhgiand bubbling M for at least 2 hours

prior to use.

AFm synthesis and characterization. Pure calcium aluminate hydrate (AFm) phases
([CaAI(OH)g][X "Tun (H20)m), X being CQ*, OH) were synthesized following the procedures
described by Matschei et &lThe S:L ratio of the resulting AFm suspensions @d$? kg L*
(batch sorption experiments) or 0.1 kg' L(XAS experiments). A pure AFm-HSe phase
(([CaAI(OH)g][HSE]: (H20)y) was synthesized by stoichiometrically mixingACand NaHSe
obtained by electrochemical reduction of,SaQ followed by equilibration on an end-over-end

shaker for four weeks.

A portion of the AFm suspensions were centrifugetidur at 90’000 g (max)). The supernatant
solutions were decanted and the pastes were dyfegbproximately 2 weeks in an airtight box

over N, atmosphere in equilibrium with a saturated Galution (RH = ~35%)Powder X-ray



diffraction (PXRD) measurements were carried ouhgisan X'Pert Pro MPD diffractometer
with CoKi radiation { = 1.789 A).PXRD data of the sample containing Se(-Il) werdecoéd
using a BRUKER AXS D8 ADVANCE Bragg-Brentano difttameter with CuKa radiatiofi =
1.54 A) A low background airtight sample holder was usedra@duce the risk of Se(-ll)

oxidation during the measurements.

Reduction of Se(1V) to Se(-11). NaHS€" solutions were obtained by electrochemical reducti
of 102 M NaSe’0j; solutions in 1.0 M NaOH with the help of a stambanree electrode
electrochemical cell coupled with a VMP3 multichehpotentiostat (Bio-Logic, France) in
constant potential mode (E -1.29V (SHE)) (SI, section 2). UV-Vis spectromyetCary 6000i,
Agilent Technologies, USA) which allows identificat of the reduced Se species (H8ed
Se?) in solutiort®*®was used to confirm the completeness of the remtuceaction (Sl; Figure

S3 and S4).

Sorption experiments. Se(-ll) is extremely sensitive to oxidation. Theref sorption
experiments were performed in electrochemical cgllsl0 ml polyacryl containers)
implementing a fixed redox potential of -1.0V (SHEpis redox potential was chosen to ensure
sufficiently strong reducing conditions to keepiSe¢he (-1I) redox state without significant,O
production at the anode through electrolysis g©HThe electrochemical setup was similar to
the one used for the reduction of Se(lV) to Se( @), section 2), while the high surface area
reticulated vitreous carbon (RVC) working electrodkes replaced by a cylindrical glassy carbon
working electrode (Sigradur G, HTW, Tierhauptensr@any)°. 10 mL freshly prepared AFm
suspensions (S:L = 0.1 kg').were mixed with 85 ml degassed MilliQ® and 5 mL of a Se(-
1) solution labeled with’°Se radiotracert{, = 119.8 days) (Imatom GmbH, Switzerland) to

obtain a final total Se concentration of 1.25'M. The initial "°Se activity amounted to at least



9 Bg/ml. The suspensions were vigorously stirredujp to 18 days. In the case of long term
sorption experiments (for XAS investigations), 38 wf a 0.1 kg L freshly prepared AFm
suspension (S:L = 0.1 kg was mixed with 2 mL of a 0.05 M radiotracer-fid8e solution
([HS€]sina = 2.5-1C° M) in polyallomere centrifuge tubes. To this susgien, 0.2 ml hydrazine
(N2Hs) (64%), a strong reducing agent{E= -1.15 V), was added to preserve reducing

conditions?® %

(see SI, section 3). The tubes were shaken omdroeer-end shaker for 30
days. Duplicate 5 mL aliquots were sampled from fi8e labelled suspensions for gamma
counting (Packard Cobra model 5003 gamma-counégkjiPElmer, USA) to determine the total
“Se activity involved in the sorption reaction. Rhaseparation was obtained either by
centrifugation (1 h at 95000g (max)) in the caseh&f XAS samples or by filtration (PTFE
Filters, pore size 0.@m, Perkin Elmer, USA) in the case of the experiraentelectrochemical
cells. Triplicate 5 mL samples were taken from Hupernatant solutions and filtrates and
analyzed by gamma countin§’$e labeled samples). The pH of the supernatanti@muwas

measured with a Metrohm combined glass electrodee fledox speciation of Se in the

supernatant solutions was verified with UV-vis spescopy.

The distribution coefficient, )L-kg?), was calculated as follows:

R

where {Sg and [Se]; are the amount of Se sorbed (mol*kaand the equilibrium Se(-11)

concentration, respectively. sfq is the radionuclide activity sorbed (cprif)l Acq Is the
radionuclide activity in the equilibrium solutionpm-L?), Asuspis the total radionuclide activity

in suspension (cpm). V and m are the suspension volume (L) and mésslia (kg).



X-Ray Absorption Spectroscopy (XAS). AFm-CO; phases and AFM-OHCG{phases loaded
with Se(-Il) were prepared as described in secti@with Se loadings varying between ~5310
mol kg* (~450 ppm) and ~2-T0mol kg* (~1800 ppm). Wet pastes obtained after centrifagat
were filled into Kapton-covered polyethylene sampladers inside the glovebox, and then
immediately flash-frozen in liquid NILN>). One series of samples (labelled “-0x”) was erpos
to air during sample preparation. The frozen samplere transported in a LNDewar to the
Rossendorf Beamline at ESRF (Grenoble, France).tk@rXAS measurements, the samples
were rapidly transferred from the Dewar to a clesgcle He cryostat operating at 10-15 K. X-
Ray Absorption Near-Edge Structure (XANES) and Batsl X-Ray Absorption Fine-Structure
(EXAFS) spectra were collected in fluorescence matdde Se-K edge (12658 eV) using a 13-
element high-purity Ge detector (Canberra) and &dtexd mirrors for rejection of higher-order
harmonics. XANES and EXAFS data analysis was peréal with standard procedures using
WinXAS 23 after energy calibration against the €dge of elemental Au (11919 eV) and
correction for the deadtime of the fluorescenceedetr by an experimentally determined
function using SixPACK?. The threshold energy {Ewas defined as the first inflexion point of
the absorption edge, determined as knot of thenskederivate of the absorption coefficient.
Extraction of the EXAFS function was conducted byuaic-spline fit from 1 to 12 Ausing the
auto-spline function of WinXAS to determine the ioptm number of splines. Thé-weighted
EXAFS function was then Fourier-transformed usingessel window with parameter 3 across
the k-space from 1.0 to 12.0%°AThe theoretical phase shifts and backscattenmgjitudes for
shell fit were obtained with FEFF8%% using crystal structures of suited crystallinierences as
given below. The shift in threshold enerd¥d was varied as a global parameter in the fit

procedure.



RESULTSAND DISCUSSION

Characterization of the AFm phases. PXRD patterns of AFm phases are characterized by
strong basal reflections (00I) at low angles alloyvihe determination of the basal spacing d(00l)
being the thickness of one Ca-Al double hydroxidget plus one interlayer. The d-spacings
were found to vary with the type of anion presenthe AFm interlayer: the d-spacing of AFm-
CO; is significantly smaller (d(001)=0.75 nm) than tledd AFm-OHCQ (d(00l) = 0.82 nm) (SI;
Figure S5). Both values are in good agreement dAsipacings found in the literature for these
two AFm-phase&>?’ The AFm-HSephase has a d-spacing of 0.80 nm; i.e., slightlgler than

the d-spacing of AFm-OHC{but significantly larger than the d-spacing of Alas.

Wet chemistry studies. The uptake of HSés fast on both AFm-C&and AFm-OHCQ phases
and sorption equilibrium is reached within threg/sldFigure 1a). AFm-OHCOexhibits the
highest affinity for HSein these experiments R 100+50 L kg") whereas in the case of AFm-
CO; the affinity for HSewas found to be a factor 25 lower (4+2 L¥gThe stronger sorption of
HSe onto AFM-OHCQ compared to AFmM-CO results in much lower Se aqueous
concentrations in solution (~4-20M in the case of AFm-OHC{compared to 2-1DM in the
case of AFm-Cg). The pH of the suspensions was found to be Idr.&Fm-CQ and 12.1 for

AFmM-OHCG;, respectively.
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Figure 1. Kinetic studies of Se(-ll) sorption on AFm-@gOand AFmM-OHCG,
[Se}ot = 1.08-10 M. S:L = 1.11-1G kg L™. a) Ryvalues; b) UV-Vis spectra of supernatant

solutions of Se(-11) after 8 days equilibration.

UV-vis spectra of the supernatant solutions of $le¢-11) loaded AFm-C@suspensions after 8
days equilibration confirm the (-1) redox statetbe majority of the aqueous Se (Figure 1b).
Only a very small shoulder may be observed at aeleagth of ~430 nm suggesting the
presence of traces of Se This is however in contradiction with the Se nedpeciation at pH =
11.5 predicting that at pH = 11.5, H®idizes to S¢& and S¢ (See S.I., Figure S1). The UV-
vis spectrum of the supernatant solution of the-IBelfpaded AFmM-OHCQ suspensions is
characterized by a much lower absorbance due ttoter aqueous Se concentration. The clear
shoulder athA = 285 nm alongside the larger H&houlder ath = 247 nm indicates that a
significant part of the aqueous HS®as become oxidized to Sein this sample: The low
spectral intensities and the low resolution of tbig-Vis spectrum do not allow quantitative
statements to be made about the aqueous redoxaspecin this experiment. However, the
presence of both HSand Sg make the presence of the more strongly sorbingsSepecie¥’

in the supernatant solutions of this experimentkehl (see predominance diagrams in Figure



S1). The more pronounced HSaxidation in the supernatant solution of the AFMH@D;
suspension is explained by the lower Se conceatrgd.4-1G M): assuming that only a small
constant amount of oxygen is responsible for thiglation effect, a higher fraction of the
agueous Se is oxidized in samples with low HSecentrations. The UV-vis spectra thus show
that the electrochemical fixation of the redox ptid in the experiment to a value of -1.2 V
(SHE) could not completely prevent that part ofemus Se was oxidized to polyselenides during
the sorption experiment with AFm-OHGOThis oxidation of HSeto Se* might eventually
explain the reduction of theqRalue with time for the Se sorption onto AFm-OH{CEhserved

in Figure la. The Rvalues measured for HSe- sorption onto AFm-OR@Ms represent the
sorption of a mixture of HS@nd S¢ and should be taken only as an approximateafue for

HSe sorption.

The difference in affinity for HSeof AFm-CQ; and AFm-OHCQ@ may be explained by two
factors: 1) The different binding mode of the £Qnions in the interlayer of both AFm phases

resulting in a different interlayer distance, 2)n@etition with CQ* for anion exchange sites.

1) In AFm-CQ, the main layer positive charge is fully compeadaty CQ* anions which are
strongly retained by forming a direct bond to Casion the main layers (interlayer carbonate
anions share one oxygen with a Ca-O group of the fagerf” 2 This makes the exchange of
the interlayer C@" for other anions such as HSery difficult. CQ® thus effectively blocks the
interlayer sites restricting HSsorption to the positively charged outer planafasies of the
AFmM-CG; phases. In AFm-OHCfon the contrary, the positive charge of the mayels is
compensated by interlayer [OH(@@s]* anions in which the C§ are only weakly bound by
hydrogen bonds to the main la§ferThis weaker bonding obviously facilitates the lexge of

[OH(COs)0.4* interlayer anions for HSeFurthermore, the strongly bound §Canions and the



water molecules in the interlayers of AFm-Cfdmly connect the main layers resulting in a
rigid, narrow interlayer (basal spacing = 7.55 Bijydering diffusion of other large anions such
as HSeinto the interlayer’” > The weakly bound [OH(C§s* anions in AFm-OHC@
however, give rise to much larger, more flexibleeitayers (basal spacing = 8.2 A. SI; Figure
S5) allowing easy access to other large anionsb@bal spacing of a pure AFm-H®@hase was
found to be 7.97 A (SI; Figure S5) suggesting thatinterlayer of AFm-OHC®is sufficiently

large for HSeanions to occupy anion exchange positions.

2) In addition, the higher aqueous €Qoncentration in the AFm-GGuspensions (AFMGO
[COs%] = 8:10° M, AFM-OH-CQ;: [COs*] = 3-10° M)*® may reduce HSesorption through

stronger competition.

X-Ray Absor ption Spectroscopy (XAS). XAS analysis was carried out on AFm-g£énd AFm-
OHCG; samples with Se(-11) loadings of ~450 ppm (AFm4L@nd 1800 ppm (AFmM-OHC{D
respectively. The equilibrium Se(-1l) concentrasdn these experiments was ~2.5'10 in the
case of the experiment with AFm-@@nd < 10 M in the case of the experiments with AFm-
OHCQG;. The Se redox speciation in the supernatant soisitwas not checked, but, based upon
the insights obtained from the wet chemistry experits outlined in the previous section we can
assume that after 1 month equilibration, the migjai the aqueous Se still was present as'HSe
in the experiment with AFm-CQ)whereas in the experiments with AFm-OH{C0large portion

of the aqueous Se may have been oxidized.

Figure 2 shows the XAS spectra of HSerbed onto AFm-CE(MC450) and onto AFm-OHCO
(HC1800) (in red), in comparison to the spectraeauaf Se(0) and the HSaquo complex (in

gray). The XANES spectra (Figure 2a) of MC450, H@d.&nd an aqueous HSsolution all



show a similar white line position, which is at héy energy than the white line position of
Se(0). While this would suggest a Se oxidationeskagher than 0 at first glance, a comparison

of the references shown in Figure 4a and previaudigations"

reveal a sharp white-line
feature for Fe selenides at about the same energven slightly below that of Se(0). This
feature is also clearly present in the onset ofRBIES edges of MC450 and HC1800, and to a
lesser degree in the onset of the XANES of HBe left-wing inflexion reveals an edge energy
of 12650 eV (Table 1), ~5 eV below the edge enerfg8e(0) compounds, thereby confirming
the (-Il) oxidation state of the Se sorbed on bA#m phases notwithstanding the partially

higher oxidation state of the Se in the supernaahitions (see above). HS®rption onto both

AFm phases thus appears to stabilize the (-1l) atioth state.

Since the shape of the Se(-ll) XANES spectra ishlgigensitive to the local coordination
environment, the similarity of the XANES spectra MiC450, HC1800 and HSealready
indicates that the coordination environment oftlatee species is similar. This is confirmed by
the EXAFS spectra: all Fourier Transform Magnitu(l€EM) (Figure 2c) show a backscattering
contribution at ~2.8 A (uncorrected for phase $hifhe correspondingkwveighted chi-spectra
(Figure 2b) show that the main frequency has anliardp maximum at a low k-value of ~3"A
which is typical for low-z elements like O. In coadt, Se compounds with Se next neighbours
have an amplitude maximum at much higher k-valasstevealed by the chi-spectrum of red
Se(0) (Figure 2b). We therefore assumed that $e(IHSe, AFm-CQO; and AFm-OHCQ is
surrounded by water molecules at relatively lorgfadices. For example in the highly hydrated
Se(-1l) compound N&e-9HO, Se(-1l) is surrounded by 12 water molecules,hwie-O
distances between 3.31 and 3.56°AJsing this structural information to calculate ahetical

backscattering paths with FEFF8.2 and applying EEAdhell fitting, we obtained for HSa



similar coordination environment with ~12 O atorhsia average distance of 3.36 A (Table 1).
The relatively high Debye-Waller factor of 0.0108, Aletermined at a temperature of ~15 K
where thermal contributions are considered to ligible, suggests a relatively wide (static)
distribution of Se-O distances as previously obsgnfor NaSe-9HO. No statistically
significant paths beyond this first water shell Idohe fitted for HSe Additional neighboring
atoms were observed for the MC450 and HC1800 samiile FTM’s show not only a strong
backscattering contribution at ~2.8 A, but alsoitaitlal backscatterers at 4.7 and 6.8 A distance

(not phase shift corrected), suggesting structundér beyond the first coordination sphere.

red Se’

MC10000x

HC10000x

Fourier Transform Magnitude

HC1800

Normalized absorption or fluorescence [a.u.]

12.65 12270 0 1 2 3 4 5 6 7 8
Photon energy [keV] R+AR [A]

Figure 2. Se-K edge XAS spectra of Se-sorbed AFmM-CO3 (MCtop)l and AFm-OHC®Q

(HC, red bottom) along with their respective oxidatseries (blue->green->orange). The spectra



of red Se(0) and of HSeare shown in gray. XANES (left), EXAFS Fourier msform

Magnitude (right) and %weightedi(k) spectra (insert).



Table 1. Se-K XANES edge energies and EXAFS fit resultsA&im samples and selected
references. Crystallographic values of hydrocalamas reference for HSen
HC1800*, of NaSe 9HO as reference for the HS®guo compleX and of red S&

are given in brackets.

Sample Eo [eV] Coordination shell Further shells AE, [eV] Xres %
CN R[A] o?[A7g CN R[A] a’[A?
HC1800 12650.3 60 3.28 0.0047 20Ca 441 0.0121 4.1 19.0
(3.41) 2) (4.51)
6'0 3.49 0.0062 6.8Ca  4.65 0.0150
(3.45) (6) (4.70)
6.8°Al 5.27 0.0070
(6) (5.13)
MC450 126504 60 3.25 0.0052 0.6Ca 4.38 0.0120 35 18.1
60 3.43 0.0065 48Ca 4.60 0.0128
4.8 Al 5.21 0.0059
HS€,qu0  12650.5 1240 3.36 0.0106 3.1 11.7
(12) (3.31-3.56)
red S8 12655.6 2 Se 2.36 0.0026 49Se 3.73 0.0076 135 17.7
(2.33) (5) (3.66-3.82)
41Se 392 0.0100
4) (3.83-3.99)

CN: coordination number with errer25 %, R: Radial distance with eres0.01 A, % Debye-Waller factor with errae0.0005 £, f: values
fixed during fit, c: value correlated during fit.

For HC1800 with its larger d-spacing of 8.20 A ahed high HSeloadings, it is considered that
HSe sorption may occur at least partially through iyglacement of the [OH(GD)o.g% unit in

the interlayer space. HSe likely to adopt a similar local coordination @k in AFm-Ch, given
their similar charge and ionic radius (Figurd*3jt this 3(b) site of the rhombohedral R-3 space
group, Cl is located on top of a 7-coordinated Ca polyhedtduoe), which is surrounded by
three other 7-coordinated Ca polyhedra (blue) dmdet Al octahedra (red, Figure 3 right).
Bonding takes place through 3 OH groups (light dpkeres), which are each triply coordinated

to two Ca polyhedra and one Al octahedron, andutjind3 HO groups (purple spheres), which



form the apical corners of the Ca polyhedra praobgdnto the interlayer space. Since @l the
interlayer binds to the double-hydroxide layerstmth sides in exactly the same way, Gl
coordinated to 3 O atoms at 3.41 AQ, to 3 O atoms at 3.45 A (OH groups), to 2 Caratat
4.51 A (axial Ca atoms directly above and below)s Ca atoms at 4.70 A, and to 6 Al atoms at
5.13 A (Table 1). In the process of developing racstral model, we replaced Cl by Se and
calculated the theoretical XAFS paths with FEFF8iting this model to the HC1800 spectrum
only two constraints had to be considered to aehi\statistically reliable fit with physically
consistent parameters: 1) A preliminary fit of finet FTM peak showed that two different Se-O
paths are required to fit the split first FTM peakhough the distal differences in the original Cl
model are below the XAFS resolution’/(Kmackmin)/2=0.14 A). The coordination numbers of
both paths were close to 6 and were therefore fixed for the subsequent fits. 2) The
coordination numbers of the longer Se-Ca path dwedSe-Al path were kept correlated to
account for the characteristic structure of the bdiednydroxide layers (Figure 3 right). The
resulting fit parameters are given in Table 1 alaidp the starting values of the hydrocalumite-
based model. The Se-Ca and Se-Al coordination nisntoe HC1800 are (within errors of
+25%) as expected for HS@n the interlayer space and bonding to both dceultiroxide
layers. The first Se-Ca path is 2% shorter, thesgSe-Ca path is 1% shorter, and the Se-Al
path is 3% longer compared to the (very symmeiriCaposition in AFm-CJ. This are relatively
small deviations, which can be explained by a higtteuctural disorder of Se(-ll) in AFm-
OHCG;, which is also in line with the relatively largeeBye-Waller factors. Furthermore, the
two Se-O distances differ by 0.21 A, also indiogttnmore distorted local coordination of HSe
bonding to the two layers. Despite the modest disto of the local environment, coordination

numbers and distances are fully in line with HS®bed in the interlayer space of AFm-OHCO



While the XAFS spectra of HC1800 and MC450 samplgisear quite similar (red spectra in
Figure 2b), the shell fit carried out for MC450 édson the same fit approach as described
above, produced small, but statistically significdifferences. While the Se-O coordination is
again split into two subshells with 6 oxygen atosash, the average distance of both shells is
3.34 A and hence 0.05 A smaller than for HC180@& distances of the Ca and Al shells are also
slightly smaller (0.03, 0.05 and 0.06 A). Thus, @dita show a consistent contraction of the
distances around Se by ~1%. Furthermore, the auatidh numbers of the Se-Ca and Se-Al
shells are consistently lower (0.6 for the shoHC3epath and 4.8 for the longer Se-Ca and Se-Al
paths). These smaller coordination numbers sughast in contrast to the HSbonding in
HC1800, a substantial portion of H3® the MC450 sample is bound to the outer surfatélse
AFmM-CQ; phase forming a similar sorption complex as initherlayer space, but with only one
layer of Al and Ca atoms. This is in line with @anceptualized model presented before, that the
smaller interlayer space of the AFm-€@hase is not easily accessible for diffusion ofeHS
from bulk solution. If we assume that H3®nds exclusively to the outer surface, however,
coordination numbers of ~1 for the short Se-Ca path~3 for the subsequent Se-Ca and Se-Al
paths would be expected. Note that the observedfGI\B for the long Se-Ca and the Se-Al path
is ~60% higher, hence above the error limit of 29%erefore, HSedoes not seem to reside
exclusively at the outer surfaces, but also pantlghe interlayer space. Given the relatively high
errors of CN, no attempt was made to estimate dtie of Se in the interlayers vs. on outer
surfaces from the coordination numbers. The 1%raotibn of the local Se environment could
either arise from the fact that HSe more strongly bound to the surface atoms, omfthe
smaller interlayer space of AFm-Ghence cannot be used to quantify the distribubietiveen

both sites.



Figure 3. Hydrocalumite-based structural model of the EXAde€8ived positions of Se (gray
spheres) in AFm-Coand AFmM-OHCQ (left : side view left, right : top view). HSattaches
to the surface Ca/Al double hydroxide layers thiotigree OH-oxygen (light blue spheres)
and three BO-oxygen atoms (purple spheres), forming edge+spacomplexes with four
Ca(OHY) polyhedra (blue) and corner sharing complexes @/i#t((OH)s octahedra (red) (right
and top left). In the interlayer space, this cooation geometry is doubled since H&eable

to bind to the two adjacent layers in the same (ganter left).

Further support for the sorption of a substant@attion of Se(-1l) onto the outer layers of AFm-
CO; comes from the XAS spectra of the oxidation experit (Figure 2). The XANES spectrum
of the AFmM-CQ sample with the highest Se loading (MC30000x) shavshoulder at the white
position of Se(0), which grows into a distinct Se(thite line with decreasing Se loading
(MC10000x and MC5000x). The increasing formationSef(0) with decreasing Se loading is
also shown by the EXAFS spectra (Figure 2b righiley reveal an increasing amplitude of the
oscillations at high k-range in the EXAFs chi spgcand an increasing peak at ~2 A in the
corresponding FTM in line with that of red Se(O)wim for comparison. Factor analysis in

combination with an iterative target té8t>’ using the spectra of MC450 and red Se(0) as pure



endmembers showed that samples MC30000x, MC1000adXVEC5000x contain about 50, 70
and 80% of Se(0), respectively. The presence od)Se(much less pronounced in oxidized
AFmM-OHCGQ; samples as is evident from the XANES and XAFS speand from the iterative
target test (5, 25 and 30% of Se(0) for samples 008x, HC10000x and HC5000x,
respectively). Since Se(-1l) bound in the interlagpace at high loadings is better protected
against oxidation than Se(-ll) bound onto the owerfaces, this difference in degree of
oxidation supports the structural interpretatiovegi for the non-oxidized endmember spectra of
the Se(-1l) loaded AFmM-OHC and AFmM-CQ samples, that HSdn AFmM-OHCQ sorbs
predominantly in the interlayer space, while Sg(-Horption onto AFm-C@ occurs

predominantly on the outer surface due to limiteckss to the interlayer space.
IMPLICATIONSFOR RADIOACTIVE WASTE DISPOSAL

This study shows for the first time that the mdpibf Se(-11) can be reduced significantly in the
cementitious near field of a radioactive waste sipoy through sorption onto AFm phases such
as AFm-CQ and AFmM-OHCQ. Se(-Il) uptake by two carbonate containing AFnagds was
investigated; one with a large interlayer spacenfABHCG;) and one with a smaller interlayer
space (AFmM-Cg). Stronger sorption was observed onto the formiemAphase (R= 100£50 L
kg') whereas the sorption was significantly loweg éR4+2 L kg') on the latter AFm phase.
EXAFS investigation showed that all Se(-1l) wasenctlated in the AFm interlayer of AFm-
OHCGQG; whereas in the case of AFm-g(Be(-1l) was partially sorbed onto the outer AFm
surface indicating that the smaller interlayer gpaicthe AFm-CQ@phase is not easily accessible
for diffusion of HSe- from bulk solution. High cambate concentrations favoring the formation
of AFm-CQ; can thus reduce the Se(-1l) retention in the ceiti@ms near-field of a radioactive

waste repository.
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