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ABSTRACT: The redox potential (Eh) in a cementitious nuclear waste repository is critical to
the retardation behavior of redox-sensitive radionuclides (RNs), and largely controlled by em-
bedded steel corrosion but hard to be determined experimentally. Here, we propose an innova-
tive Eh determination method based on chemical/spectroscopic measurements. Oxidized nu-
clides (UV!, Se'v, MoV, and SbY) were employed as species probes to detect the Eh values
imposed by steel (Fe®) and steel corrosion products (magnetite/hematite, and magnetite/goethite
couples) in cement pore water. Nuclides showed good sorption affinity, especially towards Fe°,
in decreasing Kq order for U > Sb > Se > Mo under both N2 and H> atmospheres. The reduced
nuclide species were identified as UO,, U4Oq, FeSe, FeSe,, Se°, Sh°, and Sh,Os, but no redox
transformation occurred for Mo. Eh values were obtained by using the Nernst equation. Re-
markably, their values fell in a small range centered around -456 mV at pH ~13.5 for both Fe®
and Fe-oxyhydroxides couples. This Eh value appears to be controlled by the nano-crystalline
Fe(OH)2/Fe(OH)s or (Feix,Cax)(OH)2/Fe(OH)s couple, whose presence was confirmed by pair
distribution function analyses. This approach could pave the way for describing the Eh gradient

in reinforced concrete where traditional Eh measurements are not feasible.
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1. INTRODUCTION

The redox potential (Eh) in a geological radioactive waste repository is of great importance
to the migration behavior of redox-sensitive radionuclides (RNs) . In France, a cementitious-
rich repository in Callovo-Oxfordian clay system is foreseen %3, Reinforced concrete structures
(e.g., alveoli and waste packages) are supposed to act as chemical barriers, limiting the mobility
of RNs and isolating them from the biosphere. In such systems, the Eh is expected to be mainly
controlled by the corrosion of embedded steel, producing a thin (over a few microns) dynamic
Fe'-oxyhydroxides/magnetite/Fe''-oxyhydroxides “sandwich” film structure *. Less than five
years after repository alveoli closure, the O2 will be consumed, the system water saturated and
the Eh will decrease, as imposed by the anoxic corrosion of steel and resulting hydrogen pro-
duction . A maximum H. pressure of 70 - 100 bars range ° in the waste canister is expected
and H. potentially acts as an electron donor for numerous oxidized nuclides species (e.g., U,
Se'V, MoV, and ShY) present at the site ®. Due to the complex corrosion interfaces and unclear
H>(g) contribution, the actual Eh which will prevail in the alveoli still remains undetermined.

Steel corrosion products, from the inner to the outer level, can be white rust (Fe(OH)2), mag-
netite (FesO4), goethite (a-FeOOH), and more condensed hematite (0-Fe,Os) . Under aerobic
conditions, Fe30;4 is the intermediate oxidation product on the steel surface while Fe(OH); is
the intermediate product under anaerobic conditions 8. Previous studies have reported that the
oxidized RN species can be immobilized by these Fe-oxyhydroxides via reductive precipitation
and surface adsorption. Among the widely concerned RNs, UV, Se!V, SbY, and MoV! are redox
sensitive. UY! can be reduced by ferrous iron on colloidal hematite °, nanocrystalline magnetite
10,11 “and nanoscale zero-valent iron (NZVI1) 2. Besides, Fe'"-oxyhydroxides, e.g., goethite, can
also remove aqueous UV' by surface complexation 3. Regarding aqueous Se'V, reduced species,
e.g., Se’, FeSe, and FeSe,, could be also obtained on these Fe-oxyhydroxides 4, concomitantly

to surface adsorption processes. Fe-oxyhydroxides *° and Fe®® also show strong sorption af-
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finity to ShY, resulting in reductive precipitates (e.g., Sb203 and Sb°) and structural incorpora-
tion 1718 In contrast, molybdate is much more difficult to reduce, even by NZVI %9 and to
adsorb on Fe-oxyhydroxides systems 2% 2L, After the oxidative alteration of spent nuclear fuel,
the oxidized RN species should dominate 2% 2, having high solubility and thus low adsorption
affinity to the iron products under alkaline conditions. Therefore, reductive immobilization can
be considered as an important pathway to reduce their mobility. However, in hyperalkaline
cement pore water (CPW), sorption behavior of these RN anions on Fe-oxyhydroxides is espe-
cially scarce and not well documented.

In the case of cementitious-rich repositories, both hyperalkaline and high H. partial pressure
conditions would make it impossible to conduct regular Pt-electrode direct measurements of
the interfacial Eh associated with the steel corrosion products. Large discrepancies exist be-
tween experimentally measured Eh and computed Nernstian values because the measurements
are performed under conditions that are out of equilibrium 2* and the analytical difficulties as-
sociated with oxidation-reduction potential (ORP) electrodes 2> 2. Recently, the redox poten-
tials of structural Fe in clay minerals (i.e., smectites) were attempted to determine using organic
one-electron-transfer mediating compounds under nearly neutral conditions 2"°, However, un-
der hyperalkaline conditions, i.e., in cementitious environment, the speciation and stability of
organics may pose large uncertainties to the Eh determination. In this study, a combination of
wet chemistry methods and synchrotron-based X-ray spectroscopic and scattering techniques,
namely X-ray absorption near edge structure (XANES) and pair distribution function (PDF)
analyses, was employed to describe RNs sorption behavior on NZV1 and Fe-oxyhydroxides in
CPW. The solid RN species are identified by the XANES analysis and the related thermody-
namic data is gained from the literature. Here, the steel is modeled by NZV1 3. Although steel
and NZVI have big differences on ductility, hardness, and melting points, both their chemical
properties should be controlled by ZVI1. Compared to bulk ZVI, the high specific surface area

of NZVI should result in more quickly reaching redox equilibrium and higher standard Gibbs
4
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free energy of formation (A/G°) (see Section 3.5). The aim of this study is to determine “in-situ”
the experimental Eh imposed by the steel and its corrosion products couples, e.g., magnet-
ite/hematite (abbreviated as M/H) and magnetite/goethite (M/G), using redox-sensitive nuclides,
i.e., U, Se, Mo, and Sb, as the redox probes.

2. MATERIALS AND METHODS

2.1. Materials and Chemicals. Boiled and argon-degassed Milli-Q water (18.2 MQ-cm) was
used for all solutions and suspensions. Stable isotopes were always used as analogues of RNs.
All chemicals used for synthesis and stock solutions, including Fe-salts (e.g., FeCl-4H,O0,
FeCl;3-6H,0, and Fe(NO3)3-9H,0) and chemicals for radionuclide anions (e.g., Na>SeO3-5H,0,
Na,Mo04-2H>0, and KSb(OH)s) , are analytical reagents. They were purchased from Sigma
Aldrich and opened for the first time before use in the glove box. An acidic 1000 ppm UO>Cl»
stock solution was used as a UY! source. Synthetic fresh CPW was prepared according to the
recipe from CEA 2 and used as background solution in all reactors. Its pH value is ~13.5 and
the composition is given in Table S1. All experiments were performed in a N»-filled glove box
(02<2 ppm, using NaOH as the CO; trap) to prevent oxidation and possible CO. contamination.
2.2. Synthesis and characterization of Fe-bearing phases.

NZVI, magnetite, hematite, and goethite were synthesized and washed according to the synthe-
sis protocols (details shown in Text S1) as reported in previous works 337, Except for NZVI,
all the Fe-bearing phases were stored as suspensions at given solid to liquid (S/L) ratios in the
glove box. After freeze-drying, the mineral purity of all Fe-bearing phases was checked by
powder X-ray diffraction (XRD) analysis (CuK, radiation), which indicated no distinct impu-
rity diffraction peak (Figure S1). Mineral specific surface areas (Table S2) were measured by
the Brunauer-Emmett-Teller (BET) Nz-absorption method, in order to verify the surface site
concentration for sorption experiments. The size and shape of particles were further character-

ized by field emission scanning electron microscope (FE-SEM; Quanta FEG 250), shown in
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Figure S2. The uniform nano-sized magnetite, hematite, and goethite, were present as spherical,

rhombohedral, and needle shaped particles, respectively.

2.3. Batch sorption experiments. All sorption experiments were performed at a total surface-

site concentration of 2x10* M, approximately. The site density is assumed to be at least 1 site

nm2 8, Thus, the corresponding requested S/L ratios in the reaction suspensions were found to

be 4.17 g L™ (NZVI), 1.60 g L™ (magnetite) plus 2.86 g L™ (hematite), and 1.60 g L™ (magnetite)
plus 6.12 g L™ (goethite). To avoid co-precipitation of RN analogues and aqueous Ca?* in CPW,

RN analogue concentrations were set equal to 5x10° M for U and 2x10™* M for the other three
RN analogues (i.e., Se, Mo, and Sb). Thus, S/L ratios for U reactors were four times less than

in other RN analogues reactors. Prior to introducing RN analogues, iron solid phases were

equilibrated with CPW for 24 h, in order to reach steady (Figure S3). In addition, preliminary
experiments were set to investigate the sorption kinetics of the four RN analogues (i.e., U, Se,

Mo, and Sbh) on NZV1 and M/H in the glove box. Individual sorption experiments of the various

RN analogues on each coupled steel products (i.e., NZVI, M/H, and M/G) were conducted at

25 °C under constant shaking in the glove box. After an equilibrium time of ~100 d, 4 mL of
suspension were sampled from each reactor and filtered through 0.22-um syringe filters. Paral-

lel sorption experiments were conducted at 25 °C in Hz atmosphere (Pn2 = 8.0 bar) in stainless

steel (T316) high pressure-high temperature reactors (PARR, USA)%®. Two reaction times, 21

d and 70 d, were investigated to know the reaction process. After reaction, the solution pH was

measured by a combined glass Micro-pH electrode (Metrohm 6.0234.100) immediately after
its calibration. A combined Pt-ring ORP electrode (Metrohm 6.0451.100) was used for Eh

measurement, after being calibrated with Zobell’s solution (200 mV at 25 °C) %. Due to the
extremely high pH conditions (pH ~ 13.5), it was difficult for the Eh probe to achieve a stable

reading. Total aqueous Ca, S, Fe, U, Se, Mo, and Sh concentrations were analyzed by induc-

tively coupled plasma optical emission spectrometry (ICP-OES) with a Varian 720-ES appa-

ratus. The possible presence of aqueous reduced S (e.g., S*) and Sb (e.g., Sb(OH)4) species
6
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was checked using the methylene blue method*® and high-performance liquid chromatography-
mass spectrometry (HPLC-MS), respectively. The lower detection limits for S? and Sb(OH)4"
were 10 and 0.1 ppb, respectively. However, no reduced S and Sb species could be detected in
solution (Figure S4). The distribution coefficient (Kq) was calculated according to a standard
definition (Text S2).

Sorption products in each reactor were collected by vacuum filtration through 0.22-pum nitro-
cellulose membrane, stored in glove box, and extreme care was taken to minimize the potential
for sample oxidation during subsequent solid characterizations.

2.4. XANES spectroscopy. XANES spectroscopy measurements at selenium K-edge (12658
eV), uranium Ls-edge (17166 eV), molybdenum K-edge (20000 eV), and antimony K-edge
(30491 eV), were conducted at the SpLine Spanish CRG Beamline (BM25A) at the European
Synchrotron Radiation Facility (ESRF), Grenoble, France. For each element, energy calibration
was done in parallel using the corresponding elemental foil, except for uranium. The U Lz-edge
energy was calibrated by the K-edge excitation energy of an yttrium (17038 eV) metallic foil.
The collected sorption products in batch sorption experiments were sealed double-side using
Kapton tape in glove box, then transferred within an anaerobic chamber to the synchrotron
facility. All samples were measured in fluorescence mode, except for the references which were
prepared as pellets by diluting the solids in cellulose and measured in transmission mode. A
Sirius liquid nitrogen cooled Si(Li) 13-multi-element solid state X-Ray detector from e2v was
used for data collection. The obtained fluorescence signal was corrected for detector deadtime.
During the measurement, samples were always under N2 atmosphere protection. Each sample
was scanned at least four times and the high consistency of the repeated scans indicated that no
redox reaction occurred during the course of the measurements. The Demeter software package
was used for data integration and reduction of XANES (Athena) *. A linear combination fit
(LCF) was applied to the XANES spectra to identify and quantify the element species. The LCF

was started with the best two reference spectra and the energy shift of references was fixed.
7
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One more reference spectrum (n+1) would be added, only if a reduced y square (%) value of
at least 15% lower than that of the best n-component fit was obtained (i.e., only if a significantly
better fit was achieved) 2.

2.5. PDF analyses. Equilibrium products of NZVI with CPW at different contacting time were
characterized by PDF method. The high-energy X-ray scattering experiments were performed
in beamline 1D31 at the ESRF, using energy of 78.3 keV and a Perkin Elmer XRD 1621 flat
detector. To avoid any oxidation, the reacted NZVI fine powder was packed in @1 mm Kapton
capillaries, and sealed in capillaries by epoxy glue inside the glove box. These loaded capillaries
were stored in anaerobic conditions until put on the sample racks. NIST certified CeO2 powder
sample was used for instrumental calibration and empty capillary with the same specification
for background subtraction. 2D images of the scattered intensity were collected with an acqui-
sition time of 5 min per sample. The obtained images were integrated to one-dimensional dia-
grams using the Fit2D software 3. PdfGetX3 code ** was employed to perform background
substraction, Compton and atomic scattering factor corrections, and to get the experimental
PDFs. Calculated PDFs were obtained by PDFGui software °. After PDF data normalization
by the incident photon flux, differential PDF (d-PDF) were obtained by subtracting the PDF
pattern of pristine NZVI from those of NZVI samples contacted with CPW.

2.6. Thermodynamic modelling and Eh computation. The PHREEQC code *¢, coupling with
the THERMOCHIMIE database *’ and the latest OECD/NEA (2005) thermodynamic data for
Se *® and U ¥, was employed to calculate the saturation index (SI) value of each potentially
formed solid phase. In the PHREEQC input code, two ion pairs of Ca-SeOs (logk, 3.17) >° and
Ca-MoO4 (logk, 3.09) °!, and two Sb solid phases of NaSb(OH)s (logK, -5.00) and
Ca[Sb(OH)s]> (logk, -12.55) 32, were added. The activity of each aqueous ion was calculated
based on the Extended Debye-Huckel approach, whose parameters are provided in the thermo-
dynamic database. PhreePlot program was used to plot the Eh-pH diagrams and the input pa-

rameters were described along with each diagram.
8
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The Eh values of corresponding half-reactions could then be calculated according to the Nernst

equation:

0
g - MG’ RT ) ay
nF nF  ag,

(1)

Where R and F are the universal gas constant and Faraday constant, respectively, n is the
moles number of electrons transferred, a is the chemical activity for the relevant species, and
A/GY is the standard Gibbs free energy of reaction.

3. RESULTS AND DISCUSSION

3.1. Aqueous phase results.

Equilibrium kinetics of NZVI and M/H with CPW were conducted and results of chemical
analyses are shown in Figure S3. The total aqueous S (prevalent as SO4?) concentration in both
reactors is almost constant, indicating that nearly no SO4* can be adsorbed or reductively pre-
cipitated on NZVI or M/H. In contrast, most Ca*>" in CPW was removed within 2 h for M/H.
The pH value (~13.5) of CPW is extremely high, above the points of zero charge of iron oxides,
which are in the range of 6.3 (for magnetite) to 9.5 (for hematite and goethite) *’. The resulting
highly negative surface favors the cation adsorption. Ca*" sorption on NZVI was relatively
slow, and underwent two stages, with a first one lasting ~ 6 h and a second going until 24 h or
even longer. Bare NZVI a has strong reducing ability towards water, due to its non-stabilized
surface and high specific surface area *3. The observed two stages of Ca** removal could be
ascribed to surface adsorption followed by co-precipitation, or by diffusion into small pore
spaces present in the altered layer of secondary iron products (e.g., Fe'l-hydroxide phases) that
forms on the surface of the corroding NZVI.

Sorption kinetics of U, Se, and Sb on NZVI and M/H were studied, suggesting that the sorp-
tion process of U and Sb reached equilibrium after ~21 d on an end-over-end shaker in N at-
mosphere (Figure S5). Se sorption on M/H probably did not reach a complete equilibrium af-

ter ~21 d, as a slight decrease of [Se]aq was still observed after ~15 d. More details were

9
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discussed in Text S3. Aqueous results, including ion concentrations, pH, Eh (measured by
ORP Pt-electrode), and Kq values, of batch sorption experiments are listed in Table S3-S5.
Under N2 atmosphere, Eh values for NZV1 reactors changed with reaction time, from -740
mV at the beginning to -530 mV at equilibrium, approximately. The bottom Eh line of water
stability domain, i.e. the HO/H. stability border calculated for Px, = 1.0 bar at pH ~13.5, is -
798.7 mV. Thus, the lowest Eh values reached in the NZVI reactors could be controlled by
H20 decomposition by NZV1 (-849.7 mV for Fe®/Fe(OH).). After reacting with H2O, the
NZVI surface became therefore covered by Fe''-hydroxide reaction product and the imposed
Eh values increased. In M/H and M/G reactors, the Eh values were close to about -440 mV.
Regarding reactors in H, atmosphere (P2 = 8.0 bar), the Eh values should be dictated by the
dissolved H2/H20 couple equilibrium, resulting in a value of ~ -740 mV. Throughout sorption
experiments, pH values in all the reactors were always constant and equal to ~13.5.

Kq values derived from reactions under both N2 and Hz atmosphere are shown in Figure 1a
and 1b, respectively. The hydrogen atmosphere did not lead to any RN removal enhancement
from the aqueous phase. The obtained Kq values indicate a decreasing affinity of Fe corrosion
products for RNs in the order of U > Sb > Se > Mo. Aqueous UY' concentration in equilib-
rium with hyperalkaline cement leachate, i.e., alkali/alkaline-earth uranates (e.g.,
Na(UO2)O(0OH)-(H20)o-1 and CaUQ4), can be present at very low concentration (~107° M) >4,
However, the filtrate of UV!-CPW blank sample through 0.22-um membrane filter can still
have a ~4x10° M UY! total “dissolved” concentration (Table S3), suggesting the possible
presence of nano-sized uranate colloids dispersed in solution. If these UV! nano-colloids were
formed in the suspension, they would be stable for years *°. However, they were likely to be
removed rapidly from aqueous phase by the iron corrosion products. For antimony, the strong
complexation affinity of Ca* for antimonite may also greatly contribute to the large Kgq values
observed for this element 2. Among all the iron products, the NZVI phase led to the strongest

sorption of all RNs. M/H couple showed a slightly larger sorption affinity to RNs than the
10
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M/G couple. RN analogues sorption results in H2 atmosphere with 21 d and 70 d reaction
time, are shown in Table S4 and S5. After 21 d reaction, sorption of U and Sb reached equi-
librium while the removal of Se and Mo still proceeded further.

3.2. Surface Se and Sb species.

Sorption products of batch experiments under N2 and Hz atmosphere were characterized by
XANES. The references were measured, showing distinct RN species and different oxidation
states. Linear combination fits (LCF) analysis of XANES was conducted to identify and quan-
tify solid species of sorbed RN analogues (Figure 2). The LCF results for sorption products
under N2 conditions were listed in Table 1, while those for H> reactors in Table S6-S9. Exper-
imental Se K-edge XANES spectra are shown in Figure 2a. In our system, sorbed selenium
could be present as FeSe, FeSez, and Se° reduced species, or as Se'V (surface) complexes and
structurally incorporated Se'v with Ca and Fe. The exact Se'V solid species in such compli-
cated systems are hard to describe by the common Se'V references (e.g., Na,SeOs, CaSeOs,
and FeSeOz) we measured. This could be responsible for the imperfect XANES spectrum re-
production by LCF. Nevertheless, the oxidation state of Se' can be identified exactly, which
is the key point for the following Nernstian computation. In presence of NZVI, selenite can be
reduced into FeSe and FeSez, while Fe-oxyhydroxides couples can only reduce selenite into
Se®. The reductant in the iron couples is magnetite, which can reduce selenite into Se® and
even Fe selenides under slightly acid conditions °%%’. Previous report illustrate that selenite
can be reduced into FeSe by Fe/FeC3 ultrasmall particles at pH 4.8 — 8.0 and at pH 10.3 *5,
Here, in extremely alkaline solution (pH ~13.5), NZVI1 is also able to act as a powerful reduct-
ant towards selenite. According to LCF results of NZVI sample spectra, more FeSe was
formed and the generated amount of reduced species was larger in presence of Hz, compared
to the N case. In presence of dissolved Hz, NZVI oxidation by water may be inhibited, and
consequently other oxidation pathway, e.g., NZVI oxidation by selenite, could be favored.

Besides, it can be clearly observed from XANES spectra that the formation of low oxidation
11
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state Se species was proceeding within 70 days in H, reactors. In addition, adsorbed Se'V was
more likely to complex with Ca than to remain present as free ion.

For antimony, the introduced antimonate could be strongly associated with Ca?* %2, i.e., as a
Ca[Sb(OH)s]2° soluble complex and Ca[Sb(OH)s]2(s) precipitates, while forming with Fe'"!
hydroxides octahedral inner-sphere surface complexes *8. In reducing environment, lower oxi-
dation state Sb species, e.g., Sb'" and Sb°, can be formed. For instance, magnetite can reduce
SbY into Sb'!" and the reduction increases with increasing pH values *°. Sb'"' was also found
present at the surface of Fe-bearing rims *°. In addition, Sh® was detected in soil samples from
Swiss shooting ranges, probably derived from reduction by Pb° present in PbSb alloy-contain-
ing unweathered bullet fragments 8. Thus, Fe°, with lower standard reduction potential than
Pb?, can also generate Sh° 6. Experimental Sb K-edge XANES spectra are shown in Figure
2b. Sh,03 was detected prevalently in all sorption products, while Sb® was identified only in
the NZVI reactors. Although all H2 reactors had very low redox potentials (Table S4 and S5),
closed to values recorded in NZ VI reactors, no Sh® was observed in Fe oxide-couples reac-
tors. The redox potentials imposed by Fe-oxide couples are not low enough to generate the
most reduced Sb species, Sh®. Thus, the absence of Sk as a product in Fe oxide-couple reac-
tors, even in the presence of Hz(g), was probably due to a lack of sufficient H(g) adsorp-
tion/reaction interfaces, or a lack of catalytic mediums (e.g., precious metals), or not high
enough reaction temperature (i.e., room temperature) and H2(g) partial pressure (i.e., P2 = 8.0
bar). From the LCF results for NZVI reactors, introducing Ha resulted in larger molar frac-
tions of formed Sh®. The XANES reference sample of SbY sorbed on goethite was prepared
by mixing K[Sb(OH)e] stock solution with Fe oxyhydroxides in CPW. As shown in Table 1
and S7, ShV-goethite surface complex and Ca[Sh(OH)s].(s) precipitate contribute largely to
the total sorbed Sh" species signal observed on Fe-oxyhydroxides couples, which the origi-
nally introduced K[Sb(OH)e] contribution is small.

3.3. Surface U and Mo species.
12
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As demonstrated by Bots et al °°, uranium total trace aqueous concentration in equilibrium
with CPW should be extremely low (~107° M), as UV! prefers to form mobile metal (e.g., Ca,
Na, and K) uranate(VI) nano-colloids. The XANES reference of uranate(V1) was prepared by
mixing Ca?*, Na*, and UO2%* at pH ~13. Experimental U L3-edge XANES spectra were
shown in Figure 2c. Fitting the spectra with a large number of references (UO3-2H-0, ura-
nate(V1), UO2(NOs)2-6H,0%°, NaUOs, U4Og, U303 !, and UO, ©?), three potential compo-
nents, i.e., uranate(V1), UsOg and UO>, of U sorption products were identified. LCF results
showed that all adsorbed UV! was uranate(V1), in accordance with results from Bots et al *°.
Once uranyl was introduced into the CPW suspension of iron particles, uranyl ion would com-
plex with alkali or alkali-earth cations and transform into metal uranates(\VI) colloids or com-
plexes, immediately, which could thereafter aggregate or be sorbed on iron surface to allow
further redox reactions to occur. Regarding potential reduction reactions, only NZVI was able
to reduce UV into pure U', and more UO; was generated in H reactors than in the N, reac-
tors. Instead, U reduced species in reactors of Fe-oxyhydroxides couples were always present
as UsOg, a +4 and +6 mixed valence solid compound. Previous work also indicated that UO>
should be the reduction product of UY! on the surface of magnetite and the reaction to be facil-
itated by electron transfer between the Fe and U **. Indeed, regarding the U L3-edge XANES
spectra of UO2 and U4Oe, their similar shapes and close white-line positions (~ 1 eV differ-
ence) increase the difficulty to distinguish the two species very clearly ®°, thus lower the LCF
accuracy (uncertainties were shown in Table 1 and S8). However, it is certain that reduced U
species with oxidation states between +4 and +4.5 were present.

Regarding molybdenum, the XANES spectra are shown in Figure 2d. For Mo sorbed on NZVI,
no reduction can be observed from XANES spectra. However, removal of aqueous Mo by NZVI
is not negligible compared to removal by the Fe-oxyhydroxides couples. As shown in Figure
2d, MoV! pre-edge peak intensity of sorption products is quite weak, and similar to FeMoO4

pre-edge peak. Thus, based on LCF analysis, a considerable amount of FeMoO4 existed in the
13
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sorption products. The decreased pre-edge intensity suggests that the tetrahedral MoO4* was
distorted and octahedral Mo ® may probably form inner-sphere structural coordination with

iron during the Fe? oxidation and further Fe(OH). formation.

3.4. PDF analysis of reacted NZVI. Once suspended in CPW, the negatively surface charge
of NZVI passivation coatings could lead to a large Ca®" adsorption (Section 3.1) and meanwhile
NZVI could still react with water molecules. It is then intriguing to understand the possible role
of Ca in the promotion of “in-situ” NZVI corrosion process. NZVI samples, suspended in CPW
for different times, were characterized by PDF analysis. The d-PDF patterns obtained after sub-
tracting the PDF of pristine NZVI from NZVI reacted with CPW for 10 min, 23 h, 72 h, 168 h,
and 264 h, are shown in Figure 3a. By subtracting the NZVI signal, several negative differential
reflections can be observed, in accordance with Fe-Fe reflections of pristine NZVI (e.g., at 2.52
A, 4.10 A, 4.84 A, and 6.38 A), meaning that part of the NZVI was transformed into another
phase. Positive differential reflections, at 2.13 A, 3.33 A, and 3.63 A, were also observed. Com-
pared to reference patterns of Fe(OH)»r) and Ca(OH),, these three reflections can be attributed
to Fe-O, Fe-Fe, and Ca-Ca scattering pairs, respectively. The continuously increased positive
differential signals of Fe-O and Fe-Fe indicate that NZVI was oxidized by water into Fe(OH)»
gradually. In addition, the positive Ca-Ca signal can be derived from Ca" surface adsorption
and possible Ca(OH); solid phase formation. The dre.0 at 2.13 A was easily identified as it is
nearly the distance observed within Fe(OH)ar) reference compound. In contrast, 3.33 A and
3.63 A distances in d-PDF were correspondingly ~0.07 A longer than Fe-Fe distance (3.26 A)
in Fe(OH)2r) and Ca-Ca distance (3.57 A) in Ca(OH),. These discrepancies may be due i) to
limited instrumental resolution or, more likely, ii) to the fact that Fe'' and Ca" hydroxides
formed exhibited significant structural disorder. Note that Ca-Ca reflection at 3.63 A continued
to increase after 72 h and clearly separated from Fe-Fe at 3.33 A. Later on, the intensity of the

Ca-Ca peak decreased steeply and tended to merge with the Fe-Fe peak into a broaden peak
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after 264 h. Meanwhile, aqueous Ca®" concentration curves indicated no Ca*" desorption ac-
cording to sorption kinetic experiments. Thus, two reaction processes are occurring concomi-
tantly at the NZVI particle surface: i) Ca** adsorption and Ca(OH), precipitation, ii) Fe’ oxida-
tion into Fe(OH). The first process is faster (see Section 3.1), forming an amorphous Ca(OH)»
surface precipitate. The pH value (~13.5) imposed by hyperalkaline CPW is higher than the
onset of precipitation of both Ca and Fe, which should provide favorable conditions to co-pre-
cipitation of Ca®’, Fe*> and OH". Thus, small amounts of a (Feix,Cax)(OH) solid solution
might have formed. The surface of reacted NZVI at 264 h reaction time was also studied by X-
ray photoelectron spectroscopy (XPS) analysis (Figure S6). An analysis of the Fe 2p3, region
yielded three contributions of Fe® metal, Fe(I)-O, and Fe(III)-O, of which the Fe(III)-O contri-
bution may result from oxygen oxidation during sample preparation and transfer to the XPS
facility. Besides, the strong Ca(II)-O peak in the Ca 2p region indicated that Ca' formed sepa-
rate Ca(OH): solid phase or it was incorporated into the surface of reacted NZVI during the
formation of Fe' hydroxides. In addition, a previous report also showed that a rather thick (50
- 200 um) and porous layer of iron oxides interspersed with Ca(OH), forms with time %*. The
adsorbed/co-precipitated (Fei-x,Cax)(OH)2 may act as a corrosion passivation layer, increasing
Fe!' hydroxide solubility and further shifting the interfacial Eh values to lower values.

Within 45 days reaction time, NZV1 totally transformed into Fe(OH)3, as shown in Figure 3b.
The broad diffraction peaks indicate the formation of nanocrystalline precipitates, compared
to crystalline Fe(OH)2 (Figure 3b). A 0.2 mM SeOs? solution was added to react with
Fe(OH)2 on the surface. Although Se'Y can thermodynamically oxidize Fe(OH); into Fe'"'-hy-
droxides, no new Fe'"" phase, like goethite or magnetite, could be observed in PDF data proba-

bly due to the low Se loading.

3.5. “In-situ” experimental Eh values. As shown from the above kinetic experiments, we

assumed these species to be at chemical equilibrium. Eh-pH diagrams can then be drawn using

15
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PhreePlot code ® and Andra Thermochimie database *7, under conditions prevailing in our ex-
periments (Figure S7). For each RN, various solid reduced species were considered and allowed
to precipitate according to thermodynamics. Regarding aqueous RN analogue species, MoO4>"
predominates for Mo and UO»(OH)4*" for U. For Se and Sb, besides SeO3*" and Sb(OH)s” which
predominate in oxic environments, HSe” and Sb(OH)4™ aqueous species may also exist at equi-
librium in reducing environments, especially HSe™ in Fe-poor reducing cement system 6. How-
ever, as they are controlled by the precipitation of very insoluble FeSe and valentinite, HSe"
and Sb(OH)4™ aqueous concentrations can be assumed to be extremely low. Indeed, no HPLC
retention peak was observed for Sb(OH)4". Thus, the total aqueous concentration can be in all
cases considered equal to the concentration of the dominant oxidized species. The LCF analysis
identified reduced species for each RN analogue and quantified their fractional ratio within the
solid phases. After, a set of redox reactions susceptible to occur between RN analogue couples
and the considered iron product couples are identified and listed in Table 2.

All the AfG° of RN analogue species were taken from Andra ThermoChimie database *’, and
are listed in Table S10. The activities of solid phases and water were set equal to 1.0 as first
approximation, although this may not fully be true due, e.g., to the nanosize of reductively
precipitated solid phases. Besides, surface adsorption of anions can be negligible at pH ~13.5
and we assumed the activity of any potential adsorbed RN species to be equal to 1.0. “In-situ”
experimental Eh values were then calculated according to equation (1) and are found to fall
within the stability domain of water, whose lower limit is -798.7 mV at pH 13.5 (Figure 4).
The Fe(0)/Fe(OH). couple should impose an Eh value of -849.7 mV, outside the stability do-
main of water, and this may account for the observed formation of Sh° according to the
Sb(I11)/Sb(0) limit depicted in Figure S8. For all other RN analogue species, experimental Eh
values of all NZV1 systems are all centered in the narrow range of -441.3+65.6 mV (Figure

4). For reactors with the M/H redox couple, the obtained Eh values lay between ~-355.6 mV

and ~-514.0 mV, with an average value of ~-468 mV and a large standard deviation. The Eh
16
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values obtained in M/G reactors were slightly higher, probably due to a higher Eh (average

value is -575.6 mV) imposed by M/G, compared to M/H couple (-649.0 mV).

Using the AfG° values listed in Table S10, the Eh values imposed by the various couples were
computed, to compare with the experimental Eh values derived from individual RN half-cell
redox reactions. In the case of NZVI, at least two Fe-oxyhydroxides couples, i.e., two interfa-
cial Eh values, should be considered due to the fast oxidation of NZVI by water: the
Fe(0)/Fe(OH). couple and Fe(OH)2/Fe(OH)s couple. A«G° values are critical to Eh calcula-
tion. According to PDF results, an amorphous Fe(OH)2 phase or a Fe-Ca solid solution, such
as (Fe1-x,Cax)(OH)2, are present and will be characterized by larger solubility product (Ksp),
and thus larger A¢G° than corresponding crystalline phases. Using A¢G° values of amorphous
Fe(OH). %" and Fe(OH)s %, the theoretical Eh imposed by Fe(OH)./Fe(OH)s couple was calcu-
lated to be equal to -456.4 mV, a value very closed to the experimental Eh values computed
for the NZVI reactors. Theoretical Eh values from M/H (-649.0 mV) and M/G (-575.6 mV)
couples were significantly lower than the experimental single RN half-reaction Eh values.
Note that the two computed Eh values were derived from bulk Fe-oxyhydroxides and do not
take into account surface energy ®8 and surface hydration contributions 8 caused by nano-
sized reaction particles, which would tend to increase A¢G°. The A/G° (+) correction factors
(Table S11) were calculated using the method described by Silvester et al 3. After applying
the surface energy adjustments, the theoretical Eh values of M/H and M/G couples became -
675.1 mV and -523.5 mV, respectively. As all the three Fe-oxyhydroxides are nano-sized, the
adjustments in one couple can be counteracted. Thus, the effect of nano sizes cannot explain
the Eh disagreements observed for the Fe couples. However, another acceptable way to ex-
plain experimental Eh distribution in M/H and M/G reactors can be a control by formed amor-
phous Fe(OH)2/Fe(OH)3 couple on the surface. In extremely alkaline CPW, most dissolved

Fe2* and Fe®" present on the surface of Fe-oxyhydroxides could precipitate instantaneously
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into amorphous Fe(OH)2 and Fe(OH)3 phases, and then participate in the following redox re-

actions, listed in Table 2.

3.6. Environmental Implications.

Concrete is the most used manufactured material worldwide. Within reinforced concrete, iron
corrosion interfaces control to a large extent the durability of the material. These complex in-
terfaces result in strong Eh gradient from the steel surface outwards to the concrete bulk.
When the concrete is used in anoxic systems (polluted harbors, under seawater tunnels,
bridges fundaments in bay sediments, nuclear repositories), the competition between redox
conditions imposed from the outside (bedrock, sediment) and from inside (steel corrosion)
will dictate the redox conditions prevailing within the concrete. In our CPW-systems, all the
experimental redox potentials obtained from RNs half-reactions and redox coupled species
concentration measurements pointed out to a unique central value of ~ -456 mV. This value is
probably imposed by the amorphous Fe(OH)./Fe(OH)z or (Fei1-x,Cax)(OH)2/Fe(OH)s couple,
rather than by the originally added Fe-oxyhydroxides.

Disagreements between computed Nernstian Eh and electrode-measured Eh values are fre-
quently reported in the literature 2. The severe hyperalkaline cement environment prevailing
e.g. in geological repositories, where Hx(g) is also expected to occur, prevents experimental
Eh determination using Pt-electrodes. In contrast, the approach described here shows a good
internal consistency among all individual RN half-reaction Eh values and thus appear to be a
reliable new method to compute Eh in concrete, but also in other (e.g., biological) systems
where local Eh direct measurement is not feasible. This combination of spectroscopic tech-
niques and wet chemistry methods allows thus an ab initio reliable Eh experimental determi-

nation through the use of the Nernst equation. Determination of redox potential is crucial for
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the assessment of the long-term safety conditions of nuclear repositories. This study will facil-
itate the estimation of the “experimental” redox potential in reinforced cement matrix, allow-

ing a better evaluation of RNs redox behavior and mobility.
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Figure 1. Kq values derived from batch sorption experiments, including the sorption of four
RN anions (i.e., UY!, Se'V, MoV, and SbY) on NZVI, M/H, and M/G. (a) In N2 atmosphere,

under continuous shaking, reacting 100 d. (b) Under 8.0 bar H, atmosphere, after 70 d reac-
tion time without shaking.
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Figure 2. Experimental XANES spectra of reference compounds and RN analogues sorbed on
NZVI, M/H, and M/G in N2 and H atmosphere. (a) Se K-edge XANES spectra of selenium
sorption products. (b) Sb K-edge XANES spectra of antimony sorption products. (c) U L3-edge
XANES spectra of uranium sorption products. (d) Mo K-edge XANES spectra of molybdenum
sorption products. The grey dots represent the experimental data and the solid curves are the
LCF results.
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682  Figure 3. Differential PDF (d-PDF) and PDF patterns of reacted NZVI with CPW at different

683  reaction time. (a) Experimental PDF of pristine NZV1 and d-PDF of reacted NZVI; Calcu-
684 lated PDF references of Fe(OH)2«r) and Ca(OH).. (b) PDF references are derived from calcu-

< 7,

685 lated Fe(OH)2(n), synthesized goethite and magnetite. Experimental PDF of reacted NZVI
686  with CPW at 45 d and Se'V-reacted NZVI is shown on the top.
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Figure 4. “In-situ” experimental Eh values for all the RNs systems and Eh values imposed by

Fe-oxyhydroxides couples in stability domain of water. Down arrows put on SeO3?/FeSe and

SeOs?/FeSe; indicates even lower Eh values due to possibly more diluted Fe(OH)4".
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Table 1. Quantification of RN analogue species (molar fraction) in N> reactors by LCF of
XANES. Sorption products were equilibrated for ~212 d. Also reported is the concentration
sum (X), which is not constrained to 100% for samples, and .2 value, both indicating good
matches to the experimental spectra. Uncertainties are given by the number in brackets on the
last digit(s), i.e., 77.6(1) represents 77.6 £ 0.1, and 53.1(1.2) represents 53.1 + 1.2.

2

FeSe FeSe, Se’ CaSeOs > 1
Se samples
(%) (%) (%) (%) (%) x 107
NZVI-N, 77.6(2) 22.8(2) - - 100.4 0.9
M/H-N, - - 100.0(2) - 100.0 1.3
M/G-N; - - 53.1(2.2) 53.4(2.1) 106.5 3.1
Sh Sb:0;  K[Sb(OH)] Ca[Sb(OH)sl. SbY-Goe. % X%
Sb samples
(%) (%) (%) (%) (%) (%) x 1073
NZVI-N,  68.5(15.2) 20.2(20.3)  11.7(20.4) - 9.7(18.6) 110.2 1.8
M/H-N; - 14.0(4.5) - 22.2(8.4) 75.4(8.7) 1116 1.3
M/G-N; - 37.7(6.0) - 19.3(11.9) 56.8(11.7) 1139 24
uo, Uranate(VI) U409 z 1
U samples
(%) (%) (%) (%) x 107
NZVI-N; 13.2(9.1) 67.9(2.3) 19.5(11.0) 100.6 0.1
M/H-N; - 70.8(2.9) 29.8(13.7) 100.6 0.2
M/G-N; - 60.8(2.1) 39.4(1.9) 100.2 0.2
FeMoO, CaMoO, Na;MoO, z 1
Mo samples
(%) (%) (%) (%) x 10°
NZVI-N; 19.1(4.4) 44.1(6.1) 35.7(6.3) 99.0 0.4
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724  Table 2. Half-cell reactions used for the computation of Eh values and the corresponding Eh®
725 A,

. . Eh°

System Half-cell reaction equation I mV
Se(IV)/Se(0) Se0 (aq + 46 + 3H,0 & Se% + 60H" -338.1
Se(1V)/Se(-1) 2Se05% (2 + Fe(OH)3 + 10e” + 6H,0 < FeSe, + 150H" -319.1
Se(1V)/Se(-I1) Se0s% aq) + Fe(OH)s + 6¢” + 3H,0 < FeSe + 90H" -360.3
Sb(V)/Sb(l11) 2Sb(OH)s + 4" & Sh05 + 60H" + 3H,0 -393.5
Sb(111)/Sh(0) Sb(OH)y + 3¢ & Sb° + 40H" -641.3
U(VI)U(IVS) 4UO,(OH)4* + 66" & UsOg + 140H" + H,0 -259.0
U(VI)/U(IV) UO,(OH)sZ + 26" < UOz + 40H" -287.6
Fe(0)/Fe(OH), couple Fe(OH); + 2e” <= Fe® + 20H -879.7
Fe(OH)./Fe(OH)s couple Fe(OH)s + e < Fe(OH), + OH" -486.4
M/H couple 3Fe;03 + 26" + H,0 < 2(Fe''Fe'')0, + 20H -679.0
M/G couple 6FeOOH + 2¢” < 2(Fe''Fe'"';)0, + 20H" + 2H,0 -605.6

726 ®Experimental [Fe]wt Was under the ICP-OES detection limit (~10 ppb). Here, Fe(OH)3"
727  concentration is estimated at ~ 5 ppb (i.e., 107 M).
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