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5 ABSTRACT: Reinforced cementitious structures in nuclear waste repositories will act as
6 barriers that limit the mobility of radionuclides (RNs) in case of eventual leakage. CEM-
7 V/A cement, a ternary blended cement with blast furnace slag (BFS) and fly ash (FA),
8 could be qualified and used in nuclear waste disposal. Chemical interactions between the
9 cement and RNs are critical but not completely understood. Here, we combined wet
10 chemistry methods, synchrotron-based X-ray techniques, and thermodynamic modeling
11 to explore redox interactions and nonredox sorption processes in simulated steel-
12 reinforced CEM-V/A hydration systems using selenite as a molecular probe. Among all
13 of the steel corrosion products analyzed, only the addition of Fe0 can obviously enhance
14 the reducing ability of cement toward selenite. In comparison, steel corrosion products
15 showed stronger reducing power in the absence of cement hydrates. Selenium K-edge X-
16 ray absorption spectroscopy (XAS) revealed that selenite immobilization mechanisms
17 included nonredox inner-/outer-sphere complexations and reductive precipitations of FeSe and/or Se(0). Importantly, the hydrated
18 pristine cement showed a good reducing ability, driven by ferrous phases and (bi)sulfides (as shown by sulfur K-edge XAS)
19 originated from BFS and FA. The overall redox potential imposed by hydrated CEM-V/A was determined, hinting to a redox shift in
20 underground cementitious structures.

1. INTRODUCTION

21 Geological storage in clay-rich host rocks is foreseen in France
22 for radioactive waste.1,2 In the repositories, reinforced
23 cementitious materials are used for waste matrix, canisters,
24 backfill, and tunnel support, which are considered as barriers
25 inhibiting the mobility of radionuclides (RNs) in case of
26 eventual leakage. The selection of a suitable type of cement is
27 critical. The anticipated cement should be adequate for the
28 subterranean work in the harsh repository environment, be
29 friendly in CO2 emission, and certainly be effective for the
30 immobilization of RNs. CEM-V/A cement, a ternary blended
31 cement consisting of 50% Portland cement (PC), 25% blast
32 furnace slag (BFS, may contain sulfides), and 25% fly ash (FA),
33 could be qualified and be expected to be used in French
34 nuclear waste disposal.3,4

35 In a reinforced cementitious system, cement hydrates and
36 steel corrosion products are elements with a large potential to
37 immobilize RNs. Ordinary Portland cement hydrates typically
38 include calcium silicate hydrates (C−S−H, the major
39 component in hydrated cement),5 two series of aluminofer-
40 ritesettringite6,7 and AFm phases,8,9 and portlandite.
41 Numerous studies have reported the sorption behavior of
42 RNs on cement hydration products.10−12 For instance, redox-
43 sensitive selenium-79 (79Se, t1/2 = 3.27(8) × 105 years)13 is
44 considered as one of the few radionuclides that can dominate
45 the ultimate biosphere exposure.14 Under Eh−pH conditions

46typical of the oxidative alteration of spent nuclear fuel, oxidized
47Se species of Se(IV)/Se(VI) are the dominant aqueous
48species.15 Sorption of Se oxyanions, such as selenite (SeO3

2−)
49and selenate (SeO4

2−), has attracted extensive attention, as they
50are highly mobile. Their reductive precipitation into insoluble
51Se(0, -I, -II) is considered as the most effective way to
52immobilize 79Se.16 Previous reports show that AFm phases are
53potential candidates for the retention of SeO3

2−/SeO4
2−.17−19

54Ettringite and C−S−H also show a good affinity to SeO3
2−.18,19

55On the other hand, corrosion of the steel embedded in
56concrete could result in white rust (Fe(OH)2), magnetite
57(Fe3O4), goethite (α-FeOOH), and hematite (α-Fe2O3),

20

58going along a cross section from the inner to outer level. Fe0

59and its corrosion products can also immobilize Se(IV) through
60reductive precipitation and surface adsorption (inner-sphere
61complexation in most cases).21,22 Furthermore, most CEM-V/
62A cement probably contains Fe-(oxyhydr)oxides and metal
63(bi)sulfides, which originate from the blended BFS and FA,
64and which are effective for the removal of RNs. As previously
65reported, under acidic to slightly alkaline conditions, Fe-
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66 (bi)sulfides (e.g., pyrite,23 pyrrhotite,24 greigite,16,25 and
67 mackinawite26) are able to efficiently immobilize Se(IV),
68 resulting in Se(0), FeSe, and/or FeSe2 reduction products. The
69 way how these minerals would interact with Se(IV) after going
70 through “in situ” cement hydration is critical.
71 Reinforced ternary blended cement is a complex system
72 when considered as an entire chemical barrier for RNs. Under
73 the combined action of various potential adsorbents, different
74 sorption sites would compete to attract RNs, resulting in
75 nonredox and redox sorption. In this study, we aimed to
76 investigate the redox-sensitive RN sorption behavior in the
77 simulated hydrated environments (hyperalkaline and anaerobic
78 conditions) of reinforced blended cement by means of a
79 combination of wet chemistry methods, synchrotron-based X-
80 ray spectroscopic analysis, and thermodynamic modeling.
81 SeO3

2−, the analogue of 79SeO3
2−, was employed as a probe

82 molecule to detect nonredox and redox sorption sites present
83 in hydrated CEM-V/A cement. Fe0 and various Fe-(oxyhydr)-
84 oxides couples were introduced to simulate the presence of
85 steel corrosion interfaces. Although corroded steel has big
86 differences with the nanosized Fe products in ductility,
87 hardness, and melting points, its chemical properties (e.g.,
88 the exhibited redox potentials) should have quite high
89 similarities. Compared to that of corroded bulk steel, the
90 high specific surface of the Fe products should accelerate
91 reaching redox equilibrium. We expected that SeO3

2− would be
92 immobilized by different nonredox and redox sorption sites
93 with a certain preferential order that could be ascertained by
94 spectroscopic and thermodynamic investigations. This work
95 provides a detailed description of the redox reaction products
96 present in the system and a better understanding of the redox
97 potential imposed by various reduced phases in the blended
98 cement.

2. MATERIALS AND METHODS
99 2.1. Materials and Chemicals. All of the chemicals used
100 for synthesis and the stock solutions, including Fe salts (e.g.,
101 FeCl2·4H2O, FeCl3·6H2O, and Fe(NO3)3·9H2O) and the 79Se
102 RN anionic analogue Na2SeO3·5H2O, were purchased from
103 Sigma-Aldrich and were of analytical grade. Their containers
104 were opened for the first time before use in a glovebox. The
105 Rombas’s CEM V/A (Calcia) cement was received from
106 French Alternative Energies and Atomic Energy Commission
107 (CEA). A detailed chemical composition and mineralogical
108 evolution during hydration is given in a recent study.3 The
109 corresponding synthetic cement pore water (CPW) and all of
110 the Fe products, including nano-zero-valent iron (NZVI),
111 magnetite, hematite, and goethite, were synthesized as
112 described in our previous work.22 The pH value of CPW
113 was ∼13.5, and its composition is given in Table S1. All
114 experiments were performed in a N2-filled glovebox (O2 < 2
115 ppm, using NaOH as the CO2 trap) to prevent oxidation and
116 the possible CO2 contamination. Boiled and argon-degassed
117 Milli-Q water (18.2 MΩ·cm) was used for all of the reactions.
118 2.2. Preparation of Hydrated Fe-Bearing Cement
119 Powders. Seven types of hydrated Fe-bearing cement
120 powders, also including the blank hydrated CEM-V/A cement
121 (HCEM-V), were prepared. Of them, three types, including
122 NZVI-bearing cement (C-NZVI), magnetite−hematite cou-
123 pling cement (C-M/H), and magnetite−goethite coupling
124 cement (C-M/G), were produced with the aim of simulating
125 corroded steel interfaces in hydrated cement. A 4:1 mass ratio
126 of CEM-V/A cement powder to total Fe element content was

127used, with each two Fe-(hydr)oxides pairs added in equal
128proportions. Three other types consisted of hydrated cement
129phases with the three Fe-(hydr)oxides introduced individually,
130named C-Mag, C-Hem, and C-Goe. The water-to-cement (W/
131C) ratio was set to 0.4, and all of the components were mixed
132until a homogeneous sample was formed. After 2 days of
133cement setting, the cement paste was covered by degassed
134ultrapure water for 28 days. Subsequently, the cement cores
135were extracted, dried under vacuum to stop hydration, ground
136into a powder with an agate mortar, sieved through 63 μm
137sieves, and then stored in a glovebox. All of the preparation
138procedures were performed under highly pure N2 (>99.995%)
139protection.
1402.3. Wet Chemistry Experiments. HCEM-V equilibrium
141kinetics with CPW, sorption kinetics of SeO3

2− on HCEM-V,
142and batch sorption of SeO3

2− on all of the seven types of
143hydrated Fe-bearing cement particles were investigated at 25
144°C in a N2-filled glovebox. An identical solid-to-liquid (S/L)
145ratio was fixed as 10 g L−1, and an initial Se concentration of 2
146× 10−4 M was applied. During the reaction, all of the reactors
147were constantly placed in an end-over-end shaker. For the
148kinetic study, at each defined time interval, a 2 mL aliquot of
149the suspension was sampled by filtration through a 0.22 μm
150pore size membrane filter. In batch sorption experiments, Se
151was introduced after the cement powders were equilibrated
152with CPW for 2 days. After equilibrating for 30 days, the
153aqueous and solid phases in the batch sorption reactors were
154collected by membrane (0.22 μm pore size) filtration.
155The total concentration of Se, S, Ca, and Fe in the filtrates
156was measured by inductively coupled plasma optical emission
157spectrometry (ICP-OES) with a Varian 720-ES apparatus after
158dilution with degassed ultrapure water. The distribution ratio
159(Rd) of Se was then calculated (Text S1). By employing the
160methylene blue method,27,28 the total concentration of
161aqueous S(-II), here called as methylene-blue-detectable sulfur
162(MBS), in the original filtrates is determined. Sorption
163products from all of the reactors were stored in a glovebox
164for the following solid characterization.
1652.4. Selenium and Sulfur K-Edge X-Ray Absorption
166Near-Edge Structure (XANES)−Extended X-Ray Absorp-
167tion Fine Structure (EXAFS) Spectroscopy. Sulfur K-edge
168(2474 eV) and selenium K-edge (12 658 eV) XAS experiments
169were conducted at the XAFS beamline of synchrotron Elettra,
170Basovizza, Trieste.29 A Si(111) double-crystal monochromator
171was used with an about 0.3 eV resolution at 2.5 keV. A silicon
172drift detector (KETEK GmbH AXAS-M with an area of 80
173mm2) was employed for collecting the fluorescence signal. For
174selenium, elemental Se foil was used for energy calibration in
175parallel. Elemental sulfur standard was measured and then
176calibrated at the beginning and the end of S K-edge
177experiments. All of the samples for XAS were sealed using
178polyimide tape (double-faced sealing for selenium samples, but
179one-side pasting for sulfur samples), mounted on a sample
180holder, and measured in fluorescence mode, except for Se
181references, which were prepared as pellets with cellulose matrix
182and measured in transmission mode. Before being transferred
183into the vacuum experimental chamber, the samples were
184stored under the N2 atmosphere. For EXAFS signal collection,
185a liquid N2 cryostat was used to lower the temperature to 77 K,
186to minimize the effects of thermal disorder due to atomic
187vibrations.
188Data integration and reduction of X-ray absorption near-
189edge structure (XANES) spectra (Athena), as well as the data
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190 fitting of extended X-ray absorption fine structure (EXAFS)
191 spectra (Artemis)30 were performed using the Demeter
192 software package. A linear combination fit (LCF) was applied
193 to the Se XANES spectra to identify and quantify the selenium
194 species. The k3-weighted EXAFS functions of the Se samples
195 and the k2-weighted ones of the S samples were Fourier-
196 transformed (FT) in a k range of 3.0−13.0 Å−1 using a Kaiser−
197 Bessel window. Theoretical backscattering paths were calcu-
198 lated by FEFF8.4,31 to perform the fit in back-transformed
199 reciprocal space (k).
200 2.5. Pair Distribution Function (PDF) Analysis. Se(IV)-
201 reacted Fe0 and Fe-(hydr)oxides particles (sorption experi-
202 ment conditions described in Text S2) were investigated by
203 PDF analysis of X-ray scattering. High-energy X-ray scattering
204 experiments were performed in beamline ID31 at the ESRF,
205 using an energy of 70.0 keV and a PerkinElmer XRD 1621 flat
206 detector. To avoid any oxidation, the reacted NZVI and Fe-
207 (hydr)oxides powder samples were packed in Ø1 mm
208 polyimide capillaries and sealed inside capillaries by epoxy
209 glue in a glovebox. These loaded capillaries were stored in
210 anaerobic conditions until they were put on the sample racks.
211 An NIST-certified CeO2 powder sample was used for
212 instrumental calibration, and empty capillary with the same
213 specification for background subtraction. With a collection
214 time of 180 s, the obtained images were integrated to one-
215 dimensional diagrams using Fit2D software.32 PdfGetX3
216 code33 was employed to transform the data into PDF patterns,
217 and the calculated PDF patterns were obtained by PDFGui
218 software.34

3. RESULTS AND DISCUSSION

219 3.1. Mineralogical Compositions of Hydrated Ce-
220 ments. The XRD patterns of the synthesized Fe products are
221 shown in Figure S1, with no impurity diffraction peak visible.
222 The crystalline phases in HCEM-V were mainly portlandite,
223 ettringite, AFm-SO4, calcite, mullite, and quartz, in a good
224 agreement with a previous study.3 The total Fe content of the
225 pure CEM-V/A was determined to be 3.3 wt % Fe oxide
226 composition, which should contain reducing Fe-(hydr)oxides
227 originally from BFS and FA (Text S3 and Figure S2). Besides,
228 an amorphous phase was detected, giving a broad peak at 2θ ∼
229 13.2°. As interpreted by Claret et al.,3 the amorphous phase
230 was not C−S−H5 but could be “proto-C−S−H”. The
231 distinction between C−S−H and the rest of the amorphous/
232 nanocrystalline matrix is seldom made in XRD studies due to
233 their poor crystallinity.35 Apart from this amorphous phase, no
234 visible peak attributed to C−S−H was observed. Regarding the
235 hydrated Fe-bearing CEM-V/A cements, in addition to the

236diffraction peaks of hydrated cement itself, the presence of
237corresponding iron phases also resulted in obvious diffraction
238peaks. In comparison to the blank hydrated cement, the
239corresponding amorphous phase in Fe-bearing cements
240showed a much weaker diffraction signal, indicating that the
241formation of the amorphous phase was largely inhibited in the
242presence of the nanosized (Figure S3) iron phases.
2433.2. S(-II) Leaching Kinetics and Se(IV) Sorption. The
244leaching kinetics of total sulfide species ([MBS], including S2−,
245Sn

2−, and H2S) from HCEM-V in the synthetic CPW was
246studied, and the total aqueous concentrations of Ca and S were
247recorded (Figure S4) as well. After equilibrating with HCEM-
248V, ∼0.4 mM more S was leached into the aqueous phase and
249∼30% of Ca2+ was adsorbed. With equilibrium time increasing,
250a considerable amount of sulfide leached out from HCEM-V.
251[MBS] reached the maximum value of 0.15 mM at 144 h.
252Aqueous sulfide could originate from the blending BFS, and its
253maximum concentration should be limited by the oxidants
254existing in HCEM-V, like Fe(III)-(oxyhydr)oxides.
255SeO3

2− sorption on HCEM-V particles was investigated by
256kinetics and batch sorption experiments. Concentration
257profiles of the kinetic experiment (Figure S5) indicated that
258total Ca and S concentrations kept almost constant during the
259reaction time. Besides, [Se]tot decreased rapidly from ∼0.18 to
260∼0.14 mM within 24 h and then continued to decrease slowly
261 t1even after 700 h. The batch sorption results are shown in Table
262 t11. After the reaction, [Ca]tot and [S]tot in all of the reactors
263stayed around 0.8 and 1.5 mM, respectively. All of the types of
264hydrated cement showed a good affinity to SeO3

2−, resulting in
265the Rd values ranging from 0.038 to 4.034 L g−1. C-NZVI
266showed the strongest affinity and the largest sorption capacity
267(Rd ∼ 4.034 L g−1) toward SeO3

2−. As expected, the largest
268MBS value (0.0472 mM) was determined in the C-NZVI
269reactor, suggesting that NZVI could protect sulfide from being
270oxidized. For reactors containing Fe-(oxyhydr)oxides, [MBS]
271was nearly identical at ∼0.03 mM, which was a little lower than
272the value in the HCEM-V reactor (∼0.04 mM).
273Se(IV) has the potential to oxidize S(-II) into S(0) and,
274consequently, to be reductively immobilized. The more
275reductive condition in the HCEM-V reactor compared to
276those with extra Fe-(oxyhydr)oxides, as indicated by the higher
277[MBS] value, could be partially responsible for its larger Rd
278value of 0.0676 L g−1. Certainly, cement hydration phases (e.g.,
279proto-C−S−H, AFm phase, and ettringite) with different
280proportions in different Fe-bearing cements should also
281contribute to the different Rd values, as these hydrates are
282widely considered as potential phases to remove anionic
283contaminants via surface adsorption and anion exchange.18,36,37

Table 1. Concentrations of Selected Aqueous Ions and the Retardation Factors in Se(IV) Reactors with an Equilibrium Time
of 30 Days, Approximatelya

cement type matrix [Ca]tot (mM) [S]tot (mM) [Se]tot (mM) [MBS] (mM) Rd (L g−1)

synthetic CPW 1.230(263) 1.510(14) 0.1789(32) 0.0002(1)
HCEM-V 0.787(208) 1.470(11) 0.1067(11) 0.0355(8) 0.0676(33)
C-Mag 0.789(201) 1.530(43) 0.1259(18) 0.0291(6) 0.0420(30)
C-Hem 0.747(206) 1.540(16) 0.1192(27) 0.0322(9) 0.0501(37)
C-Goe 0.804(222) 1.450(22) 0.1174(18) 0.0271(6) 0.0524(32)
C-NZVI 0.658(198) 1.620(35) 0.0043(1) 0.0472(9) 4.0346(912)
C-M/H 0.768(213) 1.560(29) 0.1247(19) 0.0335(7) 0.0435(31)
C-M/G 0.781(211) 1.700(9) 0.1296(29) 0.0333(9) 0.0380(35)

aPrior to introducing Se(IV), each type of hydrated cement equilibrated with CPW for ∼48 h. Standard errors are given by the number in brackets
on the last digit(s). The Se detection limit with our ICP-OES is 0.1 ppm.
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284 In addition, comparing with the leaching kinetic experiment of
285 HCEM-V (Figure S4), [MBS] values in batch sorption
286 experiments were generally lower probably due to the
287 introduction of the oxidant of Se(IV). In conclusion,
288 introducing Fe-(oxyhydr)oxides into the hydrated ternary
289 blended cement would not obviously enhance its uptake
290 performance toward SeO3

2−. The lack of reactivity enhance-
291 ment in the reactors with extra amounts of Fe-(oxyhydr)oxides
292 could be due to the inherent existence of reducing and
293 oxidizing Fe phases in blended cement.38,39 The sorbed
294 selenium species were further identified.
295 3.3. Se Species from Se K-Edge XANES. Sorption
296 products on the seven types of hydrated cement were analyzed

f1 297 by the LCF of Se K-edge XANES spectra (Figure 1). From the

298 LCF results listed in Table S2, it is found that the Se(IV)
299 reduction only occurred, to a large extent, on C-NZVI,
300 resulting in 68.1% FeSe and 6.9% Se0. Besides, a 20.5%
301 CaSeO3 contribution was quantified by LCF, probably
302 attributed to the co-precipitation of CaSeO3 or inner-sphere
303 surface complexes between Ca2+ and SeO3

2−. The spectrum of
304 C-NZVI cannot be reproduced perfectly by the three
305 references (Figure 1a), indicating that SeO3

2− could be
306 adsorbed on different hydrated cement products or reduced
307 by secondary phases generated from NZVI. For HCEM-V, Se
308 species were mainly composed of CaSeO3 and Na2SeO3,
309 suggesting that sorbed SeO3

2− may form inner-sphere
310 complexes (like CaSeO3) and outer-sphere complexes (i.e.,
311 water-coordinated SeO3

2−). For instance, sorbed SeO3
2− on the

312 AFm phase may form outer-sphere complexes, having similar
313 XANES features to Na2SeO3.

36 Besides, introducing a tiny
314 amount (∼0.7%) of Se0 minimized the reduced χ2 value,
315 though this low value falls within the uncertainty range. The
316 HCEM-V spectrum was subsequently used as a reference to
317 perform the LCF analysis of the other cement samples. For the
318 hydrated cement containing Fe-(oxyhydr)oxides, in addition to
319 the largest contribution of HCEM-V reference, small
320 percentages of FeSeO3 can be added to improve the fits,
321 indicating that SeO3

2− may complex with the Fe phases

322added.40 Indeed, the tiny amount of Se0 identified by the LCF
323analysis was inconclusive in the hydrated cement. However,
324qualitative observation of their XANES spectra shows changes
325at the energy position of the Se0 white-line peak (i.e., the sharp
326intense peak in the near edge) that can be considered
327significant.
328As shown in the inset of Figure 1b, the absorption intensity
329at the white-line peak position of Se0 increased, indicative of
330the formation of Se0. Note that the intensity increase for the
331blank hydrated cement was even larger than that for cements
332with the addition of magnetite, e.g., C-Mag and C-M/H.
333Typically, the effective reductants in the ternary blended
334cement could be Fe(II)-bearing phases and be sulfide
335phases.38,39,41,42 To reduce Se(IV), these phases could be
336even more effective than the nanosized magnetite introduced.
337The specific reductants at work need to be ascertained.
3383.4. Se K-Edge EXAFS. EXAFS spectra of samples HCEM-
339V and C-NZVI were also collected, together with some
340references, to determine the coordination environments of
341 f2sorbed selenium. The k3-weighted EXAFS oscillations (Figure
342 f22a) showed that the two samples resulted in quite different

343oscillation frequencies. After Fourier transformation, radial
344distribution functions (Figure 2b) were obtained showing the
345presence of multiple neighbor shells. The first neighbor shell of
346HCEM-V was fitted with three Se−O backscattering pairs at R
347= 1.69 Å, and the further shells could be reproduced by each of
348the two Se−Ca at R = 3.29 and 3.53 Å (Table S3). This Se
349complexation environment was similar to that of the CaSeO3
350reference, suggesting that most sorbed SeO3

2− on HCEM-V
351may co-precipitate with Ca or structurally coordinate with the
352Ca sites of hydrated cement products. In contrast, most Se on
353C-NZVI was within reducing species, with its first shell fitted
354with a CN ∼ 1.0 Se−Se pair at R = 2.37 Å and a CN ∼ 1.4 Se−
355Fe pair at R = 2.39 Å. Besides, a second neighbor shell with a
356Se−Se backscattering pair generated from the FeSe structure
357was added, which resulted in an improved fit. Thus, the Se
358coordination environment in C-NZVI can be described by that
359of Se0 and FeSe, in accordance with the species distribution
360obtained from the XANES data. This fact leads to predicting
361that the Se removal would be controlled by co-precipitation/
362incorporation on Ca sites or via a reductive precipitation
363process, when occurring in the bare hydrated cement phases or
364close to the embedded steel, respectively.

Figure 1. Se K-edge normalized XANES spectra. (a) Spectra of
Se(IV) sorbed on hydrated cement with LCF results and the related
Se references. (b) Normalized XANES spectra comparison of Se(IV)
sorption products and references of red Se0 and CaSeO3, showing the
reduction of Se(IV) to Se(0). The inset shows the extended XANES
spectra of cement samples at the energy position of the Se0 white-line
peak.

Figure 2. Experimental Se K-edge EXAFS spectra of HCEM-V and C-
NZVI samples and reference compounds. (a) k3-Weighted EXAFS
oscillations. (b) Fourier-transformed (not corrected for phase shift)
EXAFS signals. (c) Back-Fourier-transformed EXAFS signal. The gray
circles are the experimental data, and the solid lines are fit results.
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365 3.5. Reducibility of Steel Corrosion Products toward
366 Se(IV). Steel corrosion products are considered as good
367 scavengers for SeO3

2−. However, based on the above results,
368 their addition to hydrated CEM-V/A cement did not
369 significantly enhance the Se removal. Chemical interactions
370 between steel corrosion products and SeO3

2− in CPW were
371 investigated and compared to the results in the presence of
372 hydrated CEM-V/A cement. After ∼100 days of reaction, the
373 aqueous concentrations in equilibrium were determined (see
374 Table S4). Comparing to the cement-including cases (Table
375 1), [Se]tot in equilibrium and Rd values in the absence of
376 cement showed only small differences. The solid phases before
377 and after the reaction were studied by PDF analysis. After
378 equilibrating with SeO3

2−, NZVI transformed into Fe(OH)2
379 completely due to the oxidation by Se(IV) and H2O.

f3 380 Regarding M/H (Figure 3b), the correlation at ∼3.50 Å
381 decreased significantly after the reaction, which corresponds to
382 a decrease in the coordination number of the Fe−Fe scattering
383 pair from magnetite. In the magnetite structure, the bond
384 length of ∼3.50 Å is the distance between neighboring
385 tetrahedron and octahedron (Figure S6). In the inverse spinel
386 structure of magnetite, all tetrahedral sites are occupied by
387 Fe(III) and octahedral sites are occupied by both Fe(III) and
388 Fe(II). Our results point to the oxidation of Fe(II) sites by
389 Se(IV), leading to a change in the surface structure. A similar
390 phenomenon was observed in the case of M/G (Figure 3c). In
391 addition, the selenium-sorbed species have been investigated in
392 our previous work,22 showing that at least ∼50% sorbed
393 Se(IV) was reduced under similar experimental conditions.
394 The study indicated that both Fe(0) and magnetite still
395 showed strong reducing ability toward Se(IV) in hyperalkaline
396 CPW. In contrast, tiny amounts of Se(IV) were reduced in the
397 presence of hydrated cement, although the resulting Rd values
398 were almost the same. This suggests that the redox reactivity of
399 steel corrosion products can be greatly suppressed due to the
400 cement coatings. Besides, the nonredox Se(IV) sorption on
401 hydrated cement can decrease the amount sorbed on Fe
402 phases, weakening their chemical interactions.
403 3.6. Inherent Sulfur-Reducing Phases in CEM-V/A
404 Cement. To ascertain the leaching source of reduced sulfur, S
405 K-edge XAS was employed to characterize sulfur species in

f4 406 HCEM-V and C-NZVI. As shown in Figure 4a, their
407 normalized XANES spectra were quite similar, possessing a
408 main absorption peak at the energy position of the sulfate

409white-line peak. In CEM-V/A cement, most sulfur species have
410+6 oxidation state, such as S(VI) in gypsum, AFm phase, and
411ettringite. Besides, at least two small absorption peaks can be
412observed at lower energies, close to feature peak energies of
413FeS, FeS2, and S0. The absorption peak at ∼2471 eV can be a
414strong evidence for sulfide minerals. However, due to their
415small amount and different crystallinities, it was hard to
416identify the exact sulfide forms, e.g., Fe sulfide or other metal
417(e.g., Cu and Cd) sulfides. In addition, the very close white-
418line peak positions of FeS2 and S0 increased the difficulty of
419ascertaining the S species attributions at ∼2473 eV. Both S(-I)
420and S(0) species are potentially present in the hydrated
421cement. The k2-weighted EXAFS oscillations and Fourier-
422transformed EXAFS signals of HCEM-V and C-NZVI are
423shown in Figure 4b,c. Introducing NZVI did not result in an
424obvious difference in the sulfur spectra, indicating that Fe(0)
425cannot promote the formation of more sulfur-reducing species
426by redox reactions in the hydrated cement system.
427The signal oscillation frequency in k space and the signal
428neighbor shell at R + ΔR ∼ 1.17 Å were attributed to the four
429S−O backscattering pairs (d ∼ 1.48 Å) from SO4

2−. For the
430second shells, the backscattering peaks were quite weak as the
431major sulfur form, SO4

2−, mostly locates in the AFm phase and

Figure 3. Experimental PDF patterns of Se(IV) sorption products on Fe products (i.e., NZVI, M/H, and M/G) and calculated PDF patterns of the
related Fe products. (a) Experimental PDF of pristine NZVI and Se(IV)-reacted NZVI; calculated PDF references of Fe(cr)

0 and Fe(OH)2. (b)
Experimental PDF of magnetite, hematite, M/H couple, and Se(IV)-reacted M/H. (c) Experimental PDF of magnetite, goethite, M/G couple, and
Se(IV)-reacted M/G.

Figure 4. S K-edge XAS spectra. (a) Normalized XANES spectra of
HCEM-V, C-NZVI, and related S references. (b) k2-Weighted EXAFS
oscillations of HCEM-V and C-NZVI. (c) Fourier-transformed (not
corrected for phase shift) EXAFS signals.
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432 ettringite, in which SO4
2− is loosely bonded in the interlayer

433 and channels, respectively, thus receiving a weak backscattering
434 signal from further neighbor shells.36 Signal contributions from
435 the minor S species were not visible enough in the EXAFS
436 spectra, but these S forms, i.e., sulfides and bisulfides, were
437 critical for Se(IV) reduction.
438 3.7. Possible Redox Reactions Involving Se, Fe, and S.
439 In steel-reinforced concrete made with CEM-V/A cement,
440 reducing Fe phases (from steel reinforcements, BFS, and FA)
441 and sulfides (from BFS) contribute together to the reducing
442 capacity. The distribution of aqueous sulfide species was
443 investigated as a function of pH using CPW as the matrix. As
444 shown in Figure S7, S2− became the predominant species at
445 pH 13.5, which would be the main S(-II) form to participate in
446 redox reactions. ZVI can generate the lowest Eh values and
447 thus possess the strongest reducing ability. However, the active
448 surface of ZVI is often passivated by corrosion layers and
449 cementitious materials, lowering its control over the Eh value
450 that is then dominated by the products of steel corrosion. Our
451 previous study showed that the Eh value in the corroded steel
452 system was controlled by the amorphous Fe(OH)2/Fe(OH)3
453 couple, resulting in a value of −456 mV at pH 13.5.22 In spite
454 of the active ZVI surface which can even reduce H2O to H2(g),
455 the possible half-reactions involving Fe(II), S(-II), and Se(IV)
456 are

am am
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463 The ΔfG
0 values used are listed in Table S5. For each half-

464 reaction, the Eh values as a function of [S2−]aq or [SeO3
2−]aq at

465 pH 13.5 were calculated using the Nernst equation

E
G

nF
RT
nF

a
a

lnh
r

0
red

ox
= −

Δ
−

466 (7)

467 where R and F are the universal gas constant and Faraday
468 constant, respectively, n is the mol number of electrons
469 transferred, a is the chemical activity for the relevant species,
470 and ΔrG

0 is the standard Gibbs free energy of reaction.

471Generally, the oxidation of metal sulfides is controlled by
472two pathways, thiosulfate and polysulfide pathways.16,24 Unlike
473the thiosulfate pathway (for acid-insoluble pyrite), the sulfide−
474polysulfide−elemental sulfur pathway predominates for acid-
475soluble metal sulfides. As characterized by X-ray diffraction
476computed tomography (XRD-CT), the slag blended in CEM-
477V/A is more amorphous and thus contains more acid-soluble
478metal sulfides.3 In the course of polysulfide oxidation, more
479than 90% of the sulfide in a metal sulfide can transform to S0 as
480well as minor products of thiosulfate, polythionates, and
481sulfate. The two half-reactions of S0/S2− and SeO3

2−/Se0 were
482also confirmed with the experimental observation on the
483reaction between 0.15 mM S(-II) and 0.2 mM Se(IV) in CPW
484(Figure S8).
485The Eh value change as a function of [S2−]aq, [HS

−]aq, or
486 f5[SeO3

2−]aq for each half-reaction in CPW is plotted in Figure 5.

487At a fixed pH, the am-Fe(OH)3/am-Fe(OH)2 half-reaction
488always gives an Eh value of −456 mV, imposed together by all
489of the Fe phases in the reinforced concrete. The Eh curves of
490am-Fe(OH)3/am-Fe(OH)2 and S0/S2− intersected at (0.15,
491−456), indicating that the dissolved [S2−] in equilibrium can
492only reach ∼0.15 mM at −456 mV. Otherwise, the Eh values
493imposed by S0/S2− would be more negative than by am-
494Fe(OH)3/am-Fe(OH)2, leading to the oxidation of S2− to S0.
495This is in a good agreement with the S(-II) leaching kinetic
496study (Figure S4), showing that [MBS] reached the top at
497∼0.15 mM. As reported in the literature, much higher [S(-
498II)]aq was released from slags into cement pore solutions, e.g.,
499∼80 to ∼110 mM43 and ∼10 mM44 at pH ∼12. Those types of
500slags contain less than ∼1.0 wt % Fe2O3, while the slag in
501CEM-V/A ∼3.3 wt % Fe2O3.

3 The lower [S2−]aq in the current
502study could be due to the higher pH values and larger portions
503of Fe(III) phases, which originally existed in the supple-
504mentary cementitious materials (SCMs) and/or were from
505Fe(II) oxidations during storage. As a result, the predominant
506half-reaction of am-Fe(OH)3/am-Fe(OH)2 would limit the
507maximum [S(-II)]aq. After adding SeO3

2−, higher Eh values
508were imposed by the possible half-reactions of SeO3

2−/FeSe,
509SeO3

2−/FeSe2, and SeO3
2−/Se0, leading to a lower [S(-II)]aq of

510∼0.03 mM. The [S(-II)]aq decrease from ∼0.15 to ∼0.03 mM
511could account for the reductive precipitation of SeO3

2− to Se0.
512However, this is not fully supported by the observation of a
513tiny amount of Se0 in XANES spectra (Figure 1) probably as
514Se0 colloids were formed (Text S4 and Figure S9) but not fully

Figure 5. Redox potential change of each selected half-reaction as a
function of [S(-II)]aq or [Se(IV)]aq at pH 13.5. Fe(OH)3

−

concentration was set as 5 ppb, i.e., 10−7 M.
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515 collected by the 0.22 μm filter membrane. After a 30-day
516 reaction, [SeO3

2−]aq decreased to ∼0.10 mM, still giving a
517 higher Eh value than the S0/S2− curve. This indicated that the
518 redox reactions between Se(IV), S(-II), and Fe(II) have not
519 reached equilibrium after 30 days and more Se(IV) should be
520 reduced with a longer reaction time.
521 3.8. Environmental Implications. Considering that
522 reductive precipitation is one of the critical retardation
523 pathways for redox-sensitive RNs, especially for anionic RNs
524 that are more soluble and thus mobile in alkaline conditions,
525 reinforced cementitious structures designed for underground
526 nuclear waste repositories should retain a reducing capacity.
527 Satisfyingly, hydrated CEM-V/A cement itself shows a certain
528 reducing ability toward SeO3

2− even after a relatively short
529 interaction period (∼30 days) compared to the geologic time
530 scales. Obviously, cement hydration phases showed the major
531 retention capacity for SeO3

2− and immobilized the RN
532 analogue via nonredox reactions. According to the Se K-edge
533 XANES−EXAFS analyses, Se(IV) formed both inner-sphere
534 (with Ca sites) and outer-sphere complexes with the cement
535 hydrates. We assumed that the nonredox sorption of Se(IV)
536 could be largely determined by the anionic sites (outer surface
537 vs interlayer/interchannel) of the AFm and AFt phases, and
538 the Ca sites of C−S−Hs and portlandite.11 For a longer-term
539 interaction, reductive immobilization would play a more
540 critical role for redox-sensitive RNs. After thousands of years,
541 hydrated PC is expected to degrade into C−S−H gel and
542 aluminoferrite minerals and the pore solution pH to drop to 11
543 or even lower.45 Therefore, more reducing entities, e.g., Fe2+

544 and HS−, could leach out from the cement and participate in
545 redox reactions.
546 The chemical role of steel reinforcement was simulated by
547 introducing various Fe-(oxyhyr)oxides, their redox couples,
548 and Fe0 before cement hydration. Results showed that only Fe0

549 can largely promote Se(IV) reduction. Magnetite and Fe
550 couples have almost no effect on the reduction. In contrast,
551 introducing only Fe(III)-(oxyhyr)oxides weakened Se(IV)
552 reduction as the Fe(III) phases could oxidize the stronger
553 sulfide reductants.46 This indicates that in the PC−BFS−FA
554 ternary blended cement, the active reducing interfaces could be
555 controlled by the passivated iron, i.e., Fe(II)/Fe(III) inter-
556 face,22 and by sulfides. Their oxidation−reduction relationship
557 is shown in Figure 5. The resulting redox potential should be
558 weighted by their relative predominance. If sulfides predom-
559 inate over Fe-(oxyhyr)oxides, a considerable amount of
560 aqueous S(-II) can be released and the Eh could reach a
561 value lower than −456 mV at pH 13.5. Since am-Fe(OH)3 can
562 limit [S2−]aq via oxidation to a very low value, ∼0.15 mM, we
563 generally consider that the reducing ability is in the order of
564 Fe0 > S2− > am-Fe(OH)2. Besides, Fe

0 is not able to reduce
565 SO4

2− into a lower-valent sulfur species in CPW, as confirmed
566 by S K-edge EXAFS. The embedment of steel (Fe0) should
567 increase the total reducing capacity of reinforced cementitious
568 materials, but will be not likely to consequently increase the
569 apparent reducing impact with respect to RNs, as the steel
570 surface is always passivated and then corroded into Fe-
571 (oxyhyr)oxides. Therefore, the reactivity of steel could be
572 weaker compared to that of sulfides that can release soluble
573 S2−.
574 This work could serve as a guide for cement manufacturing
575 and selection of SCMs applied for nuclear waste repositories in
576 terms of redox potentials. For instance, introducing more
577 (bi)sulfide-rich granulated blast furnace slags in blended

578cements and less exposure to the air (e.g., fresh blended
579cement) can provide a better reducing ability, which should be
580beneficial for the long-term reductive immobilization of RNs.
581Besides, the redox and nonredox sorption sites determined
582here can also give some enlightened hints on the chemical
583interactions between reinforced concretes (the most widely
584used construction materials) and their surrounding contami-
585nants.
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