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Abstract

The uptake of selenate (Se¥'027) or selenite (Se™V037) by hardened cement paste (HCP) and important constituents of the cement
matrix such as calcium silicate hydrate (C—S—H), portlandite (CH), ettringite (AFt) and monosulfate (AFm) was investigated using X-ray
absorption spectroscopy (XAS). The XAS measurements were conducted on samples with Se loadings ranging between 1200 and
8800 ppm. X-ray absorption near edge structure (XANES) spectroscopy shows that redox reactions do not influence uptake processes in the
cementitious systems. The EXAFS (extended X-ray absorption fine structure) spectra of Se(IV) and Se(VI) bound to CH, AFt, AFm and
C—S—H are similar to those of SeO; and SeO3 ™ in solution, indicating a “solution-like” coordination environment upon uptake by the
cement minerals. Similarly, the spectra of Se(IV)- and Se(VI)-treated HCP samples reveal the absence of backscattering atoms at short
distances. These results suggest that the coordination sphere of the SeO3  and SeO3  entities is maintained upon immobilization by HCP

and cement minerals and non-specific interactions dominate at the given Se loadings.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Cement is commonly used worldwide to condition
radioactive and non-nuclear hazardous waste materials and
to construct the engineered barriers in repositories for
radioactive waste. The wide variety of mineral structures
available in the cement matrix that may accommodate ions
from the waste matrices is ideal for the immobilization of
many heavy metals and metalloid species. The mobility of
selenium in various types of wastes makes it of particular
concern to environmental aspects of waste management. Se
is often found in high concentrations in leachates due to its
enhanced mobility in alkaline media. For example, high Se
concentrations (>0.1 mg/L) were determined in water

* Corresponding author. Tel.: +41 310 22 91; fax: +41 56 310 45 95.
E-mail address: erich.wieland@psi.ch (E. Wieland).

0008-8846/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.cemconres.2005.05.003

leaving the coal ash disposal pond of coal-fired power
plants and coal mines [1,2], whereas lower Se concen-
trations (<0.1 mg/L) were found in leachates from
municipal waste incineration (MSWI) air pollution control
(APC) residuals [3]. In radioactive wastes, the fission
product "°Se (¢;,, ~7-10* years) may significantly contrib-
ute to the dose curve of radionuclides released from the
cementitious near field of a repository [4].

Under typical conditions prevailing in cementitious
systems (pH=12—14, —400 mV <E;<+200 mV) [5], Se
speciation is dominated by selenate (Se¥'0F") or selenite
(Se™Y037) oxyanions, respectively [6]. Under these con-
ditions Se species were found to be immobilized by
cementitious materials [7,8]. For example, relatively high
distribution ratios (Rq) for SeO3 ~ uptake by various cement
formulations have been reported (0.25 m> kg™ ' <R4<0.93
m® kg~ ') by Johnson et al. [7], indicating significant
interaction of the species with the cement matrix. Sorption
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studies carried out on the cement minerals calcium silicate
hydrate, ettringite, and monosulfate revealed a similar
affinity of SeO3  for all these phases (0.18 m® kg~ '<
R4<0.38 m® kg~ ") [9]. In contrast, SeOF was found to
sorb more strongly on monosulfate (Rq ~2 m® kg~ ') than
on the other cement minerals and SeOf /SO3 ™~ substitution
was suggested to be the dominant uptake process [9]. At
present, however, it still remains to be known how Se
species are bound in the complex cement matrix. Spectro-
scopic investigations of SeO3 and SeOj  binding in the
cementitious materials were expected to fill this existing gap
in our knowledge.

X-ray absorption spectroscopy (XAS) has been proven
useful in investigations of the oxidation states and binding
mechanisms of metal cations and anions in cementitious
systems [10—21]. For this reason it was anticipated that Se
K-edge XAS will provide information about changes in the
redox state of the SeO3  and SeO3 ~ species upon uptake by
hydrated cement and cement minerals and, further, yield
details of the local coordination environment of these
species in cementitious systems (neighboring atoms, coor-
dination number, and bond distances). The present XAS
study was performed to investigate binding mechanisms of
SeO7  and SeOZ to hardened cement paste (HCP) and
important cement minerals, such as calcium silicate hydrate
(C-S-H), portlandite (CH), ettringite (AFt) and mono-
sulfate (AFm).

2. Material and methods

2.1. Preparation of XAS samples and wet chemistry studies
on HCP

Sample preparations and wet chemistry studies were
carried in a glove box (N, atmosphere; CO,, O, <2 ppm;

7= 25+3 °C). The experiments were performed under a N,
atmosphere to avoid possible contamination caused by
CaCO; precipitation. HCP was prepared from sulphate-
resisting Portland cement as described earlier [22,23] and
the C—S—H gel (Ca0:SiO, (C:S) weight ratio=1.0)
employed in the experiment was synthesized using a
standard procedure [24]. CH was used as received
(Ca(OH),, Merck). AFt (3Ca0O-Al,03:3CaS04-32H,0)
and AFm (3Ca0O-Al,05:CaSO,4'12H,0) preparations are
reported in Baur and Johnson [9]. Prior to the experiments,
HCP, CH and C-S—-H were pre-equilibrated in an
artificial cement pore water (ACW) at pH 13.3 in order
to avoid interference of phase transformation reactions
with the uptake process. ACW had the composition of
a cement pore water corresponding to the initial stage
of cement degradation (Table 1) [23]. AFt and AFm
were suspended in pre-saturated solutions as described
earlier [9].

Se™V stock solutions were prepared by dissolving
Na,SeO4 or Na,SeO5-5H,0 in ACW (HCP, C—S—H, CH)
or in pre-saturated solutions (AFt, AFm). HCP, C—S—H and
CH samples were prepared by mixing 1 g crushed HCP or
CH, respectively, or 7 g wet C—S—H with 36 mL ACW. Se
stock solutions at 4 mL aliquots were added to achieve an
initial Se concentration of 5-10~> M in the suspensions. AFt
and AFm samples were prepared by mixing 1 g dry material
with pre-saturated solutions (AFt: 500 mL, AFm: 100 mL)
and adding Se stock solutions (1Se™"""=5-10"3 and
5-10"% M). The suspensions were shaken end-over-end
(HCP, C—S—H, CH: 60 days; AFt, AFm: 30 days) and
centrifuged (60 min at 95,000xg). Aliquots of the super-
natant solutions were analysed by ICP-AES (inductively
coupled plasma-atomic emission spectrometry). The resid-
ual wet solids were sealed with Kapton tape in plexiglas
holders and used for the XAS measurements. Details about
the Se samples are given in Table 1. It is to be noted that a

Table 1

Chemical conditions of Se(IV/VI) sample preparation for XAS

Sample Solid (g L™ ") Solution pH* Curingb (days) [Selior (mM) [Selsorbed (Ppm) Aging (days)
Se(lV)

SeV-C-S-H°® 17.5 13.3 6 5 1500 60
Se'V—CH 25 13.3 3 5 2400 60
Se'V—AFt 2 11.0 6 5 8800 30
Se'V—AFm 10 11.7 6 10 5700 30
Se'V—HCP 25 13.3 3 5 5000 60
Se(VI)

SeVl-C-S-H° 17.5 13.3 6 5 1200 60
SeV'-CH 25 133 3 5 1600 60
SeVI- AFt 2 11.0 6 5 3900 30
SeV'-AFm 10 11.7 6 10 7300 30
SeVI-HCP 25 13.3 3 5 2200 60

# C—S—H and CH were pre-equilibrated with ACW ([Ca]= 1.6-1073 M, [Na]=0.114 M, [K]=0.18 M). For HCP, the chemical composition of ACW was
complemented by adding Al(III) and SOF~ ([Ca]=1.6-10"> M, [Na]=0.114 M, [K]=0.18 M, [Al]=5-10"> M, [S]=2-10"> M). AFt and AFm were suspended

in pre-saturated solutions [9].

b Curing refers to pre-equilibration of the solid in the corresponding solution.

¢ The water content was determined to be about 90 wt.% upon drying wet C—S—H at 100 °C until constant weight. C:S weight ratio=1.0.
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minimum Se loading of 1200 ppm was required to allow
optimal measuring conditions.

XAS reference samples were prepared by diluting
CaSeO; and CaSeO,42H,O with cellulose. Synthesis of
the solids is reported in Baur and Johnson [9]. Further,
reference data were collected for Se(IV) and Se(VI) stock
solutions in ACW (denoted as Se'YO3~ and Se“'07~
reference samples).

Two sorption isotherms for Se(IV) and Se(VI) were
determined on HCP in ACW (solid to liquid (S/L) ratio=
251072 kgL', 5:107* M<[Se]ie< 10~ % M) to assess the
concentration range for linear sorption in these systems. The
suspensions were shaken end-over-end for 15 days to reach
equilibrium and centrifuged (60 min at 95,000 x g). Aliquots
of the supernatant were analysed by ICP-AES. The
partitioning of Se between solid and solution was quantified
in terms of a distribution ratio (Ry value):

Cs Ctot — Caq V) 3 -1
Rij=—=|——)(— m’k; 1
‘ Caq ( Caq > (m [ s ] M

where ¢ and c,q denote Se concentrations measured on the
solid [mol kg™ '] and in solution [mol L™ '], respectively, at
equilibrium. The difference between total Se concentration
added to the suspensions (cy) and the Se concentration of
the supernatant solution after phase separation (c,q) repre-
sents the Se concentration on the solid. /" and m denote the
volume of the suspension [m’] and the mass of solid phase
[kg], respectively.

2.2. Se K-edge (12.6 keV) X-ray absorption spectroscopy

The XAS measurements were conducted at the Swiss
Norwegian Beam Line (SNBL) at the European Synchro-
tron Radiation Facility (ESRF), Grenoble, France, using a
channel cut crystal monochromator (Si 111) in transmission
(ionization chambers; 7y: 90% N,/10% Ar; I1: 70% N,/
30% Ar) and fluorescence modes (Lytle detector; 100% Kr;
As-3 filter). A Se metallic foil was used for energy
calibration. The measurements were performed at room
temperature with the CO, sensitive samples placed inside an
airtight box flushed with N,.

Treatment of the extended X-ray absorption fine structure
(EXAFS) data was conducted using the set of programs
‘EXAFS pour le Mac’ [25] and standard methods: pre-edge
extrapolation by a linear function, atomic absorption
removal using a sixth order polynomial function, normal-
ization by the Heitler—Heisenberger method. The origin
energy, E(, was assigned to the maximum of the absorption
edge. The pseudo radial distribution functions (PRDFs)
were obtained by Fourier transformation of the k*-weighted
EXAFS oscillations (k-range: 2.5—14.2 A~ ") using a Kaiser
apodization window (7=3). In the Se(VI)-HCP sample, a
feature at ~10 A was detected (see Fig. 4b), which is
attributed to Ly; Pb edge (13035 ¢V) features caused by
small amounts of Pb impurities in HCP (39 ppm). In order
to avoid this contribution in the Se(VI)-~HCP PRDF, it was

necessary to perform the Fourier transformation (FT) in the
2.5-9.5 A~ k-range, instead of the 2.5—14.2 A~ ' k-range
used for the other samples. As a consequence, the Se(VI)-
PRDF has a lower resolution (broader peak in Fig. 4a).

Data fitting was performed using the ‘Round Midnight’
code and FEFF7 phases and amplitudes [25,26]. The fits
included only single scattering features based on the
assumption that linear chains of three or more atoms are
unlikely in these systems, and thus, the multiple scattering
paths are negligible. The reduction factor, Sg, and the mean
free path, I' (=k/A(k)), were included in the fit as given by
FEFF7. The shift between the E, value fixed in the
experimental spectra and the E, value used by FEFF7 was
determined from simulations of the EXAFS spectra for the
reference compounds (Se': AEy=6.7 eV; Se¥": AE,=5.3
eV). For the sorption samples, AE, was bound by the values
determined for reference compounds (4<AE;<8 eV) and a
unique energy threshold AE, was fitted for all shells of an
adjustment. The fitted ky(k) functions were obtained by
inverse Fourier transformation (R range=0.9—-1.5 A). To
account for the low intensity of high-k EXAFS oscillations,
fitting was conducted using the weighting function w(k)
(w(k)=k*?/A4; A: mean of the standard deviation pondered
by ¢, which was set to 1.5). Floating parameters for the first
peak analysis were the Debye—Waller factor, o, and the Se—
O distance, R. The statistical error bars on the fitted
parameters were calculated using the procedure described
earlier [27,28].

3. Results and discussion
3.1. Wet chemistry

Fig. 1 shows the Se(IV) and Se(VI) sorption isotherms
for HCP. CaSeOj; solubility limit is estimated at about
[Selv]aq=3 10~ % M using reported thermodynamic data [9].
CaSeQ, precipitation can be excluded in the concentration
range [SeVI]aq<1072 M. The sorption isotherms are of
Freundlich type (slope <1) with R4 ranging in value
between 0.02 m® kg~ ' (high [Se]: concentration range)
and 0.2 m® kg~ ' (dilute [Se],, concentration range) for
Se(IV) and between 0.002 m® kg~ ' (high [Se]) and 0.02
m® kg~ (low [Se]i) for Se(VI).

The R4 values for Se(IV) are lower than those previously
reported in Ref. [7] (0.57 m? kg '<R4<0.93 m’ kg~ ). The
discrepancy between the two sets of data is attributed to
different procedures used for the preparation of the cement
formulations (e.g., water to cement ratio (w/c)=0.45-0.55
in Ref. [7] compared with w/c=1.3 in this study) and
differences in the experimental conditions (e.g., pH=12.4 of
an NaOH-containing wash solution [7] compared with
pH=13.3 of the ACW employed in this study). It is to be
noted that [Se],o was at maximum 1.9:107> M in the study
of Johnson et al. [7], whereas in this study, [Se], ranges in
value between 5107 ° and 1072 M. Interestingly, the
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Fig. 1. [Se(IV)] (a) and [Se(VI)] (b) sorbed on HCP are shown as a function
of [Se],q after equilibration. Experimental conditions: HCP in ACW (S/L
ratio=2.5-10"2 kg L™ "), 510 ®<[Se],o;< 102 M, equilibration time=15
days. CaSeO; solubility was calculated using the thermodynamic data
reported by Baur and Johnson [9]. Solubility and stability constants were
adjusted for the ionic strength of the solution using the Davies equation.

discrepancy in the R4 values is less pronounced if data
determined in the same Se(IV) concentration range are
compared. Ry values differ by less than a factor of 4 at
[Selie <1.9:107° M, which is expected to be the
experimental uncertainty range in view of the different
experimental protocols used in the two studies. Furthermore,
Johnson et al. [7] observed linear sorption in the Se(IV)
concentration range between 810~ % and 5-10~> M. This
suggests that, at low loadings, one specific type of site is
available for Se(IV) binding to a specific cement mineral of
the cement matrix.

Site saturation may cause deviation from linear sorption
at increased Se(IV/VI) concentrations as observed in this
study. The Freundlich type sorption behavior at high
loadings implies Se(IV/VI) binding to various surface (or
exchangeable) sites in terms of non-specific interactions
with the cement matrix. The lower Ry value of Se(VI)
compared with Se(IV) finally reflects the previously
reported higher mobility of the SeOF ~ anion [4]. From the
above discussion it clearly emerges that a comparison of the
sorption behavior of Se(IV/VI) in the different cement

system, which is solely based on wet chemistry data, is
speculative due to lack of knowledge on the sorption
processes. This situation can only be improved by using
spectroscopic techniques, which yield molecular-level
information of the binding mechanisms of Se(IV/VI) oxy-
anions in the different cement matrices.

3.2. XANES

The X-ray absorption near edge structure (XANES)
spectra for the HCP and reference samples are shown in Fig.
2. The XANES spectra are highly characteristic of the
Se(IV) and Se(VI) oxidation states. A shift of ~3 eV is
observed between the white lines (edge maximum) of the
Se(IV) and Se(VI) species. The white line is followed by
strong oscillations caused by the three or four oxygen,
respectively, of the rigid SeO3~ and SeO;  anions.

The typical XANES features of the CaSeO; and CaSeO,
compounds (12,675-12,700 eV) do not appear in the
spectra of the HCP samples (Fig. 2). This indicates the
absence of CaSeO; and CaSeOQ, precipitates in the samples,
corroborating the findings from the wet chemistry experi-
ments (Fig. 1). Furthermore, the edge positions clearly
correspond to the expected oxidation states, that is Se(IV)
and Se(VI), suggesting that the oxidation states are stable
under the given experimental conditions and that the SeO3
and SeOj  entities are preserved upon uptake by HCP.
Thus, despite the negative potential determined in the
suspensions during preparation of the Se(IV)- and Se(VI)-

\% 2-
Se O3

Se(VI)-HCP
Vi~ 2-
Se"O,

VI
CaSe"O 4.2H20

. setvce |

Normalized absorption

1 1
12700 12750
E (eV)

12600 12650 12800

Fig. 2. Se K-edge XANES spectra of Se reference compounds (Se'¥ 03~
and Se¥'03~ solutions; CaSe'VOs(s) and CaSeY'O4(s)) and of Se
immobilized by HCP (Se(IV)—HCP and Se(VI)—HCP).
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treated cement samples (—300 mV<FE,<—100 mV) and
the positive potential of the Se(VI)/Se(IV) redox couple
(En(Se¥'077/8¢"V077)=+50 mV) [29], no significant
reduction of Se(VI) to Se(IV) was observed for time periods
up to 60 days.

3.3. EXAFS of Se(1V) immobilization by HCP and cement
minerals

Fig. 3a and b show the PRDF and the k-weighted
EXAFS data of the Se(IV)-treated HCP and cement mineral
samples and relevant reference compounds. All the spectra
reveal a single oscillation with comparable frequency and
amplitude, indicating similar coordination environments for
Se(IV) in these samples. The PRDF for all the samples, i.e.,
the Se(IV) references (SeO3 (aq), CaSeOs) and the sorption
samples (Se(IV)-HCP/C-S—H/CH/AFt/AFm), show a
characteristic peak at 1.3 A (not corrected for phase shift)
(Fig. 3a). Peaks at longer distance appear in the CaSeO;
PRDF (R range between 2.5 and 4.5 A). In contrast, the
PRDF for all sorption samples are similar to that of the
SeO3 in solution and shows no further peak above the
noise level (Fig. 3a).

Since the FT spectra show no further PRDF peaks at
longer distance, the structural information obtained from
EXAFS data analysis is limited to the first coordination
shell. It is further assumed that the triangular coordination of
Se(IV) with oxygen remained intact upon uptake of the
anion by the cement matrix and cement minerals. This
assumption is supported by the XANES (Fig. 2) and the fact
that the EXAFS spectra of the sorption samples and the
aqueous SeO3  species reveal a single oscillation with the

Se(IV)-HCP

Se(IV)-C-S-H

Se(IV)-CH

Magnitude

Se(IV)-AFt
Se(lV)-AFm

2-
SeO3

CaSeO3

R(A)

same frequency and amplitude (Fig. 3b). For this reason, the
number of oxygen first neighbors was fixed at 3 in the
fitting and only one Se—O shell was considered. The
goodness of fits (2.9%<rf<4.8%) further supported this
approach (Table 2). Se—O distances deduced from data
analysis are found to be identical for all the samples (1.70
A) within the experimental error (+0.01 A). Furthermore,
the Se—O distance deduced in this study agrees with
literature data [30].

The absence of any contributions from second neighbors
indicates that SeO7~ is bound in a “solution-like” chemical
environment by the cement matrix and the cement
minerals. This finding further suggests that non-specific
interaction with the surface of C—S—H, CH, AFt, and AFm
occurs or SeO3  incorporation into the structure of the
cement minerals, e.g., AFt and AFm, takes place without
any direct bonding to neighboring atoms at distances
shorter than ~3.5 A. The absence of any significant
backscattering contributions from atoms at short distance in
the cementitious systems is noteworthy because direct
bonding of Se(IV) has previously been reported on iron
and manganese oxides (inner-sphere surface complexation)
in the near neutral pH range (5—8) and similar surface
loadings (600—10,000 ppm) [31,32]. In these studies
SeOF~ was found to form bidentate mononuclear (edge-
sharing) or monodentate mononuclear (corner-sharing)
complexes with the Fe and Mn surface sites. The bond
distances between Se and the second shell atoms, i.e., Se—
Fe and Se—Mn bond lengths, were determined to be 3.38
[31] and 3.07-3.49 A [32], respectively, depending on the
structural arrangement of Se(IV) on the solid surface. For
the cementitious systems investigated in this study, wet

kx (k)

Se(IV)-HCP
Se(IV)-C-S-H
Se(IV)-CH
Se(IV)-AFt
Se(IV)-AFm
Se0,”

CaSeO3
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o
©
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Fig. 3. a. Experimental Se K-edge PRDF modulus (—) for Se(IV) bound to solid materials (HCP, C—S—H, CH, AFt, and AFm) and for the Se(IV) reference
compounds (Se'V03~ solution and CaSe'v5(s)) compared with simulated modulus (---) (see Table 2 for fitting results). b. Corresponding experimental Se

K-edge EXAFS oscillations.
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Table 2

Coordination numbers (&), interatomic distance (R), Debye—Waller factor
(az) and inner potential correction (AE() as obtained from EXAFS Se K-
edge data analysis

Sample Shell N* RI[A] 621073 [A%] AE,[eV] 1f°
References

CaSe'V 0, Se-O 3 1.70+0.01 1.8+0.1 6.7 3.1
Se'Vo3~ Se-O 3 1.70+0.01 1.4+0.2 6.7 33
CaSe¥'0, Se-O 4 1.64+0.01 42+0.5 53 2.6
SeV'o3~ Se—O 4 1.64%0.01 3.4+0.7 53 6.9
Se(IV) sorption samples

Se'V—HCP Se-O 3 1.70+0.01 1.0£0.3 6.7 4.0
SeV-C-S-H Se-0O 3 1.70+0.02 1.6+0.8 6.9 2.9
Se'V—CH Se-O 3 1.70+0.01 1.0£0.3 7.0 3.3
Se'V— AFt Se-O 3 1.70+0.01 22+04 7.0 4.8
Se'V—AFm Se-O 3 1.70+0.01 1.8+0.4 7.0 44
Se(VI) sorption samples

SeV-HCP Se-O 4 1.65+0.04 1.0£0.5 5.0 6.2
SeV'-C-S-H Se-0 4 1.65+0.01 1.3+03 7.1 1.7
SeV'-CH Se-O 4 1.65+0.02 1.0£0.7 7.1 7.4
SeVI- AFt Se-O 4 1.65+0.01 1.0£0.3 5.7 2.1
SeV'-AFm Se—O 4 1.65+0.01 1.7+0.4 7.1 3.5

# Value held fixed during the fitting procedure.
° Residual factor (i’f — M 100) represents the quality of
the fit (%). Yy kzexpl”

chemistry experiments indicate a significant interaction of
Se(IV) with the cement matrix and cement minerals, which,
according to the EXAFS results, cannot be attributed to the
specific binding of Se(IV) to cement minerals. One may
speculate that a significant degree of disorder in the
population of the second shell atoms (Ca, Al, Si) in these

Se(VI)-HCP

Se(VI)-C-S-H

Se(VI)-CH

kx(K)

Se(VI)-AFt

Magnitude

Se(VI)-AFm

2-
SeO )

CaSe0,-2H,0

R (A)

minerals gives rise to destructive interference of the single
scattering paths and therefore an apparent reduction in
backscattering. Nevertheless, it should be noted that non-
specific binding of Se(IV) to cement minerals was
previously suggested by Baur and Johnson [9] based on
sorption experiments. The authors found that SeO3~ did
not bind preferentially to any of the important cement
minerals, i.e., AFt, AFm and C—S—H, at Se(IV) loadings
similar to those used in the present study.

3.4. EXAFS of Se(VI) immobilization by HCP and cement

minerals

Fig. 4a and b show the PRDF and the k-weighted
EXAFS data of the Se(VI)-treated HCP and cement mineral
samples and relevant reference compounds. The spectra
reveal features already found in the Se(IV) samples, i.e., a
single oscillation with comparable frequency and amplitude,
indicating similar coordination environments for Se(VI) in
all the samples. The EXAFS spectra of the sorption samples
and the aqueous SeO3~ species are identical. Nevertheless,
the spectra are very different from the one of CaSeO, (Fig.
4b). Note that the low signal/noise ratio in the EXAFS
spectra of the Se(VI)-C—S—H/CH samples is caused by the
low Se(VI) loadings.

As in the case of Se(IV), the structural information
obtained from EXAFS data analysis is limited to the first
coordination shell because the FT show no further PRDF
peaks at longer distance. Furthermore, it is assumed that the
SeOZ~ structural entity remained upon uptake of the anion
by HCP, C—S—H, CH, AFt and AFm. This assumption is

Se(VI)-HCP
Se(VI)-C-S-H
Se(VI)-CH
Se(VI)-AFt
Se(VI)-AFm
Se0,”

CaSeO4-2H20

4 6 8 10 12 1
k(A

i

Fig. 4. a. Se K-edge PRDF for Se(VI) bound to solid materials (HCP, C—S—H, CH, AFt, AFm) and for the Se(V1) reference compounds (Se¥'03~ solution and
CaSe"'04(s)) compared with simulated modulus (---) (see Table 2 for fitting results). b. Corresponding experimental Se K-edge EXAFS oscillations.
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supported by XANES (Fig. 2) and the goodness of the fit
results (Table 2). The Se—O distances determined from the
EXAFS data are found to be identical for all the samples
(1.64 A) within the experimental error (+0.01 A). As in the
case of Se(IV), this finding suggests a “solution-like”
coordination environment for SeO3~ bound in the cement
matrix and further implies non-specific interaction with the
surface sites of the cement minerals or SeO3 ~ incorporation
into the structure of the cement minerals with no specific
bonding to neighboring atoms. Interestingly, the non-
specific interactions give rise to small but measurable
uptake of SeO3~ by the cement matrix and cement minerals
as observed from the wet chemistry experiments in this and
a previous study [9]. It should be noted that, as in the case of
Se(IV), EXAFS has indicated SeO3 binding to surface
sites of iron oxyhydroxides either as outer-sphere [31,34] or
inner-sphere complexes [33,34]. Therefore, the absence of
backscattering atoms in the cementitious systems within the
distance probed by EXAFS (~5 A) was not anticipated in
view of these earlier studies.

The first peak in the Se(VI)-AFm PRDF appears to be
lower than in the spectra of the other sorption samples (Fig.
4a). The corresponding fit gives rise to a higher Debye—
Waller factor (Table 2), which may indicate a larger
distribution of Se—O distances upon uptake by AFm.
Nevertheless, the results show that the chemical environ-
ment of SeOF ™ is “solution-like” in AFm within the ~5 A
distance probed by EXAFS. Substitution of SO; ~ by SeO3
in AFm was recently proposed to be the main binding
mechanism of Se(VI) in cement systems [9]. SO;~ is
expected to be bound in the AFm interlayers in between
hexagonal lamellar platelets together with neighboring
water molecules [35]. The results of this study are in
agreement with a model based on the replacement of SO;~
by SeO3 ", which would imply that water molecules are the
only nearest neighboring species.

4. Conclusion

In this study we demonstrate that Se K-edge XAS is
capable of yielding information about SeO3  and SeO3
speciation in cementitious materials. Redox reactions do not
influence uptake processes in the cementitious systems as
both Se(IV) and Se(VI) oxidation states are found to be
stable under the given experimental conditions for time
periods up to 60 days. The SeO3  and SeO;  structural
entities undergo no modification upon uptake by HCP and
the cement minerals AFt, AFm, CH and C—-S—H. The
spectra for the SeO3 and SeO3 -treated HCP and cement
mineral samples reveal a chemical environment of the
sorbed species similar to those of the aqueous SeO3  and
SeO3~ species (“solution-like” chemical environment). The
absence of backscattering atoms within the distance probed
by EXAFS suggests: (1) non-specific interaction of the
SeO3 and SeOF~ species with the surface of the cement

minerals or (2) incorporation of these anions into the
structure of the minerals with no direct bonding to
neighboring atoms, presumably into channels and inter-
layers in the lattice of these phases.
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