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Abstract

The Se(VI)-analogues of ettringite and monosulfate, selenate-AFt (3CaO�Al2O3�3CaSeO4�37.5H2O), and selenate-AFm (3CaO�
Al2O3�CaSeO4�xH2O) were synthesised and characterised by bulk chemical analysis and X-ray diffraction. Their solubility products were

determined from a series of batch and resuspension experiments conducted at 25 �C. For selenate-AFt suspensions, the pH varied between

11.37 and 11.61, and a solubility product, log Kso = 61.29 ± 0.60 (I = 0 M), was determined for the reaction 3CaO�
Al2O3�3CaSeO4�37.5H2O+ 12 H + () 6Ca2 + + 2Al3 + + 3SeO4

2 � + 43.5H2O. Selenate-AFm synthesis resulted in the uptake of Na, which

was leached during equilibration and resuspension. For the pH range of 11.75 to 11.90, a solubility product, log Kso = 73.40 ± 0.22 (I = 0 M),

was determined for the reaction 3CaO�Al2O3�CaSeO4�xH2O + 12 H + () 4Ca2 + + 2Al3 + + SeO4
2 � +(x + 6)H2O. Thermodynamic

modelling suggested that both selenate-AFt and selenate-AFm are stable in the cementitious matrix; and that in a cement limited in

sulfate, selenate concentration may be limited by selenate-AFm to below the millimolar range above pH 12.
D 2003 Published by Elsevier Ltd.
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1. Introduction

The crystalline calcium sulfoaluminate hydrates, ettrin-

gite (3CaO�Al2O3�3CaSO4�32H2O, an AFt phase, column-

like structure), and monosulfate (3CaO�Al2O3�CaSO4�
12H2O, an AFm phase, lamellar structure) are formed

during cement hydration. Ettringite is a product of the early

hydration stage. Depending on the cement composition and

the availability of CO3
2� , ettringite either persists or is

converted to monosulfate [1].

Both calcium sulfoaluminate hydrates have the ability to

combine with a number of cations and anions, which makes

them important with regard to waste immobilisation in

cementitious matrices. Sulfate-substituted ettringites have

been reported and synthesised for AsO4
3 � , B(OH)4

� ,

CO3
2� , CrO4

2� , NO3� , OH � , SeO4
2� , SO3

2� , and

VO4
3 � [2–6]. In the AFm phase, B(OH)4

� , CrO4
2 � ,

MoO4
2 � , SeO4

2 � , and SO3
2 � may serve as interlayer

anions [7–10]. Substitution of Se oxyanions is of particular

interest because in nuclear waste management, Se is con-

sidered to have a high priority in the safety assessment [11].
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Under oxygenated conditions, the oxyanionic species

selenite (SeO3
2� ) and selenate (SeO4

2� ) are the predom-

inant forms of Se. There is evidence to suggest that both

selenite and selenate are stable in the cement matrix [12].

Selenite generally sorbs more strongly than selenate, this

being attributed to its binding via inner-sphere complexes.

Under acidic conditions, selenate may also form inner-

sphere complexes. However, at high pH (>10), as found

in cementitious systems, both selenite and selenate reach a

sorption minimum [13–15]. In a previous study, the sorp-

tion of selenite and selenate to cement minerals was inves-

tigated [16]. It was found that selenite sorption was

approximately the same for calcium silicate hydrate (C-S-

H), ettringite, and monosulfate. The distribution ratios, Rd,

found (0.18 to 0.38 m3 kg � 1) were similar to those

determined previously for different cement formulations

[17]. It was suggested that selenite was sorbed by surface

complexation, until, at elevated selenite additions, CaSeO3

was precipitated [16]. Substitution of sulfate by selenite in

ettringite and monosulfate might have occurred, but it is

quantitatively unimportant. Selenate showed a quite differ-

ent behaviour. Its sorption on C-S-H and ettringite was only

weak (Rd values were found to be < 0.01 and 0.03 m3

kg� 1, respectively). In contrast, when selenate was added
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to monosulfate suspensions, 80% of the added selenate was

sorbed within minutes (Rd = 2). X-ray diffraction analysis

indicated a change in monosulfate interlayer distances with

increasing selenate additions. In parallel, an increasing

amount of ettringite was found in the sample. This led to

the suggestion that selenate substituted for sulfate in mono-

sulfate, while the exchanged sulfate precipitated in ettrin-

gite. To the knowledge of the authors, fully selenate

substituted monosulfate (selenate-AFm) has not been

described in the literature. In contrast, fully selenate sub-

stituted ettringite (selenate-AFt) has been synthesised and

characterised before [18]. However, no thermodynamic data

are available.

The purpose of this study was to synthesise and charac-

terise the selenate analogue of monosulfate (selenate-AFm)

and to determine its solubility product. In addition, the

solubility product of selenate-AFt was established. Ther-

modynamic modelling with the obtained values was per-

formed in order to assess the importance of the calcium

aluminium selenate hydrates in the immobilisation of sel-

enate in cementitious systems containing sulfate.
Fig. 1. Concentrations of Ca2 + (filled symbols) and SeO4
2� (open

symbols) in solution as a function of time in suspensions of selenate-AFm

(squares) and selenate-AFt (triangles) at LS 250.
2. Experimental

2.1. Materials

All chemicals were at least of p.a. grade. To prevent a

CO2 contamination, all handling of material, the sampling,

and the pH measurements were undertaken in a glovebox

(Mecaplex) equipped with a CO2 scrubber ( pCO2 < 1 ppm,

DMP). Solutions were prepared using boiled ultrapure water

(millipore). Low-density polyethylene bottles and HDPE-

centrifuge tubes were leached with acid (� 0.1 M diluted

from concentrated HNO3) for at least 24 h and rinsed with

ultrapure water three times. The same procedure, but with a

more diluted HNO3 solution (� pH 4), was used to leach

and rinse 0.45 mm nylon filters (Whatman).

2.2. Mineral synthesis

In a first attempt, selenate-AFt was synthesised by

mixing a CaO suspension with a solution containing stoi-

chiometric amounts of Na2O�Al2O3 and Na2SeO4. This

method is also called the ‘‘paste reaction’’ and can be used

to prepare pure sulfate-AFt [19]. However, the resulting

solid could not be identified as selenate-AFt. Another

method used to prepare AFt phases is the ‘‘saccharate

method,’’ which involves a lime–sucrose complex [18]. It

has been shown before that the paste reaction and the

saccharate method can result in differently shaped crystals

[4], and that sulfite-AFt could only be synthesised using the

saccharate method [20]. In consequence, selenate-AFt was

prepared successfully according to the saccharate method

from stoichiometric amounts of Na2O�Al2O3 and Na2SeO4

(3.66 and 12.66 g, respectively, dissolved in 40 ml H2O) and
freshly burnt CaO (7.5 g dissolved in 0.5 l of a 10% sucrose

solution). The mixture was stirred for 48 h and then left at

room temperature. After 16 days, the solution was decanted

and the solid was washed three times with ultrapure water to

remove saccharate and sodium. The suspension was then

filtered on a glass filter funnel. When the water suction was

complete, acetone was filled into the funnel mixed with the

solid and sucked off. This procedure was repeated three

times.

For the synthesis of selenate-AFm, stoichiometric

amounts of freshly burnt CaO (6.72 g) were mixed with

Na2O.Al2O3 (4.92 g) and Na2SeO4 (5.67 g) and cooled to 5

�C. Ultrapure water (200 ml, likewise cooled at 5�C) was
added and the mixture was shaken for 24 h on a rotary

shaker (150 rpm) at 5 �C. Afterwards, the suspension was

cured for 5 1/2 months at room temperature. The solid was

then centrifuged for 5 min at 8000 rpm and the solution

decanted. The washing and drying procedures were the

same as for selenate ettringite. The air-dried solids

( pCO2 < 1 ppm) were stored in a dessicator over silica gel

and soda lime. The size fraction < 0.125 mm was used for

the determination of the solubility product.

2.3. Solid phase characterisation

The composition of the synthesised mineral was deter-

mined in duplicate by dissolving a portion (0.05 g) solid of

the synthesised minerals solid in 50 g ultrapure water and

500 ml 65% HNO3 and analysing the resultant solution. The

total H2O content of the solids was determined by thermo-

gravimetry (Mettler Toledo Star System, 10 �C min� 1 to

1000 �C) and by loss on ignition (LOI) at 850 �C for 4 h.

Prior to weighing, the solids were equilibrated in a desic-

cator with a saturated CaCl2 solution to maintain a relative

humidity of approximately 30%. X-ray, powder diffraction

was performed with a Scintag XDS 2000 diffractometer

(Cu-Ka-radiation).



Table 1

Stability and solubility constants for dissolved species used in calculations

for I = 0 M and T= 25 �C

Equilibrium reaction log KSO Reference

H2O () OH� +H + � 14.00 Ref. [30]

Ca2 + +H2O () CaOH+ +H + � 12.70 Ref. [31]

Al3 + +H2O () Al(OH)2 + +H + � 4.97 Ref. [30]

Al3 + + 2H2O () Al(OH)2
+ + 2H + � 9.30 Ref. [30]

Al3 + + 3H2O () Al(OH)3 + 3H
+ � 15.00 Ref. [30]

Al3 + + 4H2O () Al(OH)4
� + 4H + � 23.00 Ref. [30]

SeO4
2� +H + () HSeO4

� 1.80 Ref. [32]

SeO4
2� +Ca2 + () CaSeO4 2.00 Ref. [32]

Solid phases

3CaO�Al2O3�3CaSO4�32H2O+ 12H + ()
6Ca2 + + 2Al3 + + 3SO4

2� + 38H2O

57.45 Ref. [26]

3CaO�Al2O3�3CaSeO4�37.5H2O+ 12 H + ()
6Ca2 + + 2Al3 + + 3SeO4

2� + 43.5H2O

61.29 this study

3CaO�Al2O3�CaSeO4�xH2O+12 H + ()
4Ca2 + + 2Al3 + + SeO4

2� +(x + 6)H2O

73.40 this study
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2.4. Determination of solubility product

For all equilibration experiments, 0.1 g solid was sus-

pended in 25 ml of ultrapure water and equilibrated at 25 �C
on a rotary shaker at 150 rpm. To determine the equilib-

ration time, duplicate samples were equilibrated for 7, 14,

28, and 57 days. The samples were filtered through 0.45 mm
nylon filters. The filter cakes were air dried ( pCO2 < 1 ppm)

and stored in a desiccator containing silica gel and soda

lime. Equilibrium was achieved between 7 and 14 days (Fig.

1). In consequence, a set of 10 samples of each solid was

equilibrated in parallel for 14 days. An additional set of 10

samples for each solid was obtained from supersaturated

solutions by storing the samples at 40 �C for 7 days

followed by a 14-day equilibration at 25 �C on a rotary

shaker.
Table 2

Elemental composition of the synthetic selenate-AFt and AFm

Ca Al SeO4

Selenate-AFt

Theoretical 6 2 3

Ref. [18] 6 2.03 2.79

In solid 6 1.82 ± 0.04 2.80 ± 0.09

Selenate-AFm

Theoretical 4 2 1

m0 4 1.66 ± 0.07 0.99 ± 0.05

meq 4 1.87 ± 0.07 0.97 ± 0.04

mre0 4 1.71 ± 0.07 1.07 ± 0.04

mre1 4 1.81 ± 0.07 1.05 ± 0.04

mre2 4 1.82 ± 0.07 1.10 ± 0.04

mre3 4 1.82 ± 0.07 1.10 ± 0.04

The data are normalised to 6 mol of Ca for AFt and to 4 mol of Ca for AFm. The H

synthesised solid is termed m0. The meq represents the sample equilibrated for 1

resuspended zero to three times at LS 17. The uncertainty indicates the twofold s
a Determined by LOI.
b Determined by thermogravimetry.
Repeated resuspension experiments were performed with

both solids to check whether or not interconversions were

occurring and to determine the congruency of dissolution.

Five batches were performed in parallel for each solid by

suspending 1.5 g in 25 ml ultrapure water in 50 ml HDPE

centrifuge tubes. After a 10-day equilibration time at 25 �C
on a rotary shaker (125 rpm), the solid was centrifuged

down (20 min, 8000 rpm) and the supernatant was decanted

for analysis (Cycle 0). The solids were resuspended in 25 ml

ultrapure water and again equilibrated for 12 days. This

procedure was repeated three times (Cycles 1 to 3, with

equilibration times 10, 11, and 10 days, respectively). The

amount of solid dissolved after four cycles had previously

been estimated to be 10% at maximum. For solid phase

characterisation, an additional sample for each resuspension

step was prepared with 0.5 g solid in 5 ml ultrapure water of

which the supernatant was discarded and the solids air dried

( pCO2 < 1 ppm) for analysis.

The elemental composition of the resuspended selenate-

AFm phase and of the equilibrated solids was determined by

dissolving 0.015 g in a solution of 15 ml ultrapure water and

150 ml 65% HNO3 and analysing resultant solution com-

position.

2.5. Sample analysis

The solution pH was measured at 25 �C in an unfiltered

10-ml aliquot using a combined glass electrode (Metrohm

6.0202.100) calibrated by an acid-based titration. The

standard deviation of the measurement between pH 11 and

12 was 0.005. For the analysis of Na, Se, Ca, and Al, the

filtered sample was acidified with 1% (v/v) of 65% HNO3.

The filtrates were stored in polyethylene bottles prior to

analysis. Selenium was analysed by atomic absorption

spectroscopy (Perkin Elmer 5100, standard deviation of

the measurement < 5%) using the flame technique. Sodium,
Na H2O No. of replicates

32

37.7a/37.3b 2

–

0.37 ± 0.02 13.3a/14.0b 2

< 0.1 2

0.22 ± 0.01 2

< 0.1 2

< 0.1 2

< 0.1 2

2O content is calculated assuming the determined composition. The initially

4 days at LS 250. The mre0–mre3 represents the samples equilibrated and

tandard deviation of the measurements.



Fig. 2. XRD spectra of initially synthesised selenate-AFm (m0) compared to the spectra derived from the repeated resuspension experiment (mre0: equilibrated

at LS 17; mre1–mre3: resuspended one to three times) and to the spectrum of selenate-AFm equilibrated at LS 250 (meq). The hkl (003) and (006) peak positions

for mre1–mre3 and meq are pointed out with vertical lines. The vertical lines marked with t represent selenate-AFt peaks.
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Ca, and Al concentrations were measured by inductively

coupled plasma–optical emission spectroscopy (Spectro-

flame, Spectro Analytical Instruments, standard deviation

of the measurement < 0.5%).

2.6. Calculation of solubility products

Speciation and thermodynamic equilibrium calculations

were performed with the aid of the computer program

MQV40TIT [21] based on MICROQL by Westall [22].

Thermodynamic data used for calculations are given in

Table 1. They were adjusted for the ionic strength of the

solution using the Davies equation.
Table 3

Determined layer distance of initially synthesised selenate-AFm (m0), at LS

ratio 17 equilibrated selenate-AFm (mre0), one to three times resuspended

selenate-AFm (mre1�mre3), and at LS 250 equilibrated selenate-AFm

(meq), see also Fig. 2

Solid phase Layer distance (nm) Reference

m0 1.02 this study

mre0 0.975/1.02 this study

mre1–mre3 0.84 this study

meq 0.84 this study

U phase 1.002 PDF 44-0272

Cr(VI)-AFm 0.8402 PDF 42-0063

For comparison, the layer distance of U phase (4CaO�Al2O3�1.5SO3�
0.5Na2O�15H2O) and Cr(VI)-AFm (Ca4Al2O6(CrO4)�9H2O) is given.
3. Results and discussion

3.1. Characterisation of the synthesised minerals

The XRD spectrum of the synthesised selenate-AFt agrees

with the powder diffraction file (PDF) 42-0224 in the

database of the International Center for Diffraction Data

(ICDD), which represents 3CaO�Al2O3�3CaSeO4�32H2O.

No change in the spectrum could be observed in equilibrated

samples at liquid to solid ratio (LS) 250 and 17 and in samples

resuspended at LS 17 between one and three times.

The elemental composition of the synthesised selenate-

AFt is given in Table 2. Compared to the theoretical

composition, the synthesised selenate-AFt contained less
aluminate and selenate. This indicates that there is either a

deficiency of Al and Se or an excess of Ca. It is difficult to

explain this observation in terms of AFt column stoichi-

ometry. It is more likely, particularly in view of the similar

Ca excess in the AFm phase, that the elemental measure-

ments were precise but not sufficiently accurate. It is also

possible that additional Ca phases, such as portlandite, are

present at quantities below about 5% w/w, which would not

be detectable by XRD. In addition to this, the water content

of the synthesised selenate-AFt was high at 37.5 in com-

parison to published values (Ref. [18, p.32]. However, the

observed stoichiometric divergence of the theoretical com-

position does not affect the crystal structure, as shown by

XRD. The excess in water is possibly weakly bound water

located in the interchannels [23].



Table 4

XRD data for the at LS 250 equilibrated sample (meq)

�2q d (Å) Int

10.50 8.415a 100

21.12 7.922 2

31.30 5.116 1

31.91 5.075 2

31.17 4.203b 77

21.62 4.107 2

39.48 4.081 2

43.01 2.867 3

21.76 2.855 4

54.53 2.838 2

11.16 2.802c 4

31.50 2.413 1

17.46 2.291 1

17.32 2.281 2

44.68 2.263 1

39.30 2.101 2

39.80 2.026 1

37.24 1.681 2

Int denotes relative peak intensity.
a hkl 003.
b hkl 006.
c hkl 009.
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Normalised to four Ca, the synthesised selenate-AFm

contained 0.84 Al2O3, 0.99 SeO4, 0.37 NaO, and 14 H2O

per formula unit (Table 2). During equilibration and

resuspension, Na was leached from the solids. In the

sample equilibrated at LS 250 (meq) and in the sample

resuspended one to three times at LS 17 (mre1–mre3), the

Na content decreased to < 0.1 mol per formula unit. The

decrease of Na content was accompanied by an increase in

aluminium content, approaching the theoretical AFm com-

position. It is known that monosulfate synthesised in the

presence of high Na concentrations incorporates Na in the

AFm structure. The so-called U phase, 4CaO�0.9Al2O3�
Fig. 3. Solubility products (log Kso) determined for selenate-AFt (A) and selen

obtained from solids equilibrated at LS 250 for 14 days at 25 �C (&) and equilibrat

triangles represent data points from the resuspension experiment (LS 17, 25 �C) wi
resuspended three times. The error bars represent the twofold standard deviation

average log Kso value with the dashed lines denoting their twofold standard devi
1.1SO3�0.5Na2O�16H2O, is then precipitated [24,25]. It is

possible that a similar uptake occurs in selenate-AFm.

The XRD spectra obtained for freshly synthesised sel-

enate-AFm (m0) differed strongly from the 14 days equili-

brated (meq) and the resuspended samples (Fig. 2). The

differences can be interpreted by the difference in Na

content. The AFm-layer distance, c0, represented by the

Miller indices, hkl 003 and 006 in Fig. 2, decreases in

parallel with the decreasing Na content. The layer distances

for the different samples are given in Table 3. Unfortunately,

no reference XRD spectrum is known for selenate-AFm, but

the layer distance of the U phase and our Na-containing

selenate-AFm is in good agreement. Also, the layer dis-

tances of our samples in which the Na has been washed out

are close to those of chromate-AFm. Sodium ions may have

a repulsive effect on the Ca–Al sheets, thus resulting in an

increase in interlayer distance. A change in water content

may also be the reason for the change in interlayer distances

and it is possible that an increased Na content leads to an

increase in water content. In the case of monosulfate, e.g.,

the number of water molecules per formula unit can vary

between 8 and 16, which corresponds to c0 values between

0.79 and 1.03 nm [1]. However, since all samples were dried

under the same conditions, the observed change of c0 seems

more probably to be caused by changes in the Na content.

Unfortunately the water content of the equilibrated and

resuspended samples could not be determined because of

the small quantities of material recovered.

The peaks observed at 9 and 15.6 �2q found in the spectra
of the samples resuspended at LS ratio 17, mre1, mre2, and

mre3 can be attributed to selenate-AFt (Fig. 2). This indicates

that interconversion from selenate-AFm to selenate-AFt has

occurred to some extent.

Considering these findings, it can be concluded that the

spectrum obtained for the sample meq corresponds to the
ate-AFm (B) under different conditions. The squares indicate data points

ed for 7 days at 40 �C followed by 14 days at 25 �C (5). The diamonds and

th (^) equilibrated, (�) resuspended once, (~) resuspended twice, and (4)

of the measurement valid for all samples. The horizontal lines denote the

ation (in B, the data sets ^ and � were excluded, see text).



Table 5

Solubility products (KSO) of the calcium aluminate selenate hydrates

corrected to ionic strength, I = 0 M

Mineral I (M) log KSO No. of

replicates

Selenate-AFt

14 days at 25 �C, LS 250 0.012 61.00 ± 0.14 10

7 days at 40 �C, then 14 days

at 25 �C, LS 250

0.012 61.05 ± 0.14 10

re0 (12 days at 25 �C, LS 17) 0.012 61.38 ± 0.19 5

re1 (10 days at 25 �C, LS 17) 0.012 61.72 ± 0.22 4

re2 (11 days at 25 �C, LS 17) 0.012 61.66 ± 0.19 5

re3 (10 days at 25 �C, LS 17) 0.012 61.56 ± 0.19 5

Average value 61.29 ± 0.60 39

Selenate-AFm

14 days at 25 �C, LS 250 0.015 73.36 ± 0.19 10

7 days at 40 �C, then 14 days

at 25 �C, LS 250

0.015 73.33 ± 0.19 10

re0 (12 days at 25 �C, LS 17) 0.065 (76.25 ± 0.26) 5

re1 (10 days at 25 �C, LS 17) 0.048 (76.10 ± 0.30) 4

re2 (11 days at 25 �C, LS 17) 0.015 73.52 ± 0.30 4

re3 (10 days at 25 �C, LS 17) 0.013 73.55 ± 0.26 5

Average value 73.40 ± 0.22 29

The experimental conditions, including the ionic strength, under which the

determinations were carried out are also listed. Values in brackets are not

included in the average value. The abbreviation re0 to re3 denote the

samples equilibrated and resuspended zero to three times.

Fig. 4. Modelled selenate solubility against pH in the presence of ettringite

and selenate-AFt (solid line) and ettringite and selenate-AFm (dashed line)

with sulfate activity set to 10� 3 mol l� 1.

Fig. 5. Modelled selenate solubility against pH in the presence of

monosulfate and selenate-AFt (solid lines) and monosulfate and selenate-

AFm (dashed lines) with sulfate activity set to 10 � 4 mol l� 1 (1) and 10� 5

mol l� 1 (2).
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pure selenate-AFm, 3CaO�Al2O3�CaSeO4�xH2O, with a

layer distance of 0.84 nm (Table 4). This spectrum agrees

well with the spectrum for chromate-AFm (3CaO�
Al2O3�CaCrO4�9H2O, PDF 42-0063) with the same layer

distance. However, the water content of the equilibrated

selenate-AFm remains unknown.

3.2. Solubility products

Solubility products were calculated for solutions of the

experiments in which equilibration was achieved from both

under- and supersaturation at LS 250 and for the solutions of

the repeated resuspension experiment at LS 17. The solu-

bility products have been formulated according to the

following reactions:

3CaO�Al2O3�3CaSeO4�37:5H2Oþ 12Hþ

() 6Ca2þ þ 2Al3þ þ 3SeO2�
4 þ 43:5H2O

KSO ¼ ½Ca2þ�6½Al3þ�2½SeO2�
4 �3

½H�12
ð1Þ

and

3CaO�Al2O3�CaSeO4�xH2Oþ 12Hþ

() 4Ca2þ þ 2Al3þ þ SeO2�
4 þ ð6þ xÞH2O

KSO ¼ ½Ca2þ�4½Al3þ�2½SeO2�
4 �

½H�12
ð2Þ
For selenate-AFt, the solubility products determined under

different conditions and coming from under- and super-

saturation agree well (Fig. 3). The average value calculated

for all experiments is log Kso = 61.29 ± 0.60 (Table 5). For

the sake of comparison, solubility products for AFt phases

reported for ettringite (e.g., Ref. [26]) and for Cr(VI)-AFt

[6] have values (I = 0, 25 �C) of 57.45 and 60.54,

respectively.

In the case of selenate-AFm, the solubility products

derived from the samples mre0 and mre1 of the resuspension

experiment are significantly higher than the other values

(Fig. 3 and Table 5). In these samples, the pH was also

substantially higher because of the high Na content in the

batches. It is likely that the solid solution formation between

pure selenate-AFm and sodium-selenate-AFm affected the

solubility of selenate-AFm. In consequence, the high values

obtained from samples mre0 and mre1 were not included. The

average value for log Kso is 73.40 ± 0.22 for selenate-AFm.

The respective solubility products for monosulfate and

chromate-AFm are 72.57 [26] and 71.62 [10].
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The determined solubility products were used to model

the selenate solubility within cementitious material when

controlled by selenate-AFt and selenate-AFm. For mod-

elling, ordinary Portland cement pore water compositions

were applied (SO4 = 10 � 3 mol l � 1, I = 0.5 M [27]).

Stability and solubility constants were adjusted using Pitzer

according to Millero and Schreiber [28]. Because no Pitzer

coefficients for Se(VI) are known, Cr(VI) constants were

applied to Se(VI) species. Selenate solubility was modelled

either in the presence of ettringite or monosulfate. Both

calcium aluminosulfate hydrates may control Al, Ca, and

SO4 solubilities in cementitious matrices, and therefore

directly influence selenate-AFt and selenate-AFm solubil-

ity. Monosulfate is thermodynamically unstable with

respect to ettringite in cements [26]; however, at low

sulfate concentrations, monosulfate may be the more stable

phase.

In Fig. 4, the solubility of selenate against pH in the

presence of ettringite and selenate-AFt or selenate-AFm is

illustrated. It is shown that above pH 12 selenate-AFm is

the more stable phase. The dependency of the selenate-

AFm stability on pH can explain the increased intercon-

version to selenate-AFt observed in the third resuspension

sample where the solution pH was lowest at 11.68 (Figs. 2

and 3).

In order to test the influence of sulfate limitation in

cement pore water on selenate solubility, monosulfate was

chosen as the Al- and Ca-controlling phase, and sulfate

activity was set to 10� 4 mol l � 1 and 10� 5 mol l � 1. Such

low sulfate concentrations can occur in the pore waters of

high-alumina cements [29]. The dependency of varying

sulfate concentration on selenate solubility in the presence

of monosulfate and selenate-AFt or selenate-AFm is shown

in Fig. 5. For both selenate-AFt and selenate-AFm, the

selenate solubility decreases with decreasing sulfate con-

centration. In the case of selenate-AFm, this decrease is

more distinct and comprises one order of magnitude. This

scenario illustrates that selenate-AFm may limit selenate

concentrations to below the millimolar range when the

system is limited in sulfate. However, any later addition of

sulfate to the system will increase the selenate solubility

when ettringite becomes predominant.

Nevertheless, the solubilities of selenate-AFm and sel-

enate-AFt are relatively similar indicating that both solids

may be stable in a cementitious system. The predominance

of either AFm or AFt phases seems difficult do predict, as it

is also the case for the sulfate analogues ettringite and

monosulfate. Further studies need to elucidate the boundary

conditions favouring AFm or AFt structure in the presence

of different anions.
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