EUROPEAN
COMMISSION

SEVENTH FRAMEWORK
PROGRAMME

CARBOWASTE

Treatment and Disposal of Irradiated Graphite and Other Carbonaceous Waste
Grant Agreement Number: FP7-211333

Task 6.3: Waste packages
T6.3.2/D6.3.3 — Retention properties of cement for *°Cl

Author(s): Virginie BLIN, Nathalie COREAU,
Mélanie HERBETTE & Christelle LATRILLE

Date of issue of this report: March 2010

Start date of project: 01/04/2008 Duration: 48 Months

Project co-funded by the European Commission under the Seventh Framework Programme (2007 to 2011) of the
European Atomic Energy Community (EURATOM) for nuclear research and training activities

Dissemination Level

PU Public

RE Restricted to the partners of the CARBOWASTE project

Cco Confidential, only for specific distribution list defined on this document X




ASTE CARBOWASTE
Treatment and Disposal of Irradiated Graphite and Other Carbonaceous \Waste

Distribution list

SEVENTH FRAMEWORK
PROGRAMME

Person and organisation name
and/or group

Comments

W. Von Lensa, CARBOWASTE Project Coordinator

B. Grambow, Work Package 6 Leader

L. Petit, EDF

S. Schumacher, ANDRA

M. Firon, CEA

C. Guy, CEA

P. Thouvenot, CEA

CARBOWASTE Beneficiaries

Page 2/15 Deliverable 6.3.2 6.3.3



CARBOWASTE

Treatment and Disposal of Irradiated Graphite and Other Carbonaceous Waste

CARBOWASTE

Work package: 6
Task: 6.3

CARBOWASTE document no:
CARBOWASTE-0310-D-T6.3.2/D6.3.3

Document type: D
D=Deliverable / M=Minutes /
P=Progress report /
T=Technical Report

Issued by: CEA

Internal no.: CARBOWASTE-0310-D-T6.3.2/D6.3.3

Document status:
Final

Document title

T6.3.2-D6.3.3 — Retention properties of cement for *°Cl

Publishable summary

Revisions
Rev. Date Short description Author Internal Review | Task Leader WP Leader
Name, Name, Name, Name,
00 Issue Organisation Organisation Organisation Organisation
Signature Signature Signature Signature
V.BLIN _| C.FERR C. FERR B. GRAMBOW
01 22/03/2010 First issue CEA [l CEA 7ﬂ CEA SUBATECH
— 7 t \

Page 3/15

Deliverable 6.3.2 6.3.3




CARBOWASTE

Treatment and Disposal of Irradiated Graphite and Other Carbonaceous Waste

SEVENTH FRAMEWORK
PROGRAMME

Table of Content

1 CONTEXT AND OBJIECTIVES ... oottt ettt ettt ettt e st e e st e e st e e sab e e saeessabeesaeeesaae s 5
2 MATERIALS AND METHODS ...ttt sttt et e e sttt e st e s r it e e s bt e e st asesba e s st asssraessbesesteeesres 6
2.1 IMIATERIALS ...ttt ettt ee et st e st s s ebesebes s sbeseabe s s sbessabe s e besaabesesbesaabesssbesaabesebeeanbesesbasaabesasbessnbessnbessnbesans 6
2.1.1  Characterization of cement paste alteration SEates...........cccviriiiiniienee e 6
2.1.2  Characterization of sSUpernatant SOIULIONS..........ccceiririiiiniree e 9

2.2 METHODS
3 L O I IS T 11
3.1 ICINETIC STUDY 1tttttiiiieiiiittittiieseesieabtteessesssassbabasssesssasabbbasesasssasabbbaseseessasbbababesasesssabbbebasesesssabbbaaseesesssssres 11
3.2 INFLUENCE OF CEMENT PASTE ALTERATION ON P CL RETENTION .....vvvveeeeeeeee e eeeeee e 12
3.3 5 L RETENTION ISOTHERMS «.v.veveetveeeeeeeeeeeeeeeseeeeseseseeseseessseseeseeseessseseesseeesesseeeseeeseeeeeseseeeeseneseesseeeseens 12
3.4 REVERSIBILITY STUDY ..uuuttttiitieeiiiitstteeseessiaissssesssesssaissssssssesssaisssssssssssaiissssssssssssisssssssessssimsssssseesessinnee 14
4 (010 ] N\ [01 IU L] [0\ SRRSO 15
5 REFERENGCES. ... ..ottt ettt st e et e st e ettt e s 1 e e eaee e sh e e s ebe e s sbeesbessebessabesssbassabesssbaessbesssrasssrenaa 15

List of tables & figures

TABLE 1: TARGETED COMPOSITION OF THE POREWATER (MODIFIED FROM POISSON, 2005) .......ccoveiiinieirienen 6

FIGURE 1: CONCENTRATION OF CALCIUM VS PH VALUES MEASURED IN SOLUTIONS AT EQUILIBRIUM WITH THE
CEM-V CEMENT PASTE (UNCERTAINTIES ON PH VALUES AND CA CONCENTRATION MEASUREMENTS ARE 0.05
AND 15%0 RESPECTIVELY) 1.ttvtutettiteietestestetesteseetesseseesesbe e ebesse e et she st et sh et ebeab et ek e b et e b e b e st et e e b et eb e e b et b e n et nbenn e
FIGURE 2: FULL DIFFRACTOGRAMS OF FRESH AND DEGRADED PASTES
FIGURE 3: ZOOM AT 20=21.85 OF DIFFRACTOGRAMS OF FRESH AND DEGRADED PASTES .......cccviiirinriniisiereiireseesnennes 8
FIGURE 4: CONCENTRATIONS OF NA", K* (LEFT) AND CA%, SO,* AND CL” (RIGHT) IN CEMENT PASTE SOLUTIONS AT
EVERY ALTERATION STATES (UNCERTAINTIES ON PH VALUES, CATIONS AND ANIONS MEASUREMENTS ARE

0.05, 15% AND 10%0 RESPECTIVELY) w.evtittitereaterteseasesseseasesseseasessessssessessasessensasessensesessensessssensensssessensasessensasessens 9
FIGURE 5: MEASURED R, VALUES VS. THE TIME OF CONTACT BETWEEN SOLID AND SOLUTION FOR THE DIFFERENT
STATES OF ALTERATION ....uttetetitteeeeetteeeeesteeessssesssastessesasaesssssbeeesassasseaseesessssesesasseesesseseesssbenesastessesnsenessssrenes 11
FIGURE 6: R, VALUES OF *®CL ONTO CEM-V CEMENT PASTE AS A FUNCTION OF ALTERATION STATE COMPARED TO
Rp VALUES PREVIOUSLY MEASURED ON FA4 CEMENT PASTE ...uvviieiitiieeetieeeeateeesstbeeessstessssbaeessessessssnsessssnnens 12
FIGURE 7: R, MEASURED AFTER 3.5 MONTHS VERSUS CHLORIDE CONCENTRATION AT EQUILIBRIUM IN SOLUTION AT
VARYING ALTERATION STATES ...ttt 13
FIGURE 8: R, MEASURED AFTER 3.5 MONTHS DURING SORPTION EXPERIMENTS AND AFTER 4.0 MONTHS DURING
DESORPTION EXPERIMENTS VERSUS CHLORIDE CONCENTRATION AT EQUILIBRIUM IN SOLUTION......ccceevvernnne 14

Deliverable 6.3.2_6.3.3

Page 4/15




e CARBOWASTE
Treatment and Disposal of Irradiated Graphite and Other Carbonaceous \Waste

SEVENTH FRAMEWORK
PROGRAMME

1 Context and objectives

CARBOWASTE Work Package 6 deals with disposal issues for i-carbonaceous waste and also
provides performance assessments for the waste packages entering into environmental
compatibility investigations. The graphite behaviour in the disposal is indeed characterized by
the release of radionuclides, present in the inventories, in contact with groundwater. Then,
highly radioactive graphite and other carbonaceous wastes' behaviour in the disposal can be
improved by designing appropriate waste packages.

An important concern is the mobility of radionuclides in the waste package and its surrounding
under repository conditions prior to and after water access. Graphite wastes usually contain the
long-lived isotope *C and could also contain the very long-lived isotope **Cl arising from
processes designed to remove heavy metal impurities during manufacture and/or sulphur
residual in the virgin material. The long-lived activation product **Cl is the major contributor
to a potential dose resulting from disposal of i-graphite.

One of the issues of Task 6.3 is to determine the mobility of radionuclides (e.g. **Cl) in
engineered barrier materials such as cement pastes.

Concrete waste packages are going to be altered during the disposal due to leaching by natural
water entering in the system. Retention properties of such a package depend on the
mineralogical composition of the cement pastes, the alteration state of the material and the
geochemical conditions of the water.

The present study aims at measuring distribution ratio (Rq = [*°Cl Jsotia/ ([®*Cl Jsotution) Of °Cl in
contact with a hydrated cement paste, under controlled atmosphere, considering:

v' Dependency with the alteration state of the cement paste;

v" Kinetics of retention;

v" Reversibility of retention;

v/ Saturation effect arising from stable chloride already present in natural water.

! Concentrate residues from graphite treatment, pyrolytic coatings of the fuel particles or whole graphite matrices
of fuel elements from GCR reactors.
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2 Materials and methods

Studying the *°Cl retention as a function of the alteration state of the cement pastes requires an
accurate characterization of the material prior to sorption measurements.

2.1 Materials

The material studied is an Origny cement (CEM-V), which was mixed with water in 1997
(water to cement ratio, w/c, =0.38). During four years, the resulting CEM-V paste was kept in
a portlandite (Ca(OH),) saturated solution to prevent carbonation and continue the hydration
processes. In 2001, the samples were dried, crushed and sieved under a flow of argon. Several
sieved fractions were then stored in HDPE vials into desiccators flushed with argon before
closure (Pointeau et al., 2004).

A specific fraction of the powder has been used in the present study (100 pm < & <200 pm).
Fresh, deteriorated and degraded cement pastes were obtained by leaching different amounts of
cement powder in closed batches under various conditions (solid to water ratio and
composition of solution):

1. fresh state: leaching of cement powder in artificial fresh cement pore water (cement to water
ratio 111 g.I™). Such a solution is prepared by dissolving NaOH, KOH and CaO in degassed
deionised MilliQ® water (18,2 MQ; [C] <5 10" mol.I"). The pH of this solution is about
13.3;

2. deteriorated or degraded state: leaching of cement powder in degassed deionised MilliQ®
water (cement to water ratios ranging from 4 to 93 g.I"™");

3. “natural” deteriorated state: leaching of cement powder in synthesised water representative
of the porewater of a subsurface disposal site (see Table 1) (cement to water ratio 93 g.I™).

Table 1: Targeted composition of the porewater (modified from Poisson, 2005)

Species | Concentration (mol.I™)
Na* 2.9010°
K* 1.00 10*
ca® 3.4110*
o} 4.50 10*
S04~ 1.15 10™
HCO3 3.0010°

2.1.1 Characterization of cement paste alteration states

The different states of alteration were defined by pH values and Ca concentration measured in
the solution at equilibrium with the CEM-V cement paste according to the methodology of
Pointeau et al. (2008).

The fresh state was characterized by a pH of 13.2 and [Ca] of 8.4 10™* mol.I", the deteriorated
state by a pH of 12.5 and [Ca] of 9.2 10 mol.I"* and the degraded state by a pH of about 12
and [Ca] of 6.0 10° mol.I"* (see Figure 1).
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Figure 1: Concentration of calcium vs pH values measured in solutions at equilibrium with the CEM-V
cement paste (uncertainties on pH values and Ca concentration measurements are 0.05 and 15%
respectively)

Solid characterization based on qualitative X-Ray Diffraction (XRD) was also carried out in
order to verify the disappearance of portlandite peaks between fresh paste and degraded paste.

Figure 2 compares the full XRD spectra of fresh and degraded pastes and Figure 3 shows a
zoom on the portlandite peak at 26 = 21.85. The decrease of this portlandite peak and increase
of the ettringite peaks surrounding at degraded state confirm the degradation of the cement
paste as expected.

One should also notice the identification of calcite peaks, especially at 26 = 44.2 for the fresh
paste. This observation highlights the possible carbonation of the raw material after 7 years of
storage (from 2001 to 2008).
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Figure 2: Full diffractograms of fresh and degraded pastes
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Figure 3: Zoom at 26=21.85 of diffractograms of fresh and degraded pastes
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2.1.2 Characterization of supernatant solutions

%8Cl retention will strongly depend on the total chloride concentration in the storage (coming
from the cement pore water and from the “natural” water). In order to assess initial stocks
provided by the cement paste at each alteration state, the major ions’ concentrations were
measured in the liquid phases at equilibrium with cement pastes. Concentrations of major
cations were measured by atomic absorption and concentrations of major anions by ionic
chromatography (see Figure 4).
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Figure 4: Concentrations of Na*, K* (left) and Ca®*, SO, and CI (right) in cement paste solutions at every
alteration states (uncertainties on pH values, cations and anions measurements are 0.05, 15% and 10%
respectively)

It was therefore possible to determine the initial stock of stable chloride released by the cement
pastes. It was derived from measured chloride concentrations in supernatant solutions:

v Atfresh state: 7.9 x 10° mol.g™* of dry paste;
v At deteriorated state: 2.0 x 10°® mol.g™ of dry paste;
v Atdegraded state: 6.8 x 10° mol.g™* of dry paste.

The characteristics of supernatants solutions are similar to those obtained in previous studies
using a CEM-I paste (Pointeau et al., 2008) and F44 cement paste (Blin et al., 2008).

2.2 Methods

The distribution ratio of *CI between solid phases and equilibrium solutions (Rs) was
measured by performing classical batch experiments. These experiments were carried out
under controlled atmosphere, in a Ny-filled glove box, in order to prevent carbonation of the
cement pastes.
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Each set of batches contained a specific mass of crushed cement paste leached by solutions of
varying compositions:

1. at fresh state: cement to water ratio 111 g.I* using artificial fresh cement pore water
solution;

2. at deteriorated state: cement to water ratio 92.5 g.I"" using degassed deionised MilliQ®
water;

3. at “natural” deteriorated state: cement to water ratio 92.5 g.I"* using synthesised “natural”
water.

4. at degraded state: cement to water ratio 7.5 g.I™" using degassed deionised MilliQ® water;

Ry values were determined according to:

with Ain, the total initial activity of *°Cl introduced in a batch (Bq), Aeq, the residual activity of
%*Cl in solution after a specific time of contact (Bg), V the volume of solution (mL) and m the
mass of dry solid paste (g).

The mass of dry solid paste is calculated considering a mass loss estimation of ~7%. This
estimation is based from the mass measurement of a cement paste sample dried at 105°C
during 16 days. Then, for deteriorated and degraded states, an additional mass loss of 0.8% is
considered taking into account portlandite dissolution during alteration (calculated from Ca
concentrations measured in supernatants).

For every alteration states, Ry values were measured as a function of time and stable chloride
concentrations in the equilibrium solutions (chloride from the solid paste, from a specific
amount of a NaCl solution addition and, in one case, from synthesized “natural” water).
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3 Results

3.1 Kinetic study

As mentioned, Ry values were measured in each case after a contact time between solid and
solution ranging from one week to 7.5 months. In every batches, the evolution of Ry values vs.
time is similar. Figure 5 only shows the results obtained at the lowest chloride concentration,
i.e. when no stable chloride is added to the liquid phase (stable chloride present in solution is
only coming from the cement paste itself and, in one case, from the synthesized “natural”

water).
‘ m degraded state o deteriorated state A deteriorated state (with natural water) @ fresh state‘
1.0E+02 + Ry (ml.g™)
1.0E+01 —+
1.0E+00 - ¢
i Time (days)
1.0E-01 ! ! ! ! !
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Figure 5: Measured Ry values vs. the time of contact between solid and solution for the different states of
alteration

The gradual increase of **Cl distribution ratio vs. time suggests "fast" sorption processes (likely
surface sorption phenomena) that could be slowed by a phenomenon of hydration inside the
grains. Whatever the case, the Ry values slightly increase during the first month, and no
evolution is observed afterwards. Beyond one month Ry reaches a steady mean value.

But in any case, retention of **Cl by cement paste is weak: a maximum Ry value of 35 ml.g™ is
obtained for the degraded state.
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3.2 Influence of cement paste alteration on *°Cl retention

Figure 6 compares Ry values measured after 3.5 months versus pH values of the corresponding
supernatant solutions, i.e. as a function of the alteration state of the CEM-V cement paste.

These results are compared to previous results obtained onto F44 cement paste. F44 cement
paste is prepared from a CEM-I cement (w/c = 0.33) and admixture of silica fume (Blin et al.,
2008). Taking into account accurate definitions, it is neither a CEM-I nor a CEM-V cement
paste but it is currently considered as a CEM-V cement paste.

At similar pH values, the retention of *°Cl onto F44 cement pastes is higher. This discrepancy
is probably due to the varying initial compositions of both cements and maybe due to the aging
of the CEM-V cement paste used in present study (possible calcite formation during storage).
Up to now, retention processes for chloride are not well-defined, therefore, it is still difficult to
conclude about these observations.
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Figure 6: Rq values of **Cl onto CEM-V cement paste as a function of alteration state compared to Rq
values previously measured on F44 cement paste

3.3 35Cl retention isotherms

The evolution of Ry values of **Cl measured as a function of total chloride concentrations in
equilibrium solutions is shown in Figure 7. Sorption values after 3.5 months of contact
between solid and solution were selected in order to make the comparison easier with
desorption experiments afterwards.
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As observed in the kinetics experiment, distribution ratios values are the lowest on the CEM-V
cement paste at fresh state.

\ m degraded state A deteriorated state & deteriorated state (with natural water) @ fresh state

~ Ry(mlg™
60.0 _ (3.5months)

50.0 |
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=

Figure 7: Ry measured after 3.5 months versus chloride concentration at equilibrium in solution at varying
alteration states

The retention of *Cl is strongly reduced when chloride concentration increases, especially at
degraded and deteriorated states. Based on these results, it appears important to be able to
identify and quantify all chloride sources in a repository.

Concerning the deteriorated states, the retention isotherms give quite similar results regardless
of the solution used for leaching the initial cement paste (degassed MilliQ® water or
synthesized “natural” water). Theoretically, MilliQ® water is more aggressive than the
synthesized “natural” water. Concentrations of major species in the synthesized “natural” water
do not seem to be high enough to disturb the solid in a different way and the pH values of
supernatant solutions are similar whatever the solution used for the leaching. Thus, without any
measurement of the calcium concentration in supernatant solutions, we made the hypothesis
that we reached a similar deterioration state whatever the solution used for the leaching. Only
the saturation effect of chloride ions provided by the “natural” water is shown here.
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3.4 Reversibility study

The sorption reversibility study was limited to both deteriorated states of the cement paste (in
degassed MilliQ® water or synthesized “natural” water), for which the Ry measured are the
highest when adding stable chloride ions.

At the end of the sorption experiments, batches were centrifuged and the solutions were
removed. The remaining solid was then placed in contact with the appropriate equilibrium
solution, free of *CI (degassed MilliQ® water or synthesized “natural” water pre-equilibrated
with a deteriorated cement paste). Rq values were then measured after 4 months of contact
between solid and solution.

Resulting **Cl distribution ratios are shown in Figure 8 as a function of chloride concentration

in solution.
-1 A sorption on deteriorated state
60.0 ; Ra (ml.g7) m desorption on deteriorated state
- ¢ sorption on deteriorated state (with natural water)
500 X desorption on deteriorated state (with natural water)
40.0 +
30.0 + } +
20.0 # ﬁ* % H %#
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i [Cleq (Mol.I™)
0.0 1 1 Ll { 1 1 Ll { 1 1 1 1 Ll {
1.0E-05 1.0E-04 1.0E-03 1.0E-02

Figure 8: Ry measured after 3.5 months during sorption experiments and after 4.0 months during
desorption experiments versus chloride concentration at equilibrium in solution

As in sorption condition, results of desorption isotherms at deteriorated state are very similar
regardless of the supernatant solution used. Taking into account measurement uncertainties,
one can conclude that, at equivalent chloride concentrations, the measured distribution ratios
for sorption and desorption experiment are in the same range of values. In these conditions,
38Cl sorption in deteriorated cement paste appears to be a reversible process.
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4 Conclusions

The aim of this study was to quantify the retention of **Cl onto cement pastes constitutive of
concrete that could be used for i-carbonaceous waste packages. *°Cl retention properties
depend on the alteration state of the cement paste and also on saturation effect generated by
stable chloride ions provided by several sources in a repository (the “natural” water, the
concrete itself...).

Wet chemistry measurements show that distribution ratios (Ry) values slowly increase during
the first 20 days of contact time, and then, whatever the case, Ry reaches a steady mean value.

Ry values are relatively low. The maximum Ry value (35ml.g™) was measured for the
degraded state and at a low chloride concentration (4.8 x 10™ mol.I™%).

Ry values measured depend on the alteration state of the cement paste. Measurements at
deteriorated states lead to conclude that the retention’s process is reversible. Isotherms show
that Ry values for *Cl strongly depend on the stable chloride concentration in solution. At high
chloride concentration, the saturation effect is observed (non-linear sorption isotherm). Such
results highlight the importance to know and quantify all main sources of stable chloride in
order to be able to carry out performance assessment.
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