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1 Introduction
This report is the Andra contribution to the Carlaste WP6 survey. It has been written in

collaboration with CEA from a previous literatuevrew [1]. We propose therein a state-of-
the-art review of leachibility studies on graphitaste which is mainly based on data from
French gas-cooled reactors (G2, Bugey and Saintelhéu Indeed, France has become
involved in disposal studies quite early but thisi@an requires information on the amount and
rates of release of radionuclides in the preseheeater. Since the late 80’s, leaching studies
have thus been conducted and in the recent yeahsstudies have also proved useful for the
UNGG" reactors planned to be dismantled under water.

In this report, the results obtained from thesehésy test campaigns are compiled. We try to
assess current knowledge on radionuclides leadiehgvior in graphite waste but also to
identify moot points and important issues to adslreguture works. In this perspective,

leaching experiments should meet a twofold objectiv

From a qualitative point of view, it is intendeddstablish a release model for the most

important radionuclides for graphite waste managegme

From a more quantitative point of view, the corgation of the radionuclide inventory

and release rate in graphite waste is mandatariidose realistic — or at least not too

conservative — assumptions for safety analyses.
In the following, the main chemical and physicadgerties of nuclear graphite are introduced
first. Special attention is devoted to the evolutod the graphite microstructure and porosity
under irradiation as it may significantly affectii@nuclides release. Subsequently, available
studies on water penetration into non-irradiatedl isradiated graphite are reviewed. Leaching
results on Hanford, G2, Bugey and SI?Afzaphite samples are detailed in the next section.
3¢l and*C release will be more specifically discussed asetradionuclides are of
importance for graphite disposal. Eventually, secé draws together the conclusions and
ongoing works. This document largely calls uponER#- WP1 report on the current status of
graphite waste in France. The reader is thus edfdo this survey for further details on UNGG

! UNGG : Natural Uranium Graphite Gas reactor.
2SLA2 : Saint Laurent des Eaux A2 reactor (UNGGted
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technology and reactors as well as on French selexitions for graphite treatment and

conditioning.
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2 Properties of nuclear graphite and evolution unde r
irradiation

2.1 Structure and manufacturing process

Graphite is a particular crystalline form of cari@h It exists naturally and can also be
manufactured from petroleum coke and coal tar pit¢ie structure of the monocrystal (Figure
1) is formed of non-compact hexagonal sheets, ¢ allaphenes, separated by ca. 0.336 nm all
along the direction of their normal line. In eatfest, the carbon atoms are strongly bound by
covalent bonds of the sp? type in a regular pawvingexagonal honeycomb patterns. Bonds
between the sheets are weak (Van der Waals int@macthis explains the cleaving and poor

hardness of the material.

Polycrystalline graphite

-

€ = 0.6708 nm
Single -crystal Graphene planes Crystallite agglomerates

Figure 1 — Structure of graphite [2]

Polycrystalline graphite is used as a structurdenme in gas-cooled reactors. It is
manufactured (Figure 2) from petroleum coke or taapitch plus a binder. The calcined coke
is ground and sifted. Resulting grains are therechiwith the binder in appropriate proportions
SO as to obtain a good density and make the retdas#atile materials from the binder easier.
The coke blend is generally mixed at 165°C withl taapitch, shaped by extrusion or by

livrable -WP6-31032011.docx
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either unidirectional or isostatic pressinand then heated between 800°C and 1200°C to coke

the binder [3].

The product may then undergo one or more impregmsitigenerally with petroleum pitch, so

as to increase its density and its mechanical ptiegeFinally, it is graphitized between

2500°C and 3000°C to obtain the hexagonal crys&Btructure (Figure 1). Cleaning agents

(NaF, Mgk) are added during graphitization to make graptfiteuclear quality with a low

impurity content.

Specific data related to each UNGG reactor - tyfjgeetroleum coke and physical

characteristics of non-irradiated graphite — cafobe@d in EDF WP1 report.

Petroleum coke

|

Calcination
500C then 1200-1350C

Orientation of grains
parallel to the axis
of extrusion

— | Grinding

40pum --- 7. mm

Mix (165°C) | = Binder

Coal tar pitch

A\ 4

Forming

‘ Impregnation | <= €troleum

Heating (800°C)

pitch

Graphitisation
(2500-3000°C)

|

Purification

Nuclear quality
Graphite

Figure 2 — Nuclear graphite manufacturing processqd].

3 |sostatic compression means applying an isotrpgssure, that is to say which has the same valak i

directions.
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2.2 Effects of neutron bombardment

Under neutron radiation, solids undergo physicahges. In graphite moderators, fast neutrons
(~ 2 MeV) can displace carbon atoms from the ctyattice, thus creating interstitial and
vacancy defects as shown in Figure 3 [2].

Interstitia

Figure 3 — Defects created during graphite irradiaion by fast neutrons [3].

Such defects are responsible for the alteratidhefjyraphite physical properties energy
accumulation (“Wigner energy”), mechanical charastes, geometric dimensions and
thermal conductivity.

The creation of defects within the graphite netwasults in an energy accumulation referred
to as “Wigner energy”. Wigner energy representstatial fire risk for air-cooled reactors
that operate at low temperature. Indeed, belowradiation temperature of 120°C, lattice
defects are not very mobile so that they leadfastbuild up of energy. When temperature
increases, defects become mobile, so Wigner erwangype suddenly released. The amount of
releasable energy for an increase of 1°C of 1graphite is referred to as the differential
enthalpy, or specific heat. In Figure 4, the ddferal enthalpy (dH/M) is plotted versus
graphite temperature for non-irradiated graphitesked line) and for graphite irradiated below
120°C (solid line). For irradiated graphite, th#etiential enthalpy shows a peak at 200°C that
exceeds the specific heat of non-irradiated graphithen irradiated graphite is warmed up,
the stored energy starts to be released at thehtbicetemperatur@s. When the trigger
temperature is reache@bf, that is to say when the differential enthalpgeeds the specific
heat of non-irradiated graphite, graphite becorhesnally unstable and its temperature
adiabatically rises t6; which is determined by the equality of the twoddthareas in Figure 4
[4]. Therefore, a gentle heating of irradiated ¢uitgocan lead to an unexpected temperature
increase, in turn leading to the destruction ofrteector pile. In order to avoid such an

livrable -WP6-31032011.docx
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accident, it is necessary to periodically ‘annga#iphite stacks, which consists in releasing the

stored energy in a controlled manner.

i
[
|
- |
i |
- | o
ol 'm
s
o
%2 %
-l'.-..-..rr-r.-.-rll
'_'__--
0,2 ____,.J-"'# — i
|
I
1
!
aﬁ a!
i |
Q . '
A00 200 300 400

Figure 4 - Wigner energy spectrum of graphite irradated at 60°C under a neutron

fluence of 1.67.18 n.cm (or 0.12 displacements per atom) [4].

Theoretically, there is a risk of Wigner effect wH@&] the irradiation temperature is lower than
115°C/120°C and the neutron fluence is higher thad.13° n.cm? (or 0.11 displacement per
carbon atom).

In practice, for graphite irradiated between 30h@ 420°C, most of the stored energy is
concentrated around the peak at 200°C. The hefghtsopeak decreases as the irradiation
temperature increases. When temperature exceetl€ 1th@ Wigner energy peak disappears.
Indeed, at high temperatures, the irradiation defdo not accumulate anymore because they
recombine as soon as they are formed. Beyond 33B&€; is no risk of spontaneous release
of Wigner energy.

The mechanical resistance of graphite increasesrunddiation. The displacement of atoms,
and thus the creation of defects, prevents grapplames from moving one from another. On

the whole, the main graphite mechanical prope(tesistance to compression, shearing,

livrable -WP6-31032011.docx
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elasticity modulus, hardness) increase with loneda¥ irradiation. At higher doses, weight

loss leads to an increase in porosity and a deziaasechanical resistance [5].

Under neutron radiation, the creation of vacanaresinterstitials makes the unit cell
parameter increase and the unit cell parameteslightly decrease [4]. These structural
changes depend on the dose, irradiation temperatar@hysical characteristics of the material
(crystallites orientation, porosity, degree of dréigation, thermal expansion coefficient, etc.)
[6].

Graphite thermal and electrical properties are affected. The electrical resistivity of the
graphite rapidly increases under irradiation [4]le/khe graphite thermal conductivityyK
decreases as the defects created within the diystaktwork hinder the propagation of heat
waves [5]. In general, the thermal expansion coeffit increases with the radiation dose, but
this increase is only significant above 521 1.1G" n.cni®. At low doses, a slight decrease in
thermal expansion coefficient values is often obseprior to the increase.

2.3 Graphite oxidation

Under high doses of ionizing radiations, carborxidie used as a coolant in UNGG reactors is
split into one molecule of CO and oné @n. Then, the oxygen ion can react with graphite
carbon atoms, and release a gaseous CO molecusepfidnomenon is called wear [2]:
CO;+hv - CO +O*

O*+C - CO

It is globally equivalent to the Boudouard reactjéh

Co,+C- 2CO

Graphite density losd is due to the radiolytic oxidation and is defireedfollows [8]:

U (%)= (1— g—ij x100 1)

0
where dis the apparent density of irradiated graphite dyisl the density of non-irradiated
graphite.
In turn, the oxidation rate is a function of [9]a(dle 1):

» the relative volume of the graphite apparent poyosi

the coolant gas pressure,

the radiation flux absorbed into G@hich characterizes the power of the pile,

the inverse of the weight of irradiated graphitéwn the core (specific power) [10]

livrable -WP6-31032011.docx
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» the inverse of the absolute temperature of thengidien graphite pores,e the

graphite temperature.

Table 1 - Factors impacting graphite density los9].

CHA3-
Reactor* G2 CHA1 CHA2 Al Bugey 1
Graphite mass 660 800 1300 2000 1500
(moderator, tons)
Pressure C@(bar) 15 25 26.5 26.5 43
Thermal power -
(MW) 250 300 850 ~ 1600 1920

With the increasing power density of the UNGG reestgraphite oxidation by G@as under
irradiation becomes important. The oxidation rateich is already high for CHA1 and SLAL,
is even higher for Bugey 1, and it was then esaktttiuse an oxidation inhibitor for this plant
[9]. Indeed, Bugey 1 graphite was particularly efiéel by radiolytic oxidation. At the end of
reactor life (12.18 f.p.e.y. , full power equivalgmears) the maximum density loss ranged
between 25 and 42.5% [11].
Carbon monoxide and hydrogen are average oxidatiohitors for graphite as they decrease
the oxidation rate by a factor of 2 to 4. In costranethane, even at low concentrations (500
vpm), reduces the oxidation rate by a factor of30However, whereas methane has a
positive effect on graphite oxidation, radiolysfdlee CQ/CO/CH, mixture forms
carboxyhydrogenated deposits in the primary cirand in particular on graphite surface. The
formation of deposits has two origins [7]:
* Methane oxidation is driven by active oxygen at¢@¥). It produces a methane
oxidation product (P) which is deposited on thepite surface:
CH;+O* - P+ CO
* This methane oxidation product (P) then oxidizés amcompound (‘OP’) under the
action of active oxygen atoms (O*) :
P + O* - (OP)

4 CHA1, CHA2, CHA3 : Chinon A1, A2, A3 reactors — /L : Saint-Laurent des eaux Al reactor.
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* The other source of deposits comes from carbon midesadiolysis that produces a

carbon suboxide (Dy):
4 CO - C0,+ CO
» The carbon suboxide polymerizes at the reactoratipgrtemperature:
n GO, — (C302)n
* The polymerised carbon suboxide preferentially dgp@n the cold parts of the
graphite stack as long as the CO content is higlhigim (CO > 2 to 3%).
Such deposits have a significant influence on #hgnon capture cross-section because they
are composed of around 1% in weight of hydrogeih. [Ie deposits weight in the SLA1
reactor at shutdown in April 1990 has been estithatel 6.6 tons, and that of Bugey 1 at
shutdown in May 1994 at 81.6 tons [7]. No measurdgroéH, content in the graphite stacks is
available for the other plants (CHAL1, CHA2, CHA3IEBLA?2). Yet, given the operating
conditions of these reactors, the carboxyhydrogehdéposit content must be lower than that
of the Bugey 1 reactor.
The production rate of carboxyhydrogenated depdsitends on [7]:
» the graphite temperature
* the methane concentration
* theyflux and irradiation time
In contrast, CO concentration does not seem tatatfie production rate of deposits.
Carboxyhydrogenated deposits are situated in thespig and on the surface of the graphite
stacks in all UNGG reactors that have used @©coolant and in which significant amounts of
carbon monoxide were produced by radiolytic oxmatiusing methane as an oxidation
inhibitor has increased their formation. The defsostirongly adhere to the irradiated graphite
and can only be removed by means of intense mexddabrasion [7].

2.4 Graphite porosity

2.4.1 Definition of the porosity scale

There are many, often arbitrary, classificatiohparosity in relation to the pore size.
The cut-off thresholds between the so-called migrops and macroporous domains are
different from one author to another and depenthemmethods used for investigating the

porous medium [13]. It is thus necessary to esthldiconvention for classifying the various

livrable -WP6-31032011.docx
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porous domains. Such a convention has been propgsBdck [13] who defines porosity

intervals (limestone, within the context of his twal thesis) as shown in Figure 5:
» Infraporosityrefers to pores size smaller than 0.01 um. Floaugh infrapores is
controlled by adsorption forces,
» Supraporosityefers to pores greater than 2,500 um. Flow is igm@ceby gravitational
forces,
» Capillary porosityrefers to pores between 0.01 and 2,500 um. Wateri$ due to
capillary forces. The capillary porosity is dividedo three sub-domains referred to as

microporosity mesoporositandmacroporosity(Figure 5).

,= Capillary porosity .,
P II I1I I\Y V VI .
Size of the pores
0,01 0.1 1 10 100 1000 2500 (Apparent diameter)
1 1 1 ] 1 1 | >
- : _ ; pm
§ & oé\\A o 5
o) © ot o ) gJ
N o R o - N
S R 2 R S
& & ) L
& S N4 &
IS 5
." (0

Figure 5 - Porosity class thresholds [13].

2.4.2 Porosity in non-irradiated graphite

The porosity of graphite depends on its manufaatuprocess [2,14]:
» the nature of the coke and coal tar pitches used,
» the particle size of the grinding coke and the hemlre used for shaping,
» the creation of cracks by the release of volatisgemnals during thermal treatments,
» the shrinkage that occurs during the material ogodifter graphitization. It produces
cracks on the edges of the coke grains as wetl geeibinder,
» the graphite impregnation. It decreases the graatosity, and thus increases its
density.
Figure 6 shows the pore size distribution obtaimgdercury porosimetry on non irradiated
graphite samples from G2 reactor (Lockport L coke).
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Figure 6 - Distribution of pore diameters for non rradiated graphite (G2 reactor).

Three families of pore size are observed:
» pores smaller than 100 nm whose maximum distribugdocated around 20 nm
(micropores),
* pores whose size is between 100 nm apch5with a maximum distribution at 1 pum,
* pores with diameters bigger thamu®, with a maximum distribution at 10 pm.
Infraporosity (pore diameter lower than 10 nm)a$ accessible using mercury porosimetry. A
good reproducibility of the distribution of the psrwhose diameter is lower thapr® is also

observed. The average porosity of the samples¥%s 23

2.4.3 Porosity in irradiated graphite

Under irradiation the crystallites swelling altgrsiphite porosity [15].

In the absence of oxidation (test in helium atmesphsee Figure 7), neutron radiation makes
the graphite specific surface decrease, the rela@crease depending on the dose rate. The
pore distribution remains qualitatively unchandeaat, the accessible volumes for each pore
radius decrease. This may be attributed to thetlimg of pores entry because of the crystallite
expansion [16,17]. The crystallites swelling iseéed partially absorbed by the porosity.
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Figure 7 - Variation in porosity as a function of he pore radius for two graphite
samples (Lo.L coke):— non irradiated, - - - irradiated under He [18].

Figure 8 shows the evolution of cumulative porosifygraphite with the pore radius under
oxidation in CQatmosphere. The crystallites expansion is negkgiith the exception of the

macroporous domain for which there is an increaghe pore size.
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Figure 8 - Variation in porosity as a function of he porous radius for two graphite
samples (Lo. L coke)— non irradiated, - - - irradiated under CO, [18].
@ Summary:

The graphite porosity depends on the manufactyniogess. Under neutron radiation and
radiolytic oxidation, porosity is altered. Howevavailable data are often incomplete. It is thus
necessary to study the reproducibility of the ponesry measurements and the evolution of

porosity under irradiation.
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3 Water penetration into graphite
In this section, results on water penetration graphite are discussed. It concerns both the

amount of water that can come into graphite ang#metration kinetics as these data may
influence the radionuclide behavior during leachieg}s. Important parameters affecting

water penetration are pointed out.

3.1 Water vapor

The interaction between water vapor and graphibased on a physisorption process [19]. It is
reversible between room temperature and 120°Cbaodmes significantly irreversible

beyond 120°C [20].

The amount of adsorbed water molecules increagésth relative humidity (P4Ratio) [21].

At 25°C, it also depends on the sample geometrguserof a capillary condensation at the
sample edges. The penetration of water and hydedgemproducts into graphite increases with
the hydration temperature [22].

Nuclear graphite, whatever its density, can adapgroximately 100 ppm of water from the
laboratory atmosphere, and up to 800 ppm whers siaturated with water vapor [8,23]. Most

of water molecules are physisorbed but a largelgndmes chemisorbed under heating.

3.2 Immersion tests

Areva has studied water penetration into grapliét $leeves samples retrieved from SLA
(Saint Laurent des eaux) that were initially stored disposal pool during decladding.
Immersion tests in water were carried out for 2dre@nd comparison was made with non
irradiated samples. Tests were also performed ymréssure to model a 10-meter water

column. The mass increase percentages are sholabla 2.

Table 2 - Percentage of mass increase in irradiateghd non irradiated graphite

samples [23].

Irradiated sample (%) Non irradiated sample (%)
AtmP 4.4 1.1
AtmP + 1 bar 3.8 2.5
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On the whole, the water penetration remains sroalbéth irradiated and non-irradiated

samples, below 5% in mass. The effect of pressuaso negligible. Yet, the irradiated
graphite retains more water than the non-irradiatedple.

Other immersion tests were carried out on non-atad graphite from SLA reactors. Both
solid samples (whole sleeves) and fragments obuarsizes were studied. Their
characteristics are shown in Table 3. These sary®es immersed in water at room
temperature for three months. Regularly, they wieagned off (5 minutes) and weighed.

Table 3 - Characteristics of graphite samples usad the immersion tests.

Dimensions
N° Origin : . Mass Densi
L @ (in/out) (mm) | Height (mm) () ty

Fuel Péchiney]  93/136 460 6489.2 1.824
sleeves 1
Fuel SLA 111/137 603 5245.1 1.696
sleeves 2 ' '
Fuel Fragments: > 50, 33-50, 10-34,
sleeves 3 SLA 4-10, 1-4 i 1.696

The water adsorption rafl is defined in (2) and its evolution is plotted in

Figure 9.

m my, —m;
Taz_"’:¥ (2)
m; m;

m;: initial mass of dry graphite,
mp: mass of the wet sample after wetting and draining
Me: Mass of the water retained in graphite (corerfasa)

Ta water adsorption rate after draining.
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Figure 9 — Evolution of the water adsorption rate ®non irradiated graphite with

time.

From Figure 9 there is evidence that the wateordi®n rate depends on the sample density
as well as on the dimensions of graphite pieces:

» The less dense (and more porous) the graphitéidgher the water
adsorption rate
* The larger the specific exchange surface, the higjigeewater adsorption
rate (surface wetting).
The water adsorption rate is also temperature-sessihe water adsorption kinetics
considerably increases when graphite is immerséadiimg water.
Water adsorption measurements were also undertakaon-irradiated graphite from the Fort
St Vrain reactor (USA). Tests were performed irakproof container filled with water, either

under atmospheric pressure or under 4 bar of mtr@@s. After 76 days at atmospheric
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pressure, the mass increase of the graphite sampkearound 1.1% whereas the water mass

increase was around 9% after 7 days under 4 hatrofen gas.

e Summary:
There may be two mechanisms of water penetratimngraphite:

* aphysisorption process that occurs as soon akiggajpmes into contact with humid
air,

* awater retention process that seems to deperttearontact surface and on the
graphite porosity. Experiments show that water gutgmn kinetics is also temperature
and pressure-sensitive.

Few data is available for irradiated graphite. Yreddiation can strongly influence water
penetration because it alters graphite porosityitacah form carbohydrogenated layers.
Further studies are thus required.
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4 Leaching behavior of graphite radionuclides
This section aims at reviewing all the leachingezkpents on UNGG irradiated graphite

available in the literature. First, experimentaldeing protocols will be presented. Then results
will be discussed for each radionuclide.

4.1 Description of studies

Most of leaching studies were carried out by théd@& graphite from either EDF plants
(Bugey and Saint-Laurent SLA2) or CEA G2 react@athing tests were also performed by
the Pacific Northwest Laboratory (PNL) on irraddhtgaphite from the CEA G2 reactor and
the American Hanford reactor. Details on French @\i@actors can be found in the EDF
WP1 report.
Experimental conditions are collected in Table d are divided into three sections: graphite
origin, sample dimensions and leaching conditions.
It is of importance to note that experimental ctinds, in particular sample dimensions (V/S
ratio), leachate volume and renewal, are signifigatifferent. This is a serious limitation
since it precludes reliable comparisons, and tbeeaio clear conclusion on radionuclide
behavior can be drawn. Moreover, when such legdeist campaigns were undertaken,
underwater dismantling was not relevant yet. Thoeeefexperiments were often conducted
with two compositions of the leaching solution:

» ultrapure water (used as a reference)

* lime water (representative of disposal in concpatekages).

The first leaching tests were carried out at thé R¥oratory in 1988 and 1989 on
irradiated graphite samples fradanford [24] andG2 [25] reactors. The release 8€l and
4C was followed for 8 to 13 weeks. Leaching testsewsmnducted in pure water and in
simulated groundwater from 20 to 90°C. Prior techeag, graphite samples were cleaned by
immersing them in 200 to 300 mL of demineralizederan an ultrasonic bath for 1 to 2
minutes to remove manufacturing dust. They were tenpletely immersed in leakproof
containers and saturated with air to prevent isotepchange betweéfiC and the C@present
in air. The entire leachate volume was analyzedyeweek. This experimental protocol is in
agreement with ANSI/ANS.16.1.1986 standards.
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Table 4 - Leaching conditions for graphite samplefom Hanford, G2, SLA2 and

Bugey1 reactors.

Origin Hanford G2 | Hanforg G2 SLA2 Bugey Bugey G2
Component Moderator Sleeve Moderator
Lab PNL CEA
D=H=8
0| 0 D=64
c | Size D=30 D =80 D=19 D=16
o _ _ or _ powder |H =18 or
@ (mm) H=30 H =80 D=H=3 H=13 H =33 15
2 3
= VIS 1.26 0.58 or
© . .
%— (cm) 0.5 1.26 or 0.55 0.27 0.33 - 051
Em L 650 L 90 or
& @) 040 0650 or 50 06 010 01.5 75
Sspe 5.2 0.27 .
ore melg malg ND [23% ND 23%
Leaching
duration 56 91 90 455 144 0r 455 184 454
(days)
. UP water UP waten
Medium UP water UP water Industrlal and UP water | and lime
groundwate water .
lime water water
2 | Renewal Complete for each analysis Partial Complete fc_)r each
9 analysis
| 20,50and) 23 20 | 20and40 20 20
S (°C) 90
o| VL 3000 or
£|(my) 406 3000 500 150 20 10 150
gIVLS
| VL i X
@ (cm) 9,27 010 11.9 1 15o0rlp
BGCI, 14C,
3H GOCO 36C| 14C
o 36C) 14C 3, 38c), 14 | ¢y 14c, 1é7Cs, ' M. éoCO:
onitored 36C|’ 14- GOCO, 3H, 60C0, 3H, GOCO, 134Cs, 137Cs,
1870g ,63Ni 1870g 137Cs,63Ni 133Ba, 63Ni’
154Eu, 133Ba
155EU

V.. leachate volume, S: sample surface in contact thi¢ liquid, V: sample volume, m: graphite mass,
T: leachate temperaturey,Sspecific surface of the graphite,porosity of the graphite, RN:
radionuclide, D: diameter, H: height
*Industrial water: C& = 78 mg/L, Mg" = 24 mg/L, N4=5 mg/L, K = 1 mg/L, SG* = 10 mg/L,
HCO*= 357 mg/L, Cl= 4,5 mg/L, NG= 3,8 mg/L, pH =7,2
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A comparative study was carried out by the CEAlendame samples (G2 and Hanford

reactorsys the PNL leaching studifgZ6]. G2 samples came from both the reflector (¢co®
and the moderator (cores n°13 and 14). The expatahprocedure respects the guidelines of
the standard BECC-FT 04.020 test. Samples were isatden pure water, in closed but not
leakproof containers. Sample dimensions were qliiterent from that of PNL tests - 650 g
for the CEAvs. 40 g for the PNL — preventing any reliable comgami

Complementary tests on G2 irradiated graphite sesnpkre thus undertaken in 1990.
They dealt with smaller graphite samples (50 ggtelkom the same coring than previous tests
(cores n°12 and 15) in order to be comparable RNih results. The experimental procedure

was also modified accordingly by using a leakpmmitainer saturated with air.

In 1999, leaching tests were also carried out ByGRA [27,28] on three graphite
samples from th&aint-Laurent A2 (SLA2) sleeveswith different dose rates. The reactors
were specially designed to achieve containmentsiesre performed according to the
ANDRA 330 ET 09.06 engineering test.

Leaching data are also available for Bugey 1 gtaptack [29]. Cores were taken from
various channels and heights within the stack teepeesentative of different irradiation and
temperature conditions. Experiments were conduatedcordance with the ANDRA

engineering test, with some modifications however:

* Leakproof design,
» Sampling of the solution under argon sweeping,
» Partial renewal of the leachate for each sampbrigdrease chlorine concentration,
» Limitation of the \{/S ratio to 1 cm to increase activity, (16 the leachate volume
and S is the sample geometrical surface).
Three leaching series were conducted using eitiner ywater or lime-saturated water at 20°C
or 40°C.

In 2006, similar leaching tests were performed @phite dust coming from the
previous Bugeyl measurement campaign [30]. Povadapkes were grinded manually to

obtain the finest particle size (< 200pm).

The last study was performed in 2004 on graphdmfG2 reactor [31]. Samples were

taken from core n°36 which comes from the 1989ngpdampaign. A graphite block
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corresponding to the total height of the stack (8)4vas cut vertically in the radial plane and

split into 47 cores that were 20 cm high. The vest made in a leakproof container using
argon as an inert gas.

In the following, results are detailed for eachioadclide, with a focus offCl and*“C that are
the most problematic isotopes for waste treatmedtdisposal. We try each time to point out
salient features of radionuclide behavior as weliacertainties and questionable results. This
will also allow determining the optimum conditiofes conducting leaching experiments.

As already stated, most of the experiments repdatdor a minimum duration of 90 days.
Thus, in order to make comparisons easier, reailltbe defined in terms of the cumulative
leached activityr over 90 days:

2.2 3)
F(%)=12x100
A

We also mention the so-call&dlyo which is independent of the sample dimensions:

i
g
=AY, 4)
E =120 %" (cm)x10*
Lo (£2m) A S( )
where V/S is the sample volume/geometrical surfatie, AO is the initial activity and ai the
released activity over the leaching time.

4.2 Behavior of 3°Cl

4.2.1 Leaching of graphite from G2 and Hanford reac  tors

4.2.1.1 Results from the PNL laboratory
Results of PNL leaching tests are presented ineTapafter 90 days of leaching for G2

samples and 56 days for Hanford samples [24,25c2and Hanford graphite moderators are
of different nature and have different operatingtdny, comparisons are not straightforward.
For the Hanford reactor, the cumulative leachectiba of*°Cl after 56 days seems to be
independent of the leaching conditions. Resultcangparable whatever the temperature (25,
50 or 90°C) and the nature of the solution (puréewss. groundwater).
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Table 5 - Cumulative leached activity of°Cl for G2 (1988)
and Hanford (1987) reactors (PNL results).

o Medium, VIS | VIS | Graphite Ao F EL 9o
Reactor] N T(C) | (cm) | (cm)| mass(g) | (Balg) | (%) | (um)
DIW25 | Water, 25°C 0.20%|  10*
DIW50 | Water, 50°C 0.20* 10*
Hanford DIW90 | Water, 90°C 0.19* 10*
(PNL) |HGW25 Gro‘;”?""ater’ 2500 10 165 g
5°C 9.25| 0.5 40
Groundwater, ~- ' * *
HGW90 90°C 0.17 8
G2 2 940 3.7 185
(PNL) 13 Water, 20°C 4460 39.1 1955
14 4480 0.96 48
* at 56 days

For G2 reactor, results are much more variable. *f®lrelease ranges from 1 to 40% of the
initial activity. Surprisingly enough, whereas coré13 and 14 have similar properties (initial
activity and thermal history), their cumulative ¢dad fraction is different. Gray and Morgan
have tried to explain such a difference [24,25fey bropose that chlorine 36 release may be
either limited by:

» Diffusion of reagent (such as,Yr products within graphite pores,

» Depletion of the chlorine 36 content.
Yet, Figure 10 shows that diffusion is not rateedetining because the cumulative leached
fraction F should be proportional to the square afdime otherwise. Depletion of chlorine 36
content is also unlikely because released fractimedow. It is possible however that part of
chlorine atoms is more reactive or more accessibleachate.
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Figure 10 - Cumulative leached fraction of°Cl as a function of square root of time for
G2 (core No.14) and Hanford (DIW-25) graphite samgs (pure water, room
temperature).

4.2.1.2 Results from the CEA
Results are presented in Table 6 after 90 daysaching.

Table 6 - Cumulative leached fraction of°Cl for G2 (09/01/1988)
and Hanford (06/24/1989) reactors (CEA results).

o | Medium,| V. /S | VIS Graphite Ao .

Reactor] N 17¢0) | em) | (em) | mass(g) | Baig) | ) |FLeom)
ool DL 1670 | 0.30 38
(?:TEX; E2 1490 | 0.28 35
G3 | Water, 1700 | 0.32 41

; 10 | 1.26 650

o2 2 23°C 400 | 034 43
ceny |23 1275 | 1.74 219
14 530 | 1.05 132

Results for Hanford graphite are similar to thataied by PNL (low°Cl release), with a
mean cumulative leached fraction of 0.30%.
For G2 samples, cores 13 and 14 release the samentof chlorine 36 whereas core n°2

shows a lower cumulative leached fraction. This ikne with the origin of graphite samples,
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as core n°2 comes from G2 reflector while coreard® 14 were retrieved from G2 moderator.

Differences are observed on F values for core2,N3 and 14 between CEA results (Table 6)
and PNL results (Table 5). They may stem from défifie measurement techniques or
protocols. The mass of graphite samples in CEA @0g) strongly differs from samples in
PNL tests (40g). To check whether the sample mifssts leaching rates, complementary
experiments were performed on G2 cores n° 12 an&uéh cores are located on either side of
cores n°13 and 14. Thus they should release siamt@unts of chlorine 36. Results are shown
in Table 7. Samples dimensions (V/S) and solutimome (M/S) were modified according to

PNL experimental conditions.

Table 7 - Leaching results for G2 and influence ajraphite mass.

Medium, VIS VIS Ao F EL g0

Core n® o Mass
TeS) | (em) | (em) @1 Baig) | @) | @m)

2 400 0.34 | 43
13 1.26 650 1275 1.74 | 219
14 Water, 23°C 10 530 1.05 | 132
12 654 20.2 | 1111
15 0.55 50 920 53 2915

Two important conclusions can be drawn from Table 7

» First, leaching rates largely depend on graphitepdas dimensions (mass and V/S
ratio). F values are 20 to 50 times higher for $seinples than for bigger ones. This is
in agreement with the diffusion of chlorine 36 thgh graphite porosity: the larger the
size of the graphite sample, the slower the relkamtics.

* Then, whereas PNL and CEA experiments are conductedr similar conditions,
release rates are different (see Table 5 and T/dbMo explanation has been proposed,
and we do not understand such a result either.

@ Summary:

This first study shows the strong influence of saenple dimensions (mass and V/S ratio) on
%Cl leaching rate. This behavior should be correlatih the accessibility of graphite pores to
the leaching solution.
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4.2.2 Other graphite leaching tests on G2 stack

The most recent leaching study was performed i@ 200G2 graphite. Core n°36 was cut into
several slices 15 or 18 mm thick to make samples @5 or 92 g [31]. Under operating
conditions such samples were subjected to a tertypera the order of 300°C. Leaching tests
were conducted in ultrapure (UP) water or in limegev at 20°C for 455 days. Results are
shown in Table 8 (for 97 days of leaching) and Fegld (for 455 days of leaching).

Table 8 - Cumulative leached fraction of°Cl for G2 stack graphite (03/09/2004).

® Medium, V./S VIS Ao 0 EL g0

Reactor| N" | ") | (em) | (em | @ag) || @m)
2 1.5 0.58 216 82 4723

G2 6 UP water, 20| 1.6 0.51 254 82 4190
Core 9 1.5 0.58 394 89 5126
n°36 5 Lime water 1.6 0.51 283 83 4241
8 20 115 0.58 353 83 4781

10 15 0.58 307 88.8| 5115

Chlorine released fractions are high, above 80%liaamples, and they do not seem to
depend on the leaching medium (lime wateltrapure water). The release process is rapid,
as displayed in Figure 11: more than 80% of thiainactivity is leached in the first month,
and the residual fraction is then released muclerslmwly.
The presence of two “forms” of chlorine 36 has bpeyposed to explain release kinetics [31]:
* The major fraction - around 80% - may be weaklyrzbto graphite and/or located in
the graphite macroporosity,
* The complementary fraction may be strongly boungrsphite (covalent bonds) and/or
located in the graphite infraporosity.
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Figure 11 - Evolution of the cumulative leached fration of **Cl with time (G2

reactor).

F Summary:

This last study on G2 graphite has shown a gooeatapility of the experiments within a
single core. It suggests that the graphite stredturelatively homogenous within the same
core and that water penetration is similar foisalhples. Moreover, the chemical composition
of the aqueous solution does not have any influencie chlorine 36 leaching behavior.

As a result, chlorine 36 release may be contrddedne of the following processes:

* Water penetration into graphite,

* Chlorine solubilization in the leaching solutiomited either by the nature of chemical
bonding between chlorine atoms and graphite ohbydcation within graphite
porosity,

» Transport of chlorine through graphite pores, frtv chlorine site to the solution.

The rate-determining step (the slowest process$)deiermine the kinetics of chlorine 36

release into solution.
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4.2.3 Graphite leaching of Bugey 1 stack

Leaching results for Bugey 1 stack samples are showable 9 after 144 or 455 days of
leaching [29,30]. Both solid and powder samplesewesed. The leachate was partially
renewed.

Table 9 - Cumulative leached fraction of°Cl for Bugey 1 graphite stack for solid
(09/17/2001) and powder (05/23/2006) samples.

" Dose .
o Position Medium, |V /S| VIS | Ao F
Reactor N Channel m) (prél:;h) 7eC) | (em)|(cm)|®alg)| @)
N55 D6J4 12 12 Water 22 83.5
N58 D6J4 20.4 8 20°C, 3.6/ 38p
N75 D6J4 12 20 65 87.b
Bugey N76 D6J4 13.7 40 Water 161 | 83.5%
(blocks) N85 D1J1 12 32 40°C ' 1 1033 82| 73.%*
N86 D1J1 13.7 40 104 36.1*
N57 B8JO 17.3 80 Lime 16 18.1
N59 B8JO 21.4 14 water, 18 <3.B
N98 C6J0 20.4 70 20°C 3.6 <181
Bugey N87 B8JO 17.3 - Water 10 51
(powder N67+N68| B3I9 20.4 - 20°C’ - - 340 1.5_
N88 B8JO 20.4 - 18 14.%

* values after 144 days of leaching

4.2.3.1 Block samples
Figure 12 shows the cumulative released fractiofi@fas a function of time. On the whole,

there is a large variability on the results asaséel fractions range from 10% to 90%.
However, as for G2 samples, all plots feature alarpattern, with a fast release of chlorine
36 in the first two months while release remaimsadt constant beyond two months.
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—e— N57 - 20T - Lime water

Figure 12 - Impact of experimental leaching conditns on the evolution of the
cumulative released fraction of°Cl (09/17/2001) with time [29].

The effect of the leachate temperature is not Bggmt so bonds between chlorine atoms and
graphite should not be temperature-sensitive bdl@¥C. In contrast, th&€Cl release kinetics
is reduced by a factor of 2 to 10 in the preseridieng water [29]. In such a case, the
cumulative leached fraction 81Cl is constant with the square root of time, whiclggests a
diffusion-driven release mechanism. Several expians have been discussed to explain the
reduction of°Cl release kinetics in lime water:

* Precipitation of chlorine atoms in the presencknoé water. Yet, this is unlikely
because Caglis highly soluble,

* Precipitation of lime or calcite could block offetlyraphite superficial porosity, thus
slowing down®®ClI diffusion [29]. However, tests on G2 graphitd dit reveal any
difference between results in pure water and thosme water [31].

As mentioned in Table 9, samples were retrieveahfrvarious channels and heights in the

stack. Therefore, differences between chlorinelBudative leached fractions in pure water
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and in lime water could be explained by the positrothe reactor and not by the nature of the
leaching solution.

In Figure 13, the cumulative released fractiori’6l is plotted as a function of the initial
activity of *°Cl, but no correlation is observed.

100 -
90 +

361 (%)

80 +
70 ~
60 -

40
30 -
20 1,
10 -

O T T T T T T ® 1
0 50 100 150 200 250 300 350

Initial activity (Ba/g)

Cumulated released fraction in
*

‘ o Pure water, 40C = Pure water, 20C a Lime water, 20C e powder

Figure 13 - Cumulative released fraction of°Cl versus the initial activity in the
sample (blocks and powder, from Table 9).

On the contrary, in Figure 14, there is a clearedeency between the height of the graphite
sample within the stack and the cumulative reledsation of*°Cl: the deeper the graphite
sample, the lower tH&ClI release.
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Coolant gas direction movement
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20 A A
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Cumulated released fraction in %®Cl (%)

O T T T T 1
22 20 18 16 14 12

Graphite position in the stack (m)

& Pure water, 40C = Pure water, 20C a Lime water, 20C

Figure 14 - Cumulative leach fraction of°Cl as a function of the position of graphite

samples in the stack.

The position in the stack is related to the gragptemperature during the operating time, which
has in turn a strong influence on the formatiosarboxyhydrogenated deposits. In Bugey 1,
temperature ranged from 230°C in the upper path@feactor to 580°C at the bottom. It can
be assumed that deposits were preferentially fonviezte the temperature is high, that is to
say where th&Cl release is low. Then, deposits formed in thekite porosity and on the
surface could prevent or at least slow down therae release into solution.

It would be interesting to carry out complementaxperiments on graphite from different
heights in the stack in UP water at 20°C so a®tdien the effect of the thermal history of

graphite on chlorine 36 release.

4.2.3.2 Powder samples
Powder samples come from radiochemical measurerperfarmed in 1999. Experiments

were conducted in UP water at 20°C. Figure 15 shtbesumulative released fraction®6€l
after a leaching period of 184 days as well as ftata previous tests on block samples (see
Figure 14).
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On the whole, leaching data on powder samples icortfiat the chlorine 36 release into
solution is correlated with the operating histofymphite (temperature, radiolytic oxidation,
deposits), and decreases as the operating tempenatreases. We also observe (not shown in
Figure 15) that almost all of the chlorine 36 conie the powder is released within the first

month which may be explained by high specific stefaf powder samples.

Coolant gas direction movement

100 - sgo d 230C
S 90 A -
= . -
& 80 -
£ *
= 70+
k=l
‘g 60 -
5 50 - °
()
2 40
[}
@ ) ¢
- 30+
g
% 20 - A A
c [ ]
3 10 -

0 A ® T T T T 1
22 20 18 16 14 12
Graphite position in the stack (m)
o Pure water, 40C = Pure water, 20C a Lime water, 20C e powder

Figure 15 - Fraction of*°Cl released into solution as a function of the posbn of

graphite in the stack for solid and powder samples.

@ Summary:

Studies on Bugey 1 graphite stacks confirm thattigeno correlation between the initial
chlorine 36 activity and the cumulative leachedtian. There is no relation between the initial
activity of chlorine 36 and the position of grajghin the stack either.

The fraction of°Cl released in solution ranges from 10 to 90%. Sudifference is attributed
to the position of graphite samples in the stanok, thus to their thermal history.

As for G2 graphite samples, release seems to at¢wo steps, suggesting the presence of
two forms of chlorine 36.
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4.2.4 Graphite leaching from sleeves in Saint-Laure  nt A2

Leaching results for SLA2 fuel sleeves are presemdable 10 after 90 days of leaching
[27,28].

Table 10 -**Cl cumulative leached fraction for graphite samplesrom SLA2 sleeves

(07/18/1997).
Medium, | V./S VIS Dose rate EL g
Reactor| N° R Ao (Ba/g)| F (%
TCC) | (cm) | (em) | (uGym) |“o B FOO | m)
01 Water 30 76 10 270
SLA 07 20 ' 111.9 0.27 |120 483 5.6 151
24 12 70 <5.5 <149

The cumulative released fractions of chlorine 36samilar for samples n° 01 (10%) and 07
(5.6%), but below the detection limit for sampl@4°As for Bugey samples, there is no clear
correlation between initial activities and cumulatreleased fractions. For instance, sample
n°07 has the highest initial activity (483 Bq/g) lds cumulative released fraction is lower than
that of sample n°01 whose initial activity is offl§ Bg/g. There is no correlation between the
irradiation (dose rate) of graphite and the relddsaction either.

As observed in Figure 16, the cumulative releasactibn in samples n°01 and 07 is
proportional to the square root of time which isu@tteristic of a diffusion process. Sample
n°24 is not displayed because the chlorine 36 iagis below the detection limit.

It is interesting to note that tH&CI cumulative released fraction for SLA2 sleevegtiite
different from that previously observed on grapiii@cks (G2 and Bugey reactors): the
released fraction is significantly lower and seéonsccur progressively, in contrast to the two-
step process mentioned for G2 and Bugey 1 stac#ieetl, the SLA2 graphite sleeves were
probably decladded under water so leaching resukgyure 16 could represent the end of the
leaching curve (second step) observed for G2 amgBygraphite samples (see Figure 11land
Figure 12). Moreover, graphite sleeves underwelduble impregnation during the
manufacturing process, resulting in a lower poyodihis could also slow down tHeCI

release.
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Figure 16 -*°CI cumulative leached fraction versus the square @t of time for two
SLAZ2 sleeves samples.

4.2.5 Diffusion measurements of 3°Clin G2 and Bugey 1 graphite

In a first approach, it has been assumed thatiolel@6 leaching is controlled by diffusion
though the graphite porosity. Diffusion calculasomere thus made and diffusion coefficients

were fitted in order to reproduce the experimedéh according to the following equation:

F =2xV§x D Xt (5)
V4

where F is the leached fraction, S is the geonadtsigrface subjected to leaching, V is the

sample geometrical volume, t is time angstands for the apparent diffusion coefficient.
As suggested by leaching tests on G2 and Bugeylsamwo forms of chlorine 36 were
considered:
« alabile fraction of°Cl (80%), called site 1
« acomplementary fraction (20%) BEl, called site 2, that diffuses more slowly. Ityna
be located in the graphite infraporosity and thusay be less accessible to water.
Figure 17 shows the evolution in the leached ché86 fraction with time, as well as the

calculated diffusion profile.
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Figure 17 - Chlorine 36 released fraction and comped diffusion profile (solid line) in

pure water.

Two diffusion coefficients were fitted in line witites 1 and 2. Values are shown in Table 11

for G2 and Bugey 1 graphite. The effective diffusaefficient is calculated from (6:
De=0.D, (6 = 0.2 is the graphite porosity) (6)

Table 11 - Diffusion coefficients fitted from testoon G2 and Bugey 1 graphite samples.

Site 1 Site 1 Site 2
Da (M?/s) | De (M?s) | Da (M%/s)
G2 2,5.10" |5.10% |1,5.10"
Bugey | 4.10% |8.108® |6.10™

The diffusion coefficient values for G2 and Bugegraphite samples are similar.

Chlorine diffusion tests were performed on nondrated graphite as well. A 1.8cm-

thick sample from G2 reactor was placed betweent&nks between which a constant

concentration gradient was imposed. The effectiffasion coefficient is calculated from the

amount of°Cl crossing the sample over time. In steady-statelitions, equation (7} is

applied:
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_D.C,, alC, @

where

Q: amount of°Cl that crosses the sample per surface unit (Bg/m

De: effective diffusion coefficient (ffs)

Co: initial concentration (Bg/f)

L: sample thickness (md; =6 + (1 -0)pKq,

0: material porosity

p: graphite density

Kq: retention coefficient for the element in the nnizie

Figure 18 plots the QL/CO ratio versus time. Tlopslgives the effective diffusion coefficient
De = 4.10-12 is.

6,E-01

13 *19 20 +—17 =12 — De=4.10-12 m2/s

5,E-01 -

4,E-01 -

3,E-01 -

QL/CO (cm?)

2,E-01 -

1,E-01

0 20 40 60 80 100
Temps (jours)

Figure 18 -3¢ClI diffusion through a sample of non-irradiated G2graphite.

This is in agreement with values listed in Table Siimilar diffusion tests were conducted on

non-irradiated graphite from Bugey 1, and they jifexhe same value:d> 5.10" m?s.
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4.2.6 Conclusion on the behavior of  *Cl

The release of chlorine-36 from irradiated graph#@mples shows characteristic features:

» the samples dimensions play an important role lartte release into solution. It is
consistent with a diffusion-driven mechanism.

» for Bugey 1 samples, the position of graphite witthie stack- and thus its thermal
history - has a strong influence on chlorine rededise higher the operating
temperature, the lower the chlorine release. Témabior could be related to
carboxyhydrogenated deposits formed in the gragatesity and on the surface that
could prevent or slow down the chlorine 36 releaassolution.

* For G2 samples, released fractions were all simitaatever the leaching medium (UP
water or lime water).

» For G2 samples, more than 80% of the initial amadichlorine 36 is leached within
the first month. The residual fraction is releasaech more slowly. To explain the
release kinetics 6fCl, the presence of two forms of chlorine 36 hasnbassumed
[30]: a major fraction¥ 80%) weakly bound to graphite, and a complemerftation
that is strongly bound to graphite and/or locatethe graphite infraporosity. Fit on
experimental values based on a diffusion model seéemonfirm the presence of two
forms of chlorine.

» The diffusion of chlorine 36 in non-irradiated an@diated graphite from G2 and
Bugey 1 reactors was also studied with diffusidfsc&ffective diffusion coefficients
were calculated and they are consistent with lesctata: Q= 5.10 m?/s.

4.3 Behavior of 3H and *C

4.3.1 Comparison of results for G2 and Hanford reac  tors

4.3.1.1 Results from the PNL
Results for“C release are summarized in Table 12 after 90 ofdlgsiching for G2 samples

and 56 days for Hanford samples [24,25].
Table 12 shows that the amount'& released in solution is very low (<1%) for bo#factors,
even though G2 samples show a greater reled$€ dfian the Hanford samples.
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Table 12 —Cumulative leached fraction ot“C for G2 (1988) and Hanford (1987)
graphite samples (PNL results)

i [0)
Reactor] N° Medium, T(°C) \(i:LrS VIS (cm) Graph(lélt)a MBS || /39 Sﬁgq’g) i é’)
DIW25 | Water, 25 0.009*
Hanford DIW50 | Water, 50 0.018*
(PNL) DIW90 | Water, 90 260 0.050*
HGW25| Groundwater, 25 925 05 40 0.004*
HGW90| Groundwater, 90|~ ' 0.026*
G2 2 16.3 0.85
(PNL) 13 Water, 20 53.9 0.26
14 65.3 0.33
* at 56 days

4.3.1.2 Results from the CEA laboratory
Results are presented in Table 18 after 90 dajeaohing. BotfH and*‘C are studied.

Table 13 — Cumulative leached fraction ofH and **C for G2 (09/01/1988)
and Hanford (06/24/1989) samples (CEA results).

Reactor| Ne [Medium, | Vi/S| VIS Graphite | A, C |F (%) | Ao °H | F (%)
T(°C) |(cm)| (cm)| mass (@) | (kBg/g) | **C | (kBg/g) | >H

Hanford D1 230 0.0006885 0.0009
(gé‘A‘;r E2 170 0.0004636 0.0014

G3 170 0.0004500 0.0018

1.26 | 650

2 Water, |, 6.1 0.003| 382 2.8
G2 13 |23 18.6 0.0006367 0.035

14 23.3 0.0004345 0.15
(CEA)

12 0.55 | 50 18.3 0.36 | - -

15 ' 17.4 0.08 | - -

Tritium activities and release rates are more £8 the same for both reactors.

For'“C, initial activities measured by the PNL and tH&ACare comparable. In both tests,
Hanford samples have an initial activity in carldghthat is ten times as high as G2 samples.
Among G2 samples, core n°2 logically shows the Bhirgtial activity in'“C as it comes from
G2 reflector, and it has thus experienced a loweetnon flux than the moderator. Cumulative
released fractions dfC measured by the CEA on G2 samples (cores n° 2nd34) are lower
than that from PNL, but they are similar for conésl2 and 15 for which a leakproof reactor
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was used. It suggests tH4E may have escaped as gaseous speciesdQT0) from cores n°
2,13 and 14.

4.3.2 Leaching on G2 graphite stack
Results for G2 stack samples are shown in Tabkfte4 97 days of leaching [31].

Table 14 — Cumulative leached fraction ot*C and ®H for G2 stack samples
(03/09/2004). Values in blue are below the deteatidimit.

Reactorl N° Medium, VLIS VIS | Ay *C F (%) | Ao °*H F (%)
T(°C) (cm) (cm) |(kBg/g) C |(kBa/g) H
2 2.2 0.576 | 8.6 |<0.028 |36 <0.040
G2 6 UP water, 20 2.4 0511 | 20 [<0.018 (38 0.031
core 12 2.2 0.576 | 25 0.027| 49.2 | 0.07¢
o35 | Lime water. |24 0511 | 13 <0.02 |44 <0.019
8 20 '12.2 0.576 | 18 0.02 | 48 [<0.004
10 2.2 0.576 | 31 0.014| 55 [<0.021

On the whole*C and®H show a low leaching rate (<0.1%), and lots ofrealare below the
detection limit (in blue in Table 14). After 464y of leaching, the maximum value is found
for tritium, with a cumulative leached fraction@#% (not shown in Table 14).

There is no difference between values in lime wahet in pure water. This is in agreement
with the leaching tests on Bugey 1 graphite asntepdoelow.

Measurements O0H release in the gas phase were also performeddfteays of leaching for
samples n°2 and 6. They show a low fraction afted water (HTO) in the vapor phase with
respect to that found in solution. Thus, thereasignificant release of gaseous tritium during
leaching tests.

4.3.3 Graphite leaching on Bugey 1 stack

Leaching results for Bugey 1 stack samples are showable 15 after 90 days of leaching
[28,29]. Both solid and powder samples are studied.

For tritium, release rates are low, with the exiepof sample N86 whose leached fraction
reaches 3.19%. They show neither medium (Msi@ure water) nor temperature sensitivity.
Influence of the sample form (sod. powder) is also negligible.
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Table 15 - Cumulative leached fraction ofH and **C for Bugey 1 graphite on solid
(09/17/2001) and powder (23/05/2006) samples. Vaur blue are below the detection

limit.

. Medium, V. /S VIS [Ao MC| F (%) | Ao °H | F (%)

REREET) N T(°C) cem | m) |Bgig)| *C |kBaig)| °H
N55 8.3 <0.01 |141 0.59

N58 Water, 20 57 <0.001 |25 0.12

N75 8.5 <0.009]6.31 |0.27
Bugey N76 84 0.034 | 140 0.071
(block) N85 Water, 40 |1 033 6.1 <0.016 362 0.438
N86 33 0.009 | 352 3.19

N57 Lime water 100 0.0014| 21 0.06

N59 20 ’ 20 <0.005|270 0.004

N98 30 <0.003[20 0.184

Bugey N87 39 <0.035[36 0.07
(powder N67+N68| Water, 20 | - - 95 <0.06 |22 <0.06
N88 20 <0.06 |6.8 <0.2

With the exception of samples N76, N86 and N&Z,released fractions are below the
detection limit. They do not depend on the medilimgvs. pure water), on the temperature
nor on the sample form (soh. powder). For samples N76, N86 and N57, the relsase
higher but remains very low (< 0.04%).

Figure 19 shows the evolution Y€ released fraction with time for Bugey 1 samples.

Leaching results on G2 graphite stacks (see se4t®R) are also displayed for comparison.
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Figure 19 - Cumulative leached fraction of’C versus time for G2 and Bugey samples.

The“C release for Bugey 1 and G2 occurs in two steps:

» The initial release is rather rapid, and occursinvithe first 90 days of leaching. It may
arise from**C generated by activation 8N impurities from the coolant or activation
of *3C contained in the deposits.

« Subsequently, tHéC release kinetics is very slow. It may come fré@ activation in
the bulk.

The'“C dissolution rate was derived from G2 experimenis provided a value of 3.1@.m
2j™*. Fachinger et al. [32] measured the same valug0-'&).m?j™ - for graphite oxidation in

aqueous solution, suggesting ti release roughly coincides with graphite oxidation

4.3.4 Graphite leaching from SLA2 sleeves

Results of SLA2 sleeves leaching are collectedabld 16 after 90 days of leaching [27,28].
Tritium is the main radionuclide in the leachate ibsirelease rate is fairly low with respect to
the initial activity. It may be bound in a chemi¢atm that limits its dissolution [28].

As already observed for G2 and Bugey leaching t&&@selease occurs in two steps: the
initial release is rather fast (1.3 to 6.8% of itm&al activity) while it significantly decreases
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afterwards. Only th&'C present on the graphite surface seems to beddaaihile bulk*‘C is

more stable and is released on the long run [28].

Table 16 - Cumulative leached fraction ofH and **C for SLA2 sleeves (07/18/2007).

. 14 F 3 F
Medium,| V. /S | VIS | Doserate | A ~'C (%) Ao "H (%)

Reactor| N T(°C) | (cm) | (cm)| (uGy/h) |(kBa/g)| Y- |(kBalg)| s

01 Water 30 2.55 0.95| 221 0.03p¢
SLA 07 20 " 1119 | 0.27| 120 3.93 1.46), 580 0.034
24 12 0.38 6.29| 289 0.022

4.3.5 °H diffusion measurements in graphite

Diffusion tests were conducted on a thin sampleoof-irradiated graphite (1.8 cm thick) from
G2 reactor. The experimental procedure is simdahat applied for chlorine in section 4.2.5.
The aim is to determine tHel diffusion coefficients within graphite. Figure plbts the QL/G
ratio versus time. The effective diffusion coefict is measured from the slope value, and
gives 6.10 m%s. This is in agreement with tests on non-irraiajraphite from Bugey
reactor: De = 1.18" m%s.

3,E-01 1
-1 =2 7 8 <10 —De=6.10-12 m2/s

2,E-01 -

QL/CO (cm?)
P N
m m
o o
[ [

0 5 10 15 20 25 30 35
time (days)
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Figure 20 - Tritium diffusion through a sample of ron-irradiated graphite from G2

reactor.

4.3.6 Conclusion on °*H and **C leaching behavior

The release of tritium and carbon-14 from irradiageaphite is small whatever the sample
origin, but the initial activities are far more ionant than chlorine-36. Leaching rates depend
neither on the temperature nor on the leaching nmedi

It can be assumed that orf{C on graphite surface generated by neutron aativati*‘N
impurities or*C in the deposits is leached. The major part ofaieing'“C is formed from

bulk *C and is released on the long run, together witipljte oxidation. Tests will be
conducted in France to improve knowledge-thbehavior.

The diffusion coefficient of tritium through a theample of non-irradiated graphite has been

measured in a diffusion cell. Values for G2 and 8ufj samples are 7.10m?/s and 1.18*
m?/s respectively.

4.4 Behavior of other radionuclides

4.4.1 Graphite leaching on G2 stack

Results on G2 stack are collected in Table 17 affetays of leaching. The releas€%o,
®Ni, 1*Ba and"®'Cs was followed [31].

Table 17 - Cumulative leached fraction of°Co, ®Ni, 1*Ba and **'Cs for G2 stack
samples (03/09/2004)

Reactor G2, Core n°36
Medium, T(°C) UP water, 20 Lime water, 20
N° 2 6 9 5 8 10
Ao °"Co (kBqg/g)]0.45 1.45 1.72 1.42 1.52 1.51
F (%)°®°Co 6 9.2 8.6 0.5 0.3 0.4
Ao *Ni (kBg/g) | 3.06 4.88 6.45 6.54 6.24 5.34
F (%)*°Ni 1.2 2.8 2.5 0.5 0.4 0.5
Ao Ba (Ba/g) | 25 26 25 28 26 26
F (%)**Ba 12 11 8.6 20.1 10 5.2
Ao °'Cs (Bglg) | 37 63 76 66 73 85
F (%)°'Cs 8.2 10 9.5 11.6 8 5.1
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133Ba and**'Cs behave similarly: 5 to 20 % of cesium and barioms are released into
solution after 97 days of leaching. Such valuesatochange significantly after 455 days of
leaching. The chemical composition of the solutias no effect.

In contrast, the release of nickel and cobalt atisnpéi-sensitive. In pure water, the cumulative
leached fractions range from 1.2 to 2.8 %°foti and from 6 to 9.2 % fo’Co. In lime water,
release rates decrease down to 0.5 % for §idlirand®°Co. This is in line with the

precipitation of cobalt and nickel atoms under ktleaconditions (lime water).

4.4.2 Graphite leaching from Bugey 1 stack

4.4.2.1 Block samples
The release dfCo, **'Cs and™Ni was studied for Bugey 1 stack samples. Resuitskown
in Table 18 after 90 days of leaching [29].

Table 18 - Cumulative leached fraction of°Co, *’Cs and®Ni from Bugey 1 stack

block samples.

| Medium, | Ao Co | F (%) |Ao 2'Cs| F (%) | Ao ©Ni | F (%

Reactor| N | “goc) " | (kBgl/g) 6°(Co) (Bg/g) 13(7c3, (kBq/g) 63(Ni)
N55 9.62 20.3 3 - 10.9 12

N58 | Water, 20 | 131 23 - - 92.4 0.2

N75 35.1 17.8 - - 23.7 19.2

N76 405 0.95 08 18.4 58.1 0.17

Bugey |N85 |Water, 40 [ 5.19 1.20 583 0.36 7.29 1.0

N86 15.4 1.25 699 15.4 14.1 0.74

N57 | 79.2 0.15 143 0.002 | 72 0.07

N59 | S° o [ L9 0.045 | - - 46.2 0.325

N98 ’ 61 0.004 | - - 76 0.06

®9Co and®Ni behave in the same way. Surprisingly enoughr tieéease rates decrease with
increasing temperature [29]. As for G2 samplesy gignificantly decrease by a factor of 100
in alkaline solution whatever the leaching timeisTis probably due to the precipitation of

cobalt and nickel atoms which may have been enldmgé¢he partial renewal of the leachate.
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4.4.2.2 Powder samples
®9Co,¥Ba, *'Cs,*'Cs,**Eu and"Eu leaching was studied on Bugey 1 stack powder

samples. Results are given in Table 19 after 98 daleaching [29].

Table 19 - Cumulative leached fraction of°Co, ***Ba, */Cs, **'Cs, *Eu and ***Eu

from Bugey 1 stack powder samples (05/23/2006).

Reactor Bugey (powder)
Medium, T(°C) Water, 20

N° N87 N67+N68 N88
Ao *“Co (kBg/g) 39 9.1 36
F (%)°“Co 9 59 37
Ao *Ba (Bg/g) <57 190 <39
F (%)*Ba - 34 -

Ao ’Cs (Bg/g) 84 100 190
F (%)°Cs 31 - 18
Ao 'Cs (Bg/g) 107 <45 <41
F (%)°'Cs 33 - -

Ao ™Eu (Bg/g) <28 422 <30
F (%) 'Eu - 74 -

Ao ™Eu (Bg/g) <39 200 <40
F (%)"Eu - 75 -

®9Co release in solution is fast and occurs withinfttst month. Values are quite variable as
they range from 9 to 59% of the initial activity.

For other isotopes, the released fractions rarage fens to hundreds of Bg/g. The major part
of the release occurs during the first samplingisage (1 month). Yet, it is difficult to draw
conclusions regarding the behaviordBa, ***Cs,**'Cs,***Eu and'**Eu as most of

measurements are below the detection limit.

4.4.3 Graphite leaching from SLA2 sleeves

Radionuclides studied for graphite leaching experits on SLA2 sleeves &0 and*'Cs.
Results are presented in Table 20 after 90 dalesaohing [27,28].
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Table 20 - Cumulative leached fraction of°Co and**’Cs for SLA2 sleeves

(07/18/1997).
» |Medium, | V./S | VIS | Doserate | Ay ®Co |F (%) |Ao **'Cs| F (%)
Reaclor| N* | "rec) | (em) | (em) | (uGyih) | (kBalg) | “Co | (Balg) | *'Cs
01 Water 30 2.8 0.38 | 21.6 36.0
SLA o7 20 " 1119 |0.27|120 2.6 228 | 11.4 69.4
24 12 1.4 141 | 2.7 87.0

®9Co is an activation product and is hardly reledmesblution.
In contrast*'Cs is almost fully leached, which may be due td:[28
* Its origin: it is a fission product and is thus migifound on graphite surface.
Contamination can come either from the ruptureneffuiel cladding or from the
decladding pools where fuel assemblies are stored.

» Its chemical behavior: it is highly soluble in wate

4.4.4 Conclusion on the behavior of other radionucl ides

The release dCo from graphite is very low with the exceptionediching tests on powder.
®9Co and®Ni release is significantly reduced under alkatioaditions probably because of the
precipitation of cobalt and nickel hydroxides.

137Cs within SLA2 sleeves is significantly releasedaltmay be explained by its highly

soluble chemical form.
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5 Conclusion
The available leaching data on French and Amergtaphite provide a good basis for

assessing important trends and raising issuesdionizclides release. More specifically, three
typical leaching trends can be pointed out.

®9Co and®*Ni release into solution is rather limited, an@specially slowed down in
alkaline solution because of the precipitationabalt and nickel hydroxides.

14C is the main long-lived radionuclide in Frenchminite waste but its release in
solution is quite slow*’C release occurs in two steps, which may be relatéte ways of
production of/C in nuclear reactors. TH&C that is initially released may arise from
activation of either th&N impurities adsorbed on to graphite surface ahef3C atoms
contained in carboxyhydrogenated deposits. Thelwesi*C inventory is generated by
activation of théC atoms in the bulk and is released on the longamyruently with the
graphite matrix dissolution. The speciation & released from graphite is not characterized
yet but studies are underway in France.

Uncertainties mainly concerfi®Cl whose leaching behavior is still confusingsit i

currently believed that chlorine release occurtsvim steps along with two forms of chlorine:

» the initial “spike” release — up to 80% of the tathlorine inventory - may
correspond to chlorine atoms that are weakly bdargtaphite or located in the
graphite macroporosity. The evolution of the curtiukaleached fraction and tests
in diffusion cells indicate that such a releasa diffusion-driven process.

» the residual chlorine fraction is non labile andekeased very slowly. It is assumed
to be strongly bound to graphite and/or locategraphite infraporosity.

The presence of two forms of chlorine has beemtgcebserved by XPS and TDP
technique3on non-irradiated graphite samples by the Nudissics Institute in Lyon (IPNL,
[33]). More generally, research is carried outnieeistigate this non-labile fraction and to
identify mechanisms that are rate-determining torelease. This program is partly included in
Carbowaste actions and gathers EDF, Andra andadwemch research institutes (CEA,
IPNL, ENS-Paris, Subatech). Three processes arer shadly:

® XPS : X-rays photoelectron spectroscopy ; TDRnperature programmed desorption
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* Water penetration into graphite. Water penetrati@y restrain chlorine release,

especially as graphite is hydrophobic. It alsorggtyp depends on graphite porosity and
microstructure which are thus studied as well.

* Chlorine solubilization. Chlorine chemical form miag partially insoluble, so its
speciation is studied using various spectroscaulrtiques and thermal treatments.

* Chlorine leaching kinetics. Chlorine release magdesiderably slowed down by the
presence of surface deposits. Chlorine may aldodaged within graphite closed
porosity where water hardly penetrates.

Another significant result is the large dispersion*°Cl leached fractions,e. large dispersion
on the chlorine labile fraction. Such a dispergeams to be related to the position of graphite
samples within reactor stacks. New experiments banérmed this result and showed the
correlation between sample thermal history in r@aahd the®Cl leached fraction.

For the time being, the only practical consequetitaiscan be deduced from these results are
that the bulk of“C located in the graphite matrix is quite stabie] will be steadily released

on the long run. Only th¥C located on the crystallite surface is easilyaséel by leaching. In
contrast, chlorine atoms are expected to be styaetgased during underwater dismantling, so
that a large part of the chlorine inventory maytda@ped into ion exchange resins. For graphite
waste dismantled under dry conditions, chlorineasé will occur as soon as water penetrates

waste packages.

There are still uncertainties on leaching resaltsl it is not expected that future works will
significantly modify release models under dispasaiditions. In this regard, conservative
assumptions have to be made in particular for arde86 whose inventory is considered to be
fully released upon contact with water. In Frarnhbes has led Andra to define a minimum clay
thickness of 50 meters for the design of a shatlsposal facility for graphite waste. This
geological barrier should secure radionuclides atign and delay their discharge to the
biosphere.
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