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Summary. This paper aims to get information on pristine
chlorine speciation and its evolution with temperature in nu-
clear graphite used as a moderator in the first generation
UNGG French reactors. For this purpose, temperature-
programmed desorption (TPD) and X-ray photoelectron
spectroscopy (XPS) have been carried out on samples an-
nealed in the temperature range 200–1000 ◦C. Two chemical
forms of different thermal stabilities have been identified.
Around 70% of chlorine is assigned to stable organic chlorine
bound to aromatic carbon whereas around 30% is assigned
to inorganic thermally labile oxychlorinated groups. The
consequences for direct disposal are discussed.

1. Introduction

The dismantling of the first generation Uranium Naturel
Graphite Gaz French reactors, called UNGG, will produce
an important quantity of irradiated graphite waste. Accord-
ing to the French law of June 2006, a specific disposal must
be created for this low activity waste. It is therefore neces-
sary to assess the graphite waste long-term behaviour.

Nuclear graphite is manufactured from petroleum coke
grains (filler) blended with coal tar pitch acting as a binder.
Shaped blocks are formed by extrusion of the blend. They
are heat-treated up to about 2800 ◦C (graphitisation treat-
ment) and polycrystalline graphite is obtained. Blocks, in-
tended for the moderator or reflector, may be further im-
pregnated with pitch, re-baked and regraphitised in order
to increase the density. Virgin nuclear graphites have initial
densities in the range 1.6–1.8 g cm−3. The difference with
graphite crystal (density = 2.265 g cm−3) is due to internal
porosity [1]. As a result of mixing of several carbon com-
pounds, this material is structurally heterogeneous at a local
scale. Nuclear graphite presents a complex multiscale or-
ganisation. It can be locally more or less anisotropic and
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not completely graphitised. Nuclear graphite has a polycrys-
talline structure and contains micrometer sized grains. The
grains are formed by several more or less oriented crys-
tallites with a size of a few hundreds nanometers. Each
crystallite is formed by a triperiodical stacking of graphene
planes. Nuclear graphite contains also small amounts of im-
purities like oxygen, hydrogen, metals and halogens, among
them chlorine. Chlorine contents range from some at. ppm to
around 50 at ppm (called pristine chlorine in the following).
It could result from graphite purification (elimination of sul-
phur and metallic impurities) [2], as well as be present as an
impurity in coke or pitch.

During reactor operation, the main part of 35Cl is ac-
tivated into 36Cl [3, 4]. Consequently, irradiated nuclear
graphite contains 36Cl isotope as an impurity. 36Cl has a long
radioactive half-life (about 300 000 years) and, depending
on its chemical form, can be highly soluble in water and
mobile in the environment. 36Cl can be released during dis-
mantling and storage. Moreover in the case of long term
disposal, it may contribute to a significant dose peak at the
outlet after water ingress into the site [5]. The release of 36Cl
could have an impact on environment because of the high
soil to plant transfer factor of chlorine [6, 7]. The release of
36Cl depends on different processes such as water saturation
or water access into graphite pore spaces. Moreover, the sol-
ubilisation of 36Cl is controlled by its chemical form, as well
as its properties regarding diffusion and retention. In order
to be able to identify and quantify the release mechanisms of
36Cl into water, it is necessary to determine its location and
speciation before any contact between graphite and water i.e.
before dismantling and disposal.

During reactor operation, two main factors determine
chlorine’s behaviour: temperature and corrosion (thermal or
radiolytic) [8]. A previous paper was focused on the ther-
mal behaviour of implanted chlorine used to simulate 36Cl
displaced from its original structural site by recoil during
reactor operation. It was shown that around 20% of chlor-
ine is almost athermally released after 4 h at 500 ◦C (mean
temperature during reactor operation), mainly through open
pores (activation energy Ea < 0.1 eV) [9]. For longer anneal-
ing durations (over 10 h) and higher temperatures such as
800 ◦C, the loss of chlorine reaches a plateau. Our results
were in agreement with those of Clayton et al. [10] obtained
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on irradiated graphite. These authors measured a rapid re-
lease of around 50% of the initial chlorine in Magnox and
30% in advanced graphite reactors (AGR). Moreover, they
suggest that further 40% of the remaining chlorine is re-
leased over the reactor lifetime. All these results point to-
wards the existence of two chlorine chemical forms of dif-
ferent thermal stabilities. It is likely that during reactor op-
eration the more labile fraction is rapidly released.

This paper aims to get more insight in the thermal be-
haviour of pristine chlorine in nuclear graphite by 1) inves-
tigating the chemical forms of the desorbed chlorine species
using temperature-programmed desorption (TPD) and ther-
mogravimetry (TG) and 2) identifying the chemical forms
and speciation of chlorine in virgin nuclear graphite using
X-ray photoelectron spectroscopy (XPS).

2. Experimental

2.1 Samples

Several samples of virgin nuclear graphite (pile grade) used
in the French nuclear reactor Saint Laurent A2 (graph-
ite moderated and CO2 cooled reactor) have been studied
(Fig. 1). Two kinds of samples have been investigated. Both
have been cut in a same block (Fig. 1a). The first one, called
XY, contains grains preferentially oriented perpendicularly
to the spinning axis. The second one, called Z, contains
grains preferentially oriented along to the spinning axis. As
a consequence, the XY sample contains more inter crystal-
lite pores than the Z sample (Fig. 1b).

2.2 Analysis

2.2.1 Characterisation of desorbed species from nuclear
graphite

TPD experiments have been carried out in secondary vac-
uum, between room temperature and 800 ◦C with a ramp of

Fig. 1. (a) Sketch of XY and Z samples cut in a block of St Laurent
A2 nuclear graphite, (b) sketch of the grain orientation at the XY and
Z sample surfaces.

20 ◦C min−1. The desorbed gases have been analysed on line
by mass spectrometry, using a Balzers instrument QMG 112,
at the “Ecole Nationale Supérieure des Mines de St Etienne”
(ENSM-SE, France).

2.2.2 Evolution of nuclear graphite density and mass
during thermal treatment

In order to control the nuclear graphite density, helium py-
cnometry measurements have been carried out before and
after TPD. Moreover, the nuclear graphite sample mass has
been monitored by TG. The analyses have been performed,
under nitrogen atmosphere with a flux of 100 mL min−1, for
temperatures ranging between 25 and 1000 ◦C, and a ramp
of 10 ◦C min−1, using a TA Instruments 2950 HR V5.3.

2.2.3 Carbon and chlorine speciation

The carbon and chlorine chemical forms have been iden-
tified in virgin and annealed graphite samples using the
XPS technique with a PHI Quantera SXM. A monochro-
matic Al Kα source with the X-ray power set at 50 W has
been used. The binding energies have been referenced to the
Fermi level of the electron analyser and the binding ener-
gies scale has been calibrated against Au 4 f7/2 and Cu 2p3/2

at 83.96 eV and 932.62 eV respectively. The accuracy on the
peak positions is equal to ±0.2 eV. To suppress the influ-
ence of an eventual atmospheric contamination, the analyses
have been performed on fresh sample surfaces cleaved under
vacuum. In our case, the detection limit is around 40 at ppm.
According to [11], the quantification limit should be around
0.01 at. %. As the chlorine contents of our samples are just
above the detection limit, it is impossible to quantify the
data. Therefore, in order to compare the different samples,
we chose to compare the peak areas. The accuracies on the
peak areas are in the range of 2 to 5% depending on the
element content in the sample. The values are therefore of
2% for the C 1s peak and of 4.4% for the Cl 2p peak in vir-
gin samples. In order to check the reproducibility of the data,
we performed multiple analyses on the same sample. The
calculated uncertainties take into account this reproducibil-
ity. They have been estimated to be 4% for the C 1s peak and
9% for the Cl 2p peak in virgin samples.

3. Results and discussion

3.1 Characterisation of desorbed species
from nuclear graphite

Fig. 2 represents the nature and quantity of desorbed gases
as a function of temperature for both sample orientations.
The main gases are carbon monoxide, carbon dioxide, wa-
ter, nitrogen dioxide, oxygen and hydrogen chloride (re-
spectively Fig. 2a–f). Except HCl, the gases are all oxy-
genated gases, which correspond probably to the removal of
chemisorbed or physisorbed oxygen compounds. According
to Polovina et al. [12], the chemisorbed oxygen begins de-
sorbing at around 200 ◦C. Pristine chlorine desorbs as HCl
and no Cl2 has been detected. For all gases, the desorption
behaviour confirms the texture influence. Indeed, as sample
XY contains more pores, the gases start desorbing at lower
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Fig. 2. Quantities of (a) carbon
dioxide, (b) carbon monoxide, (c)
water, (d) nitrogen oxide, (e) oxy-
gen and (f) hydrogen chloride de-
sorbed from virgin nuclear graphite
for XY and Z samples monitored by
TPD.

temperatures compared to the sample Z, the pores forming
preferential release paths. This result is in agreement with
previous results presented in [9].

For each sample, the desorbed quantity of hydrogen chlo-
ride is 150 times lower than that of carbon monoxide or
carbon dioxide. The hydrogen chloride desorption (Fig. 2f)
occurs between 200 and 600 ◦C and results in a peak around
350 ◦C followed by a shoulder around 450 ◦C. This desorp-
tion in two steps is also observed for the oxygenated gases.
This desorption dynamics could reflect the presence of two
locations with different accessibilities. Concerning chlorine,
it could also put in evidence the existence of two chem-
ical forms. Similar results have been obtained by Takeda
et al. [13] for HCl in coal. The authors interpreted the two
contributions as a signature of two chemical forms of chlorine.

3.2 Evolution of the nuclear graphite density
and mass during thermal treatment

The sample density has been measured before and after
TPD. A decrease of the sample density (ratio mass/volume)
has been induced by the thermal treatment (respectively

2.12 ± 0.02 g cm−3 before TPD and 1.91 ± 0.02 g cm−3

after). This result has been confirmed by TG analysis. A de-
crease of the sample mass smaller than 1% has been meas-
ured. This implies that, under thermal treatment between
room temperature and 1000 ◦C and in nitrogen or in argon
atmosphere, the corrosion of graphite is negligible.

3.3 Carbon and chlorine speciation

In order to identify the chemical forms of carbon and chlor-
ine, we have focused our experiments on the C 1s peak
(Fig. 3) and on the Cl 2p peak (Fig. 4). The analyses have
been performed on the surfaces of two virgin St Laurent A2
samples cleaved under vacuum. A good reproducibility of
the results has been observed. The analyses have also been
performed on samples annealed (under argon atmosphere) at
200, 600 and 1000 ◦C.

3.3.1 Carbon speciation

Fig. 3a displays the XPS spectrum of the carbon 1s peak
obtained on virgin graphite. The carbon 1s peak is charac-
teristic of carbonaceous materials. The main peak, located
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Fig. 3. XPS spectra (experimental and fitted): (a)
carbon 1s peak of St Laurent A2 virgin nuclear
graphite and (b) spectrum resulting from the sub-
traction of the C 1s peak measured at 1000 ◦C
from the one measured at 200 ◦C.

at 284.6 ± 0.2 eV, corresponds to the contribution of aro-
matic layer in graphitic sp2 configuration. This peak has
a dissymmetric shape and its broadening at higher energies
is related to the neutralisation, by conduction electrons, of
the holes created during the photoionisation. This dissym-
metric peak is known to be representative of pure graphite
material [14–16]. A second contribution, shifted to higher
energies (around 5 at 6 eV) and situated between 290 and
292 eV, is due to the π–π∗ shake-up satellite [14]. We can
note that the high base line at the left of the main peak,
around 286.5 eV, is in favour of the presence of carbon
atoms covalently bound to oxygen atoms [14, 17, 18].

In order to remove the main sp2 contribution from the
carbon 1s peak, the spectrum obtained at 1000 ◦C has been
subtracted from the one obtained at 200 ◦C. The resulting
spectrum is presented in Fig. 3b. This procedure allows fo-
cusing on the other contributions and evaluating the evolu-
tion of carbon speciation during thermal treatment. The re-
sulting peak has been fitted to three contributions (Table 1).
These different binding energy peaks have been assigned to
C−C at 285.4 ± 0.2 eV (covalent bounds between sp3 car-
bon atoms [17]), C−O at 286.5 ±0.2 eV (carbon atoms co-

Table 1. Nature of the contributions, binding energies and relative areas
for the peak resulting from the subtraction of the spectrum measured by
XPS at 1000 ◦C from the one measured at 200 ◦C.

Nature of the Binding Relative
contribution energy (eV) area (%)

C−C 285.4±0.2 59±4
C−O 286.5±0.2 21±4
π–π∗ 289.5±0.2 20±4

valently bound to oxygen atoms [14, 17, 18]) and to π–π∗

levels transition at 289.5 ±0.2 eV [14]. The respective rela-
tive areas are 59 ± 4, 21 ± 4 and 20 ± 4%. The accuracies
on the C 1s peak areas take into account the uncertainties
resulting from the fitting procedure and the multiple ana-
lyses. From the values of these relative areas it can be in-
ferred that, a temperature increase from 200 ◦C to 1000 ◦C
induces a decrease of the C−C contribution correspond-
ing to a progressive removal of sp3 carbons. As well, these
values indicate a break of covalent bonds, such as C−O,
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Fig. 4. XPS spectra of the chlorine 2p
peak of St Laurent A2 nuclear graphite:
(a) virgin and annealed (b) 4 h at 200 ◦C,
(c) 4 h at 600 ◦C and (d) 4 h at 1000 ◦C.

corresponding to the release of oxygenated groups from the
sample.

3.3.2 Chlorine speciation

Fig. 4 displays the XPS spectrum of the chlorine 2p peak
obtained in virgin graphite. The fitting of this peak results
in two contributions whose characteristics are presented in
Table 2. The contribution, centred at 200.0 ±0.2 eV, corres-
ponds to organic chlorine. The other one, centred at 202.5 ±
0.2 eV, is due to inorganic chlorine [19]. The comparison of

Table 2. Nature of the contributions, binding energies and relative areas
for the fitted Cl 2p peak measured by XPS on the virgin graphite.

Nature of the Binding Relative
contribution energy (eV) area (%)

Organic 2p3/2 200.0±0.2 199.9±0.2 70±9 46±9
chlorine 2p1/2 201.6±0.2 24±9

Inorganic 2p3/2 202.5±0.2 202.5±0.2 30±9 21±9
chlorine 2p1/2 204.1±0.2 11±9
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Table 3. Evolution of the XPS Cl 2p peak (binding energies and areas)
measured by XPS on St Laurent A2 virgin samples before and after
thermal annealing.

Sample Binding energy (eV) Cl 2p peak area
(number of counts s−1)

Virgin 200.0±0.2 and 115±5
202.5±0.2

Annealed 200 ◦C 4 h 200.9±0.2 81±12
Annealed 600 ◦C 4 h 200.7±0.2 62±14
Annealed 1000 ◦C 4 h 200.0±0.2 < 30

the respective relative peak areas corresponding to organic
(2p3/2 +2p1/2) and inorganic (2p3/2 +2p1/2) chlorine shows
that, in virgin graphite 70±9% is organic and 30±9% in-
organic. The accuracies take into account the uncertainties
resulting from the fitting procedure and the multiple ana-
lyses.

The organic chlorine corresponds to C−Cl (chlorine
atoms covalently bound to sp2 carbon of aromatic rings)
[20–22]. The chlorine atoms have been substituted to some
hydrogen atoms during the purification stage of graph-
ite manufacturing [23, 24]. The organic chlorine contribu-
tion is composed of two peaks situated at 199.9 ± 0.2 eV
(Clorganic 2p3/2) and centered at 201.6 ±0.2 eV (Clorganic 2p1/2)
(Table 2). The binding energy difference of 1.6±0.2 eV be-
tween both peaks is in good agreement with the literature, as
well as the Cl 2p3/2/Cl 2p1/2 ratio of 2 [25].

The inorganic chlorine corresponds to oxychlorinated
groups like ClO2

− and ClO3
− [20]. As for organic chlor-

ine, two contributions have been assigned to Clinorganic 2p3/2 at
202.5±0.2 eV and Clinorganic 2p1/2 at 204.1±0.2 eV (Table 2).
The binding energy difference and the ratio of the two rela-
tive areas are in agreement with the literature [25].

Table 3 displays the binding energy and the Cl 2p peak
area for virgin and annealed samples. We observe a decrease
of the peak areas corresponding to chlorine release as a func-
tion of temperature. Between 200 and 1000 ◦C, the evolution
of the binding energies corresponds to a progressive de-
crease of the inorganic chlorine contribution. At 1000 ◦C, the
inorganic chlorine contribution has totally disappeared [19].
This result shows that the chlorine compounds have different
thermal stabilities: the more labile oxychlorinated groups,
weakly bound to the graphite matrix, are released at lower
temperature than the stable C−Cl groups. This result is in
agreement with the oxygenated groups release observed pre-
viously (Fig. 3b).

3.4 Consequences for disposal

The aqueous leaching of chlorine in nuclear graphite will
mainly depend on the impregnation kinetics, the chem-
ical form and distribution patterns of chlorine in graphite,
and the diffusion of the soluble species through its pores.
36Cl leaching experiments, performed by Comte [26], Guy
et al. [27] and Pichon [28], on irradiated nuclear graph-
ite issued from the reactor G2, show that around 80% of
36Cl is released during the first month (diffusion coefficient
D ≈ 1×10−11 m2 s−1) whereas a residual fraction is released
with a much slower kinetics. According to these authors,

this behaviour points towards the existence of two distinct
chlorine types: a more labile fraction that is less bound to
the graphite structure and another one which is more stable,
more strongly bound to graphite and/or present in the infra-
pores. Our results are clearly in agreement with the findings
of these authors concerning the existence of two types of
chlorine. Indeed, our results point out the existence of an or-
ganic form of chlorine, strongly bound to graphite through
C−Cl bounds resistant to leaching and an inorganic form,
where chlorine is present as ClO2

− or ClO3
− compounds be-

ing far less resistant to leaching.

4. Conclusion

This paper aims to study the effects of temperature on
the speciation of pristine chlorine in the Saint Laurent A2
French nuclear graphite. Using TPD in the temperature
range 200–1000 ◦C and XPS, we have shown that: 1) chlor-
ine is released as HCl; 2) two chlorine chemical forms are
present in virgin graphite. They correspond respectively to:

– inorganic chlorine, around 30%, probably chlorite (ClO2
−)

and chlorate (ClO3
−) compounds;

– organic chlorine, around 70%, aromatic carbon (C−Cl)
bonds.

These compounds have different thermal stabilities: the re-
lease of inorganic compounds increase with temperature
whereas the organic chlorine remains more stable.

This feature will determine 36Cl’s behaviour during dis-
mantling and disposal as the chlorites and chlorates will be
less resistant to leaching than carbon bound chlorine.

Complementary experiments are underway in order to
take into account the effects of thermal and radiolytic corro-
sion on chlorine speciation and behaviour.
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