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1. Abstract

To study the dissolution of UOX spent nuclear fuel in a deep geological environment and the fast release of
a selection of relevant radionuclides for long-term safety of this high level waste, leaching experiments were
performed with spent nuclear fuel samples originating from the pressurized water reactors (PWRs) Tihange
1 and Gosgen with a similar burnup (50 — 55 MWd.kguw™) but different irradiation histories. Six
experiments were conducted to investigate the effect of two critical parameters: (1) the highly alkaline
environment caused by the presence of cementitious materials in the “Supercontainer design”, which is
currently the reference design for the long-term management of the high-level nuclear waste forms in
Belgium, and (2) the reducing conditions imposed by the presence of hydrogen from the corrosion of iron-
based materials present i the engineered barriers. The experiments were performed using autoclaves under
pressure from 1 to 40 bar with a pure Ar atmosphere or a mixture of Hy/Ar. Divided into two consecutive
phases, the total experimental duration was about 1400 days. The Phase | provided mainly information about
the fast release of the fission products while the perspective of the Phase Il was to study the long-term
evolution of the spent fuel matrix. During the leaching experiment, concentrations of a selection of
radionuclides (28U, 121, 1¥7Cs, %Sr and **Tc) were monitored in solution and the amounts of Kr and Xe were
measured in the gas phase. Based on results of the experiments conducted for up to 40 months (i.e. during
Phase | of the experimental program), we observe that there is a continuous release of *3’Cs, *Sr and of the
fission gases and a clear impact of the irradiation history on the release of certain fission products.

2. Introduction

Many countries with nuclear power plants consider the direct disposal of Spent Nuclear Fuel (SNF) in a
deep geological repository as a safe long-term waste management option [1-3]. A safe solution has to be
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defined in order to guarantee the effectiveness of the safety functions associated with the engineered barrier
system during at least the thermal phase (a period of approximately ten thousand years) and to preserve the
safety function of the natural barrier over hundreds of thousands up to a million years [4-7]. However,
regardless of the design, groundwater intrusion through the geological and engineered barriers and
consecutive contact with the SNF is considered, leading in the long-term to SNF alteration and the release
of certain radionuclides into the environment to some extent. Consequently, it is very important to
understand and to identify the dissolution mechanisms of the SNF under deep geological disposal conditions
and to quantify the release of the radionuclides under such conditions.

The dissolution of the SNF and the release of the radionuclides (RNs) are a combination of two processes:
a fast short-term release of segregated RNs occurring once the cladding has failed and water reaches the
SNF, and a slow long-term release associated with the dissolution of the SNF matrix. Radionuclides that
are segregated in voids like the gap between the cladding and the pellets or in the water-accessible grain
boundaries, can be released fast upon contact with water.

The chemical composition of the solution in contact with the SNF and the redox conditions have a strong
influence on the release behavior of the RNs [8-10]. The current reference design for the disposal of SNF
in Belgium, the “Supercontainer design”, consists of a carbon steel overpack surrounded by a thick concrete
buffer [11]. Based on a scoping calculation, a high pH solution was defined, representative of concrete pore
water in the early stage of the concrete alteration [12]; this solution is called Young Cement Water with
calcium (YCWCa, pH 13.5). Prior to the first contact with the SNF, the groundwater will also come in
contact with the surrounding iron-based constituents, which will corrode generating H, and creating
reducing conditions that can counteract the oxidative dissolution of the SNF.

In this context, a research program was launched to perform leaching experiments with representative UOX
spent nuclear fuels from Pressurized Water Reactor (PWR) under deep geological repository conditions
corresponding to the “Supercontainer design”. Two series of autoclave experiments were performed: one at
SCK CEN (Belgium) with three fuel samples irradiated in the PWR Tihange 1 and one at KIT-INE
(Germany) with three fuel samples irradiated in the PWR Gosgen. Because these fuels have a similar
burnup, but a different Fission Gas Release determined in post-irradiation puncturing tests (FGRpuncturing)
and Linear Power Rating (LPR), the leach tests allow to study also the effect of the irradiation history on
radionuclide release. The experiments were carried out with the YCWCa under pure argon atmosphere or
argon mixed with hydrogen to impose a defined hydrogen partial pressure, comparable to the pressure in
the expected disposal conditions. One experiment was also performed with a bicarbonate medium,
representative of a near neutral pH, to compare with literature data.

The experiments were performed in two phases. After the Phase I, lasting for about two years in five
experiments and 40 months in a sixth experiment, the tests were continued in new autoclaves with freshly
prepared YCW(Ca and bicarbonate leaching solution (Phase I1) until a total experimental duration of about
1400 days. This paper focuses on the fast release of a selection of radionuclides and only reports the results
of the Phase I.

3. Experimental

To impose the gas atmosphere and to determine the release of fission gases in the course of the experiment,
the tests were performed in autoclaves. The autoclaves consist of a stainless steel pressure vessel and a
titanium lid, firmly closed by two flanges, and an internal part (liner) made also of titanium with a total
volume of 250 mL. The experiments were conducted at total pressures in the range 1 to 40 bar in a hot cell
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at temperature (20 — 25°C). The top part of Figure 1 gives the experimental setup and the gas sampling
cylinder at KIT-INE and the bottom part shows the experimental setup and the connections to the sampling

containers at SCK CEN. The small differences in the setup have consequences for the sampling procedure
(see section 3.4).
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Figure 1: Experimental setup used at KIT-INE (top part) and at SCK CEN (bottom part).

3.1. Fuels

Two UOX spent nuclear fuels were studied. One fuel was irradiated in the Tihange 1 reactor (Belgium),
denominated in this paper as ‘Th1’. The fuel was initially enriched with 4.25 %wt. of 2*U and was irradiated
for 997 days in total. The burnup at the location of the tested fuel segments was 54.6 MWd.kguwm *, the
average LPR was 321 W.cm™ [13]. The other fuel was irradiated in the Gosgen reactor (Switzerland),
denominated as ‘Gos’. Initially enriched with 3.8 %wt. of 25U, it was irradiated for 1226 days with an
average LPR of 260 W.cm™ and reached an average burnup of the fuel rod of 50.4 MWd.kguwm * [14, 15].
The Gos fuel sample was fabricated according to the NIKUSI process, and the Thl fuel was produced
according to the standard production route. Both fuels reached similar burnups; however, the higher average
LPR of the Thl fuel resulted in a higher centerline temperature during the irradiation. The relatively high
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LPR and temperature during irradiation promoted the segregation of volatile fission products and resulted
in the higher FGRpuncwring Of the Thl fuel compared to that of the Gos fuel [16]. Table 1 summarizes the
main characteristics of the spent nuclear fuels and their irradiation history.

Table 1: SNF characteristics.

Reactor name Gosgen, Switzerland Tihange 1, Belgium
Reactor type PWR PWR
Initial fuel enrichment (%U) 3.80 % 4.25 %
Fabrication route NIKUSI Standard
Duration of irradiation (d) 1226 997
Number of cycles 4 2
Average burn-up (MWd.kgum ) 50.4 54.6
Average Linear Power Rate (W.cm™) 260 321
Maximal Linear Power Rate (W.cm™) 340 418
FGRpuncturing (8.3+0.9) % (14.1+0.9) %

Three segments of each fuel were prepared for the leaching experiments. Each sample was about 23 mm
long, consisting of one whole and two half pellets within their cladding. The Gos fuel samples were cut
using a low speed saw in absence of a cooling liquid in a hot cell under N2 atmosphere; the Thl fuel samples
were prepared under air atmosphere using a tube cutter to cut the cladding and manually broken at the
cutting plane.

The radionuclide inventories of the SNFs were obtained by calculation using the MCNP/CINDER codes
[17, 18] for the Gos fuel and the Serpent 2 code for the Th1 fuel [19]. In addition, the inventories were
determined by radiochemical measurement after total digestion of a neighboring sample of the Th1 fuel [20,
21] and of the Gos fuel [22]. The resulting inventory of Kr, Xe, 22U, 12°|, *3'Cs, ®Sr and *Tc is reported in
Table 2 in g.guoz2 *. The total amount of Kr and Xe at the end of the cooling time is also provided in Table
1, which amounted to 23 and 12 years for the Gosgen and the Tihange 1 fuels, respectively. After this period,
a puncturing tests were performed to determine the gas phase composition in the plenum of the two fuel rod
segments. The FGRpuncturing Was determined at 8.3 £ 0.9 % for the Gosgen fuel and 14.1 + 0.9 % for the
Tihange 1 fuel. The Xe to Kr molar ratio measured in the puncturing test was 12 + 1 for the Gdsgen fuel
and 9 £ 1 in case of the Tihange 1 fuel. In comparison, the molar ratio Xe/Kr calculated for the total inventory
was 10 + 1 for both fuels, corresponding to a Xe/Kr mass ratio of 16 + 1 for both fuels.
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Table 2: Comparison of the calculated and measured inventories of the Gsgen and the Tihange 1 fuels for
some isotopes of interest; the values are expressed in g.guoz ™.

Isotopes Gos Thl

Calculated @ Measured @ Calculated @ Measured @

Kr (total) 4.4 x10* (4.0£0.3) x10* 5.2 x10* Not available

Xe (total) 7.2 x10°8 (6.2 +0.1) x10°3 8.4 x10°° Not available
%0gy 3.5 x10" (5.6 + 0.5) x10** 4.8 x10* (5.1 +0.3) x10*
9T¢ 9.7 x10** (2.0 £1.2) x10** 1.1 x10° (9.8 +2.2) x10*
137Cs 8.7 x10* (1.0 +0.1) x10° 1.2 x10°3 (1.2 +0.1) x10°
238 8.1 x10't (8.5 +0.6) x10! 8.1 x10't (8.1 +0.1) x10°
129) 2.1 x10* (4.2 +1.2) x10* 2.2 x10* (2.2 +0.2) x10*

(@ Calculated values using the MCNP/CINDER codes with respect to the reference date 13. March 2017. Uncertainties are not
reported, but they are considered to be 2% for the uranium inventory and 7% for fission products, according to the assessment
of [23].

@ Measured inventories on reference date 13. March 2017 [22] for Gos fuel and 26. September 2018 for Th1 fuel [21].

@ Values reported in [19] using Serpent 2 code with respect to the reference date 26. September 2018. Uncertainties are not
reported, but they are considered to be 2% for the uranium inventory and 7% for fission products, according to the assessment
of [23].

3.2. Leaching solution

Two leaching solutions were used: YCWCa and a bicarbonate solution. The bicarbonate solution was
identical to the leachant used in the European program “FIRST-Nuclides” [24]. The composition of the
YCWoCa solution was defined by geochemical calculations assuming equilibrium between an Ordinary
Portland Cement of type OPC/CEMI/LA/HSR and Boom Clay pore water [12]. The calcium concentration
in the YCWCa was, however, reduced by 50 % in order to produce a leaching solution undersaturated in
calcium, thus avoiding the precipitation of Ca-bearing compounds. The composition of the leaching
solutions is given in Table 3. As part of a previous experimental program, we assessed the stability of the
solution without SNF under other experimental conditions (FIRST-Nuclides: anoxic conditions with Thl
fuel [13]); the composition of the solution doesn’t change after 1 year duration.

Table 3: Experimental composition of the leachate YCWCa and bicarbonate solutions.

mol.Lt [Na] [Ca] [K] [Al] [Si] [COs?] [CI] pH
YCWCa 1.4x10t 3.8x10* 3.7x10! 6.0x10*  3.0x10° 3.0x10* 13.7+0.2
Bicarbonate 2.0x10%? 1.1x10°  1.9x10%? 85+0.2

3.3. Atmosphere

Different gas atmosphere compositions were chosen to assess the effect of various concentrations of
dissolved hydrogen on the spent nuclear fuel dissolution. In the near-field of the SNF disposal system, the
long-term hydrogen concentration will be imposed by multiple sources of H, production (corrosion of
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cladding, assembly metal, iron insert, etc...). The experiments were performed considering a dissolved H»
concentration in the range 2.4x10* mol.L* to 2.5x10° mol.L*. This range of concentration was based on
the current expected corrosion rate [25] and considered as a relatively low estimation of the expected in situ
hydrogen concentration. In order to test the hydrogen effect and the consequence of a potential higher
corrosion rates on the SNF leaching, experiments were performed with a dissolved H, concentration up to
2.5x10°mol.L™. The concentration of 2.4x10* mol(H).L* was obtained using a gas mixture of 8 %H,/Ar
under 3.75 bar in the experiment with the Gos fuel and using a gas mixture of 0.75 %H./Ar under 40 bar in
the experiments with the Thl fuel. To reach the higher dissolved hydrogen concentrations, experiments
were performed with 8 %H./Ar at 40 bar pressure with a Gos fuel sample (2.5x10° mol(H).L™) and with
4 %H./Ar at 40 bar in an experiment with a Th1 fuel sample (1.3x10-*mol(H).L™). In addition to these four
experiments, a Gos fuel sample was leached under pure Ar atmosphere to compare reducing and anoxic
conditions. Furthermore, a Thl fuel sample was leached under the low H. hydrogen concentration in contact
with the bicarbonate solution to determine the impact of the presence of carbonate known to promote the
dissolution of uranium by complexation of U(VI) and to compare the results with literature data. Table 4
gives the terminology and the experimental details of the experiments. The redox potential was not measured
in any of the experiments, but the presence of hydrogen overpressure in five of the six experiments indicates
strongly reducing conditions in these tests.

Table 4: Experimental matrices.

Total H: partial

Exp. Leaching solution Atmosphere  pressure  pressure  mol(H2).L?
(bar) (bar)
40/3.2H - Gos YCWCa (pH 13.5) 8 % Ha/Ar 40 3.2 2.5x10°8
3.75/0.3H - Gos YCWCa (pH 13.5) 8 % Ha/Ar 3.75 0.3 2.4x10*
1-40/0-Gos YCWCa (pH 13.5) Ar 1-8" 0 0
40/1.6H-Thl YCWCa (pH 13.5) 4 % Hy/Ar 40 1.6 1.3x10°8
40/0.3H-Thl YCWCa (pH 13.5) 0.75 % Ha/Ar 40 0.3 2.4x10*
40/0.3H - Thl - Bic Bicarbonate solution (pH 8.5)  0.75 % Ha/Ar 40 0.3 2.4x10*

SNF from Tihange 1 is denoted as Th1 and Gosgen is denoted as Gos
* 1 bar until 497 days, 8 bar between 497 and 785 days

3.4. Leaching test procedure

The SNF samples were mounted on titanium sample holders to ensure the contact of both cutting planes
with the solution and then placed in the autoclaves. After closing the autoclaves, they were purged with Ar
or the corresponding Ar/H; gas mixtures. Then, the autoclaves were filled with the leachate (Gos: 219 + 1
mL, Thl: 200 + 1 mL) through a valve in the lid, and the autoclaves were pressurized. This corresponds to
the start of the leaching experiment (to).

During the experiments, regular samplings of the gas and liquid phases (10 mL) were performed to measure
the concentration of the radionuclides released in solution and the fission gases in the headspace of the
autoclaves. In addition, after 1 day (to+1d) in the experiments with the Gos fuel and after 5 days (to+5d) in
the case of the Thl fuel, the leaching solutions and the gas phases were completely renewed in order to
reduce the activity of the leachate (mainly due to cesium) and to decrease the concentration of radionuclides
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that could be initially released from a pre-oxidized layer on the surface of the samples that may mask any
smaller further release.

For the experiments with Th1 fuel this so-called washing step and all next solution and gas samplings were
performed with the autoclave closed. The lid was equipped with a valve for the gas sampling of the
headspace and a second valve with a titanium tube, long enough to reach up to the bottom of the vessel,
which allowed to take liquid phase samples. This system allowed to empty the vessel almost completely
during the washing step (1 mL remains in the autoclave) and to take samples later in the experiment without
intrusion of air. The samplings were performed under pressure but a decrease of the pressure during to the
sampling to 35 — 36 bar cannot be avoided. After the sampling, the pressure was adjusted to the target value.

In the experiments with the Gos fuel, once the gas sampling was performed, the pressure was totally released
before the solution samples were taken. In these tests, the solution samplings and the extraction of the
leachate were performed using a syringe passing through a valve [26, 27]. With this method, the gas phase
was completely renewed after each sampling. Air intrusion was avoided by a permanent Ar flushing of the
autoclave. The total pressure of the autoclaves was afterwards adjusted to the target value.

Whatever the protocol for sampling, procedures have been established to avoid any dead volume (solution
in the Ti tube or gas phase) once the pressure was reset to the target value.

For the experiments with the Th1l samples, the pressure was reduced to 4 bar between the sampling at
to+586d until the end of the Phase | (to+733d). Initially imposed to overcome a period of reduced lab activity
due to the COVID-19 pandemic operation restrictions, this pressure reduction provided the opportunity to
evaluate the influence of the pressure decrease by a factor 10 on the leaching behavior. For the experiments
with the Gos fuel, Phase | lasted 763 days (40 / 3.2H — Gos), 1205 days (3.75 / 0.3H — Gos) and 785 days
(1-40/0-Gos).

At the end of the experiments, the Ti-liners were rinsed with 1 mol.L"* HNO3 to measure the amount of
radionuclides sorbed on the walls. The acid solution was in contact with the Ti-liners for 1 day and 1 week
in the experiments with the Gos and Th1l fuels, respectively. Figure 2 provides information about the
experimental timeline for the two series, the total pressure and the composition of the atmosphere.

SCK CEN
40 /1.6H-Thl
40 /0.3H-Thl 9 -:" 2.1 8.2 2?1 SBIG 73.3
40 /0.3H - Thl - Bic Wash. ¢ : 40 bar Y 4 bar
KIT - INE
40 /3.2H - Gos 0 | 2 35 93 175 287 489 763
[ t t t t t t + |
I Wash. I 40 bar |
3.75 /0.3H - Gos 0 1 3 35 93 188 300 497 1205
L | ' ' ' ' : I |
l Wash. l 3.75 bar I
1-40/0-Gos 0 1 % 3=5 9{0 18=4 2?6 497 785
I Wash. I 1 bar I 8 bar l

Figure 2: Timeline with the sampling intervals in days relative to the start of the experiment and the total
pressure imposed during Phase I of the leaching experiments. ‘Wash. refers to the washing of the segments,
explained in section 3.4.
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3.5. Solution and gas analyses

The gas samples were analyzed using a multipurpose mass spectrometer (GAM 400, InProcess Instruments),
equipped with a quadrupole mass analyzer, Faraday and secondary electron multiplier detectors for the Gos
fuel (KIT-INE) and a Hiden Analytical HPR-70 quadrupole mass spectrometer for the Thl fuel (SCK CEN).
Hz, N2, O2, Ar, (and CO; at KIT-INE), as well as the Kr and Xe isotopes were measured. These samplings
also allowed checking the possible variation of the composition of the initial Ar/H, mixture and to monitor
any air intrusion by checking the N. content. No significant contribution of N was observed during the
whole experimental duration for all experiments demonstrating the tightness of the autoclaves.

A selection of radionuclides which are relevant for the long-term safety of SNF, or which are studied to
understand the SNF dissolution were measured in aqueous solution. This paper reports the results for 23U,
129 137Cs, 90Gr and *Tc.

For the solution samples, one aliquot was used for the determination of the uranium isotopes and *Tc by
inductively coupled plasma-mass spectrometry (ICP-MS), a high-resolution device was used at KIT-INE.
lodine was measured also by ICP-MS, but only at SCK CEN. The gamma emitters such as **’Cs were
measured by gamma spectroscopy and *°Sr was measured by liquid scintillation counting (LSC). A complete
description of the methodologies can be found in [20, 21]. Since no difference was observed between non-
filtered and ultra-filtered solutions in the experiment with the Gos fuel, only the non-filtered results are
presented in this paper. The pH was measured in the Gos experiments using the solution aliquot and no

noticeable pH evolution was observed at the end of the experiments (pH 13.6 + 0.2).

The concentrations and other results in this paper are presented with error bars corresponding to the 95 %
confidence intervals.

4, Results

4.1. Fission gas release

The evolution of the total accumulated amount of Kr and Xe released in the gas phase as a function of the
leaching time is presented in Figure 3. For all experiments, Kr and Xe showed a fast initial release in the
first 200 days-and a continuous slow release in the remaining duration of the leaching experiment.

The values obtained in the experiments with the Th1 samples were close to each other. The highest release
was observed for the experiment with the highest H. partial pressure in presence of YCWCa (40 / 1.6H —
Th1), and the lowest release was obtained with the low H; partial pressure in presence of the bicarbonate
solution (40 / 0.3H — Thl — Bic). The third experiment, with the low H, content in YCWCa (40 / 0.3H —
Th1) showed an intermediate release. After 733 days, the difference of the cumulative release between the
three experiments was small. Hence, very little influence of hydrogen or the solution composition was
observed on the Kr and Xe release at the end of the leaching experiments with the Th1l fuel.
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Figure 3: Evolution of the moles of Kr (top) and Xe (bottom) released as a function of the time (data below
the detection limit were omitted).

For the Gos fuel samples, the Kr and Xe release was significantly higher for the experiment with the highest
total pressure (40 / 3.2H — Gos) compared to the two other experiments. The three experiments were
performed in the same medium (YCW(Ca), so the difference can be attributed only to the total pressure (1,
3.75 or 40 bar) of the imposed atmosphere, and possibly to the H, partial pressure. After this period, the
release of Kr and Xe was quite similar in the experiments 3.75/ 0.3H — Gos and 1 — 40 / 0 — Gos, and the
Kr and Xe release was about 10 times larger for the Gos fuel than for the Th1 fuel.

4.2. Uranium-238
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The evolution of the aqueous 28U concentrations is plotted in Figure 4-a and the repartition of uranium
release from the SNF between the amount measured in solution and sorbed on the Ti-liners in Figure 4-b.
For most experiments, the concentrations fluctuated strongly in the range 10 — 10 mol.L™%. Such a scatter
in agueous uranium concentrations has often been observed in experimental studies on dissolution of spent
nuclear fuels under reducing conditions [28]. During all samplings of the three experiments with Gos fuel
samples, it was tested whether measured uranium concentrations in solution would be affected by colloid
formation. Since measured uranium concentrations of unfiltered and filtered (after 10 kDalton
ultrafiltration) were the same within the analytical uncertainty, an effect of colloids present in solution as
the dominant reason for the scatter was not considered.

LE05 @ M solution
@ F ~
° L — . =) o
g Erinse @ 2
— [ — g o
1.E-06 1.E-05 3 g =
"Z rs Q ‘
— | 9 s ~ |
g 1607 & W e R
= i P |
=) [ [
2
= 1.E-08 3 1.E-07 - =
1.E-09 a3 1.E-08 - =
£ 940/3.2H-Gos #3.75/0.3H-Gos +-1-40/0-Gos (9°°’ (90(’ (90(’ «\\,\, «\\,\, &
40/1.6H-Th1 £40/0.3H-Th £40/0.3H-Th1-BIC ’b,_g«&% @\Q & »,;2" &
1TEI0 e e Vv KT AN O
™ A Q\ Q\ >
0 200 400 600 800 1000 1200 ok LS NN
Time (d) N
(a) (b)

Figure 4: (a) Evolution of the concentration of 233U as a function of the leaching time and (b) **U moles in
the leaching solution compared with the amount measured in the rinse solution (sorbed on the wall). Values
above the bars are the mole ratio solution/rinse.

4.3. lodine-129

The 2| results correspond only to the experiments with the Thl fuel samples. The concentrations in the
experiment with the bicarbonate solution were higher than in the experiments with the YCW(Ca (Figure 5).
The H, partial pressure did not affect the release of iodine, as the concentrations in YCWCa with 1.6 and
0.3 bar Hz were not much different. In the three experiments, there was a high initial release (to+5d), with a
concentration of about 10 mol.L1. After the renewal of solution, lower and rather stable concentrations are
observed in the bicarbonate solution until the end of the experiments; around 10° mol.L. In the two
experiments with the YCWCa, even lower concentrations are measured after 21 days, and we observe a
slight increase until 271 days and then a decrease in concentrations. The cause for the iodine concentration
drop is not clear since iodine cannot volatize from the autoclave nor being removed from solution by
precipitation of an iodine bearing compound.
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Figure 5: Evolution of the concentration of **| as a function of the leaching time in the experiments with
the Th1 fuel samples.

4.4. Cesium-137

For the Th1 fuel, several cesium isotopes (**3Cs, ***Cs, ¥'Cs) were analyzed in solution and most of the
cesium released in solution was due to ***Cs (stable) and *’Cs (half-life 30 years). The concentration of
134Cs was several orders of magnitude lower, in-line with the expected low residual content of ***Cs after
almost 25 years of cooling time. In the Gos samples, only *¥’Cs was measured, therefore the discussion
focuses on this isotope. The concentration of *’Cs as a function of time is plotted in Figure 6. In all
experiments, the concentration increased as a function of time, except for the experiments with Thl fuel
samples in contact with YCWCa (40/ 1.6H — Th1 and 40 / 0.3H — Th1), where we observe a high initial
release at to+5d followed by a drop of concentration after 21 days due to the renewal of solution. Afterwards,
the concentrations continues to increases slightly with the exception of the last sampling in experiment 40 /
1.6H — Thl. It looks like the fast Cs release from the Th1 fuel sample is achieved during the first five days
under hydrogen and in contact with the high pH solution while more time is needed under the other
conditions or another fuel, as it is the case in the experiment under anoxic conditions, 1 — 40 / 0 — Gos,
where the concentration approaches a steady state ‘only” after 200 days. Cesium was measured in the rinse
solution of the Ti-liners at the end of the experiments. The sorbed fractions represented less than 2 % and
0.5 % of the total amount of Cs release in the experiments with the Th1 and Gos fuels, respectively.
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Figure 6: Evolution of the **’Cs concentration as a function of the time.

4.5. Strontium-90

Like for cesium, the *°Sr release is influenced by the experimental conditions and the fuel (Figure 7-a).
Although a continuous increase of the concentration is observed for all experiments, the concentrations are
one to two orders of magnitude higher in the experiments with the Th1 fuel than with the Gos fuel, and for
the same fuel (Th1), one order of magnitude higher in bicarbonate solution than in the YCWCa. Moreover,
a significant fraction of the Sr was sorbed on the Ti-liners in the experiments with the Thl fuel, whereas
this sorbed fraction was lower for the Gos fuel (Figure 7-b). The lower Sr concentrations in solution for the
Gos fuel is thus not a consequence of the sorption, but the higher Sr concentration for the Th1 fuel may have
induced more sorption.

Over the entire experimental duration neither the imposed atmosphere nor the total pressure seems to have
a considerable influence on the release of strontium since the three experiments with the Gos fuel samples
provided similar results in presence or absence of hydrogen, as the two experiments with Thl fuel in
YCWCa with different hydrogen concentrations also resulted in a similar Sr release.
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Figure 7: (a) Evolution of the Sr concentration as a function of the time and (b) *Sr moles in the leaching
solution compared with amount measured in the rinse solution (sorbed on the wall). Values on the top of
the bars are the moles ratio solution/rinse.

4.6. Technetium-99

After a fast initial release in solution, the technetium concentrations drop to 10® mol.L? in the three
experiments with the Thl fuel and to even lower values with the Gos fuel, as a consequence of the solution
renewal (Figure 8-a). Afterwards, the concentrations in the experiments with the Gos fuel samples are close
to or below the detection limit, leading to a scattered evolution. In the experiments with the Th1l fuel, the
technetium concentrations remain stable at about 10 mol.L! in both experiments at high pH while we
observe a continuous increase to 3x107 mol.L? in bicarbonate solution at to+733d. Furthermore, a minor
increase is also observed in the YCWCa at to+733d, which could be attributed to the lower pressure imposed
at that time (4 bar instead of 40 bar between t;+586d and to+733d), inducing a lower H, concentration
dissolved in solution and decreasing the protective effect against the oxidation of technetium. A negligible
amount of technetium is found on the Ti-liners in the experiments with the Gos fuel, between 1 % and 5 %
of the total amount of Tc released, while the sorbed fraction represented 10 — 41 % in the experiments with
the Th1 fuels (Figure 8-b).
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Figure 8: (a) Evolution of the **Tc concentration as a function of the time and (b) *Tc moles in the leaching
solution compared with amount measured in the rinse solution (sorbed on the wall). Values above the bars
are the moles ratio solution/rinse. No data are available before t,+93d in the experiment 40 / 3.2H — Gos
(data below the detection limit are omitted).

5. Discussion

The concentrations of dissolved radionuclides are used to calculate their Fraction of radionuclide Inventory
in the Aqueous Phase (FIAP). Each FIAP value corresponds to the ratio between the number of moles of a
specific radionuclide released in solution at a certain time over its total amount in the initial SNF sample.
The FIAP thus quantifies the extent of dissolution regardless of the surface area of the sample, which is a
difficult parameter to accurately/correctly evaluate [29]. Considering the washing steps with the complete
renewal of solutions, the samplings as a function of time (removal of small fraction of the released inventory
each time) and the possible sorption of some radionuclides on the Ti-liner, the amount of moles measured
in solution at a specific sampling step does not correspond to the total moles released from the SNF from
the start of the experiment. Consequently, to completely cover the inventory released from the SNF, the
cumulative FIAP (CumFIAP) is introduced, which takes into account all measured fractions from the start
of the experiment until a specific duration.

Uranium release

As mentioned in section Results, aqueous uranium concentrations display a considerable scatter. In
experimental studies on dissolution of spent nuclear fuels under reducing conditions such a dispersion is
commonly observed and often attributed to the dissolution of pre-oxidized surfaces of the spent nuclear fuel
samples [28]. It can be assumed that in the short period between the preparation of the Gos and Thl fuel
samples (cutting) and the start of the dissolution experiments, the SNF samples were in contact with air and
the exposed surface area could thus be oxidized to some extent. Alternatively, we interpret this scatter of
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measured uranium concentrations as a consequence of the speciation of U(IV) in the experiments. A
considerable dispersion of aqueous concentrations for more than 100 days in thermodynamic solubility
studies dealing with U(1V) and other tetravalent actinide (An(IV)) solid phases is well known (e.g. [30, 31]).
In these thermodynamic studies, the scatter is attributed to artefacts related to the predominance of the
neutral species U(OH).(ag) and An(OH).(aqg). A conceivable explanation for the fluctuation in uranium
concentration could be the presence of small colloidal species adherent to the vessel walls, which are not
removed from the initial solution by filtration.

The fraction of uranium sorbed on the Ti-liner was much larger for the Th1 samples (90 %) than for the Gos
samples (30 %). As it is not known when the sorption occurred, the sorbed fraction was added arbitrarily to
the sampling that coincided with the rinsing. This causes a very high increase of the CumFIAP(*8U) at
to+733d for the experiments with the Th1 fuel samples (Figure 9).

—e-40/3.2H-Gos  —B—3.75/0.3H-Gos _ —4—1-40/0-Gos
1LE-01 + 40/1.6H-Th1  -8-40/0.3H-Th1  =A—40/0.3H-Th1-BIC

LE02

CumFIAP(238U) (%)

1E03
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Figure 9: Evolution of the CumFIAP(**®U) (in %) as a function of the leaching time including the rinsing of
the liners at the end of the experiments.

Expressing the data as CumFIAP levels out the fluctuations of the concentrations and reveals some
meaningful trends. For the Th1l fuel, the cumulated uranium release appears to be higher in the bicarbonate
medium than in the YCW(Ca, but considering the sorbed fraction, the difference becomes much smaller. For
the Gos fuel, the cumulated uranium release is slightly higher for the test without hydrogen gas, 1 —40/0
— Gos, suggesting the stabilizing effect of hydrogen on the fuel matrix.

Kr and Xe release

The evolution of Kr and Xe released into the gas phase does not show any significant effect of the H, partial
pressure on the fission gas release during leaching (FGReaching). FGRieaching results of the experiments with
the Th1 fuel are almost the same within error despite their differences in the H; partial pressure between 0.3
and 1.6 bar. Similar FGRieaching Values are observed in the experiments with Gos fuel under 0.3 bar H gas
pressure (3.75 bar total pressure) and pure Ar atmosphere (1 bar total pressure). The relatively high
FGRleaching Values in experiment 40 / 3.2H — Gos compared to the two other experiments with Gos fuel are
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interpreted as a consequence of the high total pressure in this experiment (40 bars) rather than a consequence
of the H, partial pressure (3.2 bars). A more striking feature is the clear difference of the total moles of
fission gases released during leaching of the two fuels (Figure 3). During the leaching, a higher amount of
gases is released by the Gos fuel than by the Th1l fuel. This difference can be attributed to the different
irradiation histories and especially to the difference in LPR values, because the LPR has an impact on the
physical and chemical properties of the SNF. Indeed the LPR and the FGRpuncturing Values are considerably
higher for the Th1l than those of the Gos fuel, despite comparable burnup values. When summing-up each
fraction released during irradiation into the rod plenum (determined in the puncturing test) and each fraction
released in the course of the leaching experiment, the total amount of Kr and Xe released are in the same
range for both fuels (Figure 10). Because the total amount of Kr and Xe in the initial fuel inventory is similar
for the two fuels, it may be assumed that the Th1 fuel releases less fission gases throughout the leaching
experiment, because it has released a large fraction of the fission gases in the rod plenum already during in-
reactor service, but further detailed assessment of the local distribution of Xe in both fuels would be needed
to corroborate this assumption.
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Figure 10: Evolution of the total amount of Kr (top) and Xe (bottom) as a function of the time, including the
fission gas release upon the puncturing test.

Comparable with the FIAP of the dissolved radionuclides, the Fraction of fission gas Inventory released in
the Gas phase (FIG) is the ratio between the total amount of a specific element released in the autoclave
over its total inventory in the fuel sample. The FIG values for Kr and Xe are reported in Table 5, which also
gives the FIG including FGRpuncturing measured in the puncturing tests (FIGuwar). Although the linear power
was larger for the Thl fuel, the FIG values are higher for Gos fuel than for Thl fuel. Even when the
FGRpuncturing Values are added to the FIG, FIGuw values of the experiments with Gos fuel are higher
compared to those of the Thl fuel. It seems that fuel properties such as reactor operation parameters (e.g.
LPR) and fuel fabrication method affect the FGRpuncturing, DUt not the total amount of released Kr and Xe.
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Intensive post-irradiation fuel examinations are required to clearly identify the keys parameters involved in
the fission gases repartition in the fuel matrix. The FIG values for Kr and Xe obtained with the Gos fuel
were very similar to those already published using the same fuel rod in contact with a bicarbonate solution
under hydrogen atmosphere [14]. Even a higher value (FIG(Xe) = 28 + 1 %) was obtained in an experiment
conducted with fragments (1 — 2 mm) of high burnup fuel (78 MWd.kgu™) leached during 400 days in a
bicarbonate solution under H; [32].

Table 5: Fission gas inventory release, FIG (in %), for Kr and Xe at the end of the experiments and the
penultimate sampling for the Gos fuel (corresponding test durations are reported) for the two fuels under
the six experimental conditions. The values in brackets (FIGwti) include the fission gas release measured
in the puncture test (8.3 % Gos fuel and 14.1 % for Th1 fuel).

FIG Gos Thl
(%) )
40/3.2H 3.75/ 0.3H 1-40/0 | 40/03HBic =~ 40/0.3H 40/ 1.6H
489 497 497
Duration (d) 733 733 733
763 1205 785
23.9+15 10.4£0.2 13.0£0.7
. (30.9+1.7)  (174+07)  (20.0£1.0) 13401 0.9+01 09401
248+15 13.140.2 143 +0g | (159%10)  (155210) (155+10)
(31.8+1.7)  (201+0.7)  (21.3%1.0)
18.9+0.3 9.8+0.2 12.540.7
" (27.5+0.4)  (183%0.3) (21.0£0.7) 93501 15401 14401
19.6+0.3 124+02  147+07 | (163%10)  (155+1.0)  (154+1.0)
(28.1+0.4)  (209%0.3)  (23.2£0.8)

In addition, the ratio Xe/Kr is apparently influenced by fuel properties such as the LPR. The ratio Xe/Kr of
the gases released during leaching indicates a distinct behavior depending on the type of fuel (Figure 11).

In case of the Thl fuel samples, the ratios are in the range 15 — 19, which is higher than the molar ratio of
10 + 1in the total inventory. The Xe/Kr molar ratio determined during the puncturing test (9 £ 1) is slightly
lower than the ratio calculated for the total inventory, but the difference is not significant given the
uncertainties of the values. Such a relatively high Xe/Kr ratio measured during the leaching is interpreted
as a preferential release from zones with elevated Pu content, such as the peripheral rim zone.

In contrast to the fission gas release pattern of the Th1l samples, the Xe/Kr ratio for the Gos fuel shows a
considerable variation with time in the first 200 days towards the ratio of the inventory after one year. From
the initial values (< 1), the ratios increase until reaching values of about 10 for the experiment
3.75/0.3H — Gos and 1 — 40 / 0 — Gos while the ratio reaches a maximum of 8.1 (last sampling) in the
experiment 40 / 3.2H — Gos. Such an increase of the Xe/Kr ratio during leaching is also observed in leaching
experiments with a neighboring fuel sample from the same Gos fuel rod [14]. This would suggest that Kr
was preferentially leached in the first 200 days. The incongruent release of the fission gases at the early
stage of the experiment was attributed by the authors to different trapping sites of Xe and Kr in the spent
nuclear fuel, where the Kr would be located in more water accessible sites such as grain boundaries.
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Combined with the molar ratio of about 12 + 1, determined during the puncturing test and the ratio calculated
in the total inventory of 10 + 1, there is also a balance in the gas released, but the behavior is quite distinct
from that of the experiments with Th1 fuel.

For the Gos fuel, the Xe/Kr molar ratio tends to reach the ratio determined upon the puncturing test, while
for the Th1 fuel, this ratio is apparently constant at a value significantly higher than the Xe/Kr ratio of the
fuel inventory and the ratio determined in the puncturing test. The difference between the two fuels might
be attributed to their different irradiation histories.

25

Xe/Kr

—8-40/3.2H-Gos = -m-3.75/0.3H-Gos  ——1-40/0-Gos
40/1:6H-Thl -8-40/0.3H-Thl —A—40/0.3H-Th1-BIC

0 200 400 600 800 1000 1200
Time (d)

Figure 11: Evolution of the molar ratio Xe/Kr as a function of the leaching time (data below the detection
limit were omitted).

lodine release

As described in section 4.3, the iodine concentrations are higher in the bicarbonate solution than in the
YCWCa (Figure 5). This would suggest that the iodine release is more sensitive to the composition of the
leaching medium (such as pH and carbonate concentration) than to the redox conditions imposed by the
hydrogen gas. Nevertheless, at the end of the experiment, the cumulative release of iodine CumFIAP(*?°I),
derived from the concentrations using the same methodology as for uranium, is very similar in the three
experiments (Figure 12). Therefore, it is likely that the difference observed in the concentrations could be
the consequence of a faster iodine release during the washing step rather than a medium composition effect.

The release of volatile elements, in particular the release of iodine, is often correlated to the fission gas
release, usually determined in puncturing tests [33]. The evolution of the total release of the fission gases
including the fraction from the puncturing test is plotted together with the CumFIAP(*?°l) in Figure 12.



Journal Pre-proof

22

CumFIAP(1291) (%)

40/1.6H-Th1 4840/0.3H-Th1 -4-40/0.3H-Th1-BIC
40/1.6H-Th1 (G) 4340/0.3H-Th1 (G) - 40/0.3H-Th1-BIC (G)

T T T S T S S S S S T S R N
T T T T T T T

0 100 200 300 400 500 600 700 800
Time (d)

Figure 12: Evolution of the CumFIAP(**I) as a function of the leaching time in the experiments with the
Th1 fuel. The dotted lines correspond to the evolution of the sum of the fission gas released (Kr + Xe) during
the experiment and the fission gas release upon puncturing test (14.1 % FGRpuncturing)-

The highest release was observed in the bicarbonate solution where the FGRot Value was reached after the
second sampling (to+21d). In the experiments with the YCWCa, the CumFIAP(*#°1) values never reach this
threshold and stay below 14 %. The lowest release is observed for the experiment with the highest H. partial
pressure (40 / 1.6H — Th1). As a consequence of the decrease of the concentration as a function of the time,
the CumFIAP(*#1) decreases as weli. After 733 days, the values were in the range of 12 — 14 %.

The data thus suggest that the released fraction of iodine is slightly lower than the total fission gas release
including the release (FGRiota):

In the framework of FIRST-Nuclides, similar samples with Gosgen fuel were leached with a bicarbonate
solution under 40 bar Ar/8 %H, during 332 days where the IRF (Instant Release Fraction) of the gases were
determined and can be compared with the CumFIAP of 12| [14, 33]. The IRF(*?°l) was 15.7 + 1.6 % which
is higher thanthe FGRyuncturing alone (8.3 £ 0.9 %) but if the fraction of gases released during the leaching
experiment was added, the total amount of gases released is 23.7 + 1.8 % (puncture test + leaching
experiment) and the same conclusion can be drawn as for the Th1 fuel.

Cesium release

Like for iodine, cesium is often correlated to the behavior of Kr and Xe. Electron probe micro analysis
(EPMA) measurements of local Cs/Xe ratios suggested that the Cs release was about 60 % of the fission
gases [34]. For the Thl fuel with a FGRpuncturing Value of about 14 %, a fractional Cs release of about 9 % is
thus calculated. For the Gos fuel, with a significantly lower FGRpuncturing Value (about 8 %), the calculated
fractional Cs release would correspond to around 5 %. Leaching studies performed in the FIRST-Nuclides
project on a variety of SNF samples (including fuels Th1 and Gos) suggested that the actual Cs release was
often lower, though [33].
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Figure 13 shows the evolution of CumFIAP(*¥’Cs). The amount of *’Cs retained on the walls of the liners
is negligible. Therefore the data series represent accurately the cesium released into the solution. For both
the Thl and the Gos fuel, the release rate of cesium is initially fast and decreases with time. The fastest
release is observed with the Th1 fuel samples. For this fuel, the CumFIAP(**¥'Cs) values approaches a steady
state after 21 days at around 3 = 1 % in the three experiments (YWCa and bicarbonate solution). This is
similar to the fraction released in the bicarbonate solution under weakly oxidizing conditions in FIRST-
Nuclides with the same fuel. Thus, the Cs release is apparently affected neither by the reducing conditions
imposed in the present tests with hydrogen gas nor affected by the type of leachate.
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Figure 13: Evolution of the CumFIAP(**'Cs) as a function of the time.

For the Gos fuel, it takes longer to approach a steady state level of CumFIAP(*¥'Cs) than for the Th1 fuel,
especially in the experiment without hydrogen and low total pressure (1 — 40 / 0 — Gos) where the
CumFIAP(**¥Cs) values also remain lower than in the Gos experiments with H.. Furthermore, an effect of
the total pressure at the early stage can be observed: at a low total pressure the release of cesium is slower
compared to the Cs release in experiments with 40 bar total pressure, but this has no consequences at the
end of the experiments. For the experiments under Hy very similar short-term results (to+5d and to+21d) are
obtained in the experiment with the Th1 fuel samples performed under 40 bar pressure, while a difference
— a delay — in the experiments with the Gos fuel samples under 1 and 3.75 bar can be observed. The total
pressure might have an effect on the short-term release of the fraction that is easily accessible to water but
not on the cesium fraction released after one year or later, which is presumably included in the spent nuclear
fuel matrix; the CumFIAP reached very similar values at the end of two series of experiment (Th1 and Gos
fuels). This implies also that Cs is not an appropriate matrix dissolution indicator on the short-term (< 200
days). Although the Cs is initially released slower, CumFIAP(**’Cs) values of 4 — 5 % obtained for the
longer durations are higher with the Gos fuel than those with the Th1 fuel. These values for the Gos fuel are
similar to those found with the same fuel in bicarbonate solution with 3.2 bar H, gas pressure and a total
pressure of 40 bar [33].
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Figure 14: Local mapping of the Tihange 1 fuel sample at different positions for Cs, Ba, Zr and Mo using
EPMA. Post irradiation examination of freshly prepared and unleached sample in the framework of FIRST-
Nuclides [35].
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The Gos fuel thus reaches a higher fractional Cs release, despite the higher burnup and LPR of the Th1 fuel.
A possible explanation is that at higher temperatures during the irradiation of the Thl fuel, the mobility of
Cs is more promoted and thus it condensates at colder positions within the fuel rod, as for example at the
pellet-clad interface (Figure 14). High Cs concentrations are found in thin layers of Th1 fuel, probably along
the UO; grain boundaries and at the fuel cladding interface, where a bonding layer is formed inside the inner
cladding oxide layer. Similarly, an enrichment of Cs is observed at the pellet-clad interface of the Gos fuel
[36]. According to SEM-EDX (Figure 15) analyses, Cl-uranate and complex Cs-U-O-Zr-Cl bearing
compounds are formed at the inner ZrO; layer of the Gos fuel’s cladding. So far, a quantitative comparison
of the extent of Cs enrichments at the Th1 pellet-clad interface with that at the Gos pellet-clad interface is
not available.

(@) (b)

Figure 15: (a) SEM micrograph of crystalline Cs-U precipitates and (b) SEM-EDX spectrum of an
exemplary analysis region (marked with a rectangle in the micrograph) at the pellet/cladding interface of
Gos fuel.

During leaching, the Cs release is not solubility controlled since the concentrations shown in Figure 6 are
far below the solubility limits of expected solid phases, such as cesium chloride (log K°® = -1.55 + 0.01 for
the reaction Cs* + Cl=«> CsCln; [37]).

Strontium release

Whereas the release of Cs approaches a steady state with hardly any further increase of the aqueous Cs
concentration, the Sr concentration in solution noticeably continue to increase throughout all experiments
with Thl and Gos fuels, except one outlier in experiment 40 / 3.2H — Gos (Figure 7). It is emphasized that
during the experimental duration, no considerable influence of the gas atmosphere on the Sr release is
observed.

For the two experiments with the Thl fuel samples in contact with YCWCa, the different hydrogen
concentration does not result in a considerable effect on the Sr concentration (Figure 7) or cumulated
fractional Sr release (Figure 16). Similarly, in the experiments with the Gos fuel in YCWCa under either
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hydrogen atmosphere or pure argon, Sr concentrations are almost the same within error. In presence of
bicarbonate solution, the strontium release showed a different evolution with the Th1 fuel sample and the
concentration increased continuously up to 2x107 mol.L*. This faster release could be a consequence of a
faster dissolution of the UO, matrix where Sr is partly dissolved. Sr is not redox sensitive and the dissolution
of the UO, matrix is known to be promoted by carbonate species. Any differences between two experiments
would be related to the sensitivity of the UO, matrix, and a different uranium concentration evolution as a
function of the leaching time would also be observed under these experimental conditions. However, this
statement cannot be verified because of the scattered uranium concentrations as observed in Figure 4-a and
the large quantity of uranium sorbed on the vessel walls (Figure 4-b).

The strontium release is not solubility controlled since the concentrations are far below the solubility limits
of the expected solid phases, such as strontium carbonate (log K° =-9.27 + 0.02 for the reaction Sr?* + COs*
< SrCOs; [37])

For the release of Kr, Xe, I and Cs there are no relevant differences related to the leachate composition and
H; partial pressure, indicating that the released fractions of these fission products are predominantly situated
on the sites that are directly water accessible. In case of ®Sr, the hydrogen pressure can have some minor
effects on the CumFIAP but the main difference is attributed to the solution composition (Figure 16). The
fractions sorbed on the liners and measured in the rinsing solutions are also plotted. Like for uranium, this
fraction was arbitrarily added to the last sampling of each series.

For the Gos fuel experiments, the results are very similar for all tests in YCWCa. CumFIAP(*°Sr) is about
5x10* % at the last sampling, which is lower than the cumulated FIAP of 2.3x10° % that was obtained with
a cladding segment of the same fuel in FIRST-Nuclides after 333 days in a bicarbonate solution and 3 bar
H, partial pressure (40 bar total; Ar/H, gas mixture) [38]. In case of Th1, the Sr released in solution is also
much higher in the bicarbonate medium than in YCW(Ca, even after including the sorbed fraction, and a
cumulated FIAP of 2x10? % was determined in bicarbonate solution under weakly oxidizing conditions
(FIRST-Nuclides) [33, 38].
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Figure 16: Evolution of the CumFIAP(*°Sr) as a function of the time.

For all tests, the Sr release is at least one order of magnitude larger for the Thl fuel than for the Gos fuel.
The higher release of strontium for the Th1 fuel can be related to the fuel properties and, in particular, the
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higher LPR in the later irradiation cycles, promoting the formation of Sr-containing ceramic precipitates,
which segregated from the UO, matrix [39]. Sr was not part of the analyzed elements in [35], but it should
exhibit a similar behavior as Ba, which was analyzed. Figure 14 indeed shows a segregation of Cs, Ba and
Zr in the periphery of the pellet and the formation of Ba-Zr clusters at the very center of the pellet, promoting
the presence of Sr in accessible surface sites [40]. Still, segregation of Ba may be slightly promoted
according to the lower solubility of Ba in the UO, matrix in comparison to Sr.

The sorption of strontium on the liners was more predominant in the experiments with the Th1l fuel than
with the Gos fuel. Likewise, this was observed for the sorption of uranium. Since all liners were made out
of titanium and provided by the same manufacturer, their material characteristics cannot explain this strong
discrepancy between the two series of experiments. The sole difference between the experimental series
was the rinsing duration of the liners: one day in the experiments with the Gos fuel samples and one week
with the Th1 fuel samples. Additional measurements were planned at the end of the experimental program
with the Th1 fuel in order to scrutinize this difference.

Technetium release

Technetium is redox sensitive and expected to be in the +IV oxidation state in the studied pH range under
reducing conditions. The concentrations shown in Figure 8 are significantly lower than the solubility of
TcO,(am,hyd) of 3.2 + 0.3 x10°® mol.L* determined in previous studies in 0.5 mol.L™* KCI — KOH solutions
and in synthetic cement pore water at pH 13.3 [41, 42]. Most of the aqueous Tc concentrations in
experiments with the Gos fuel are lower than those measured in the experiments with the Th1l fuel. However,
the Tc concentrations of the Gos fuel display a considerable scatter in comparison to the data of the Thl
experiments. Therefore, a clear distinction between the Tc release from Gos and from Thl fuel cannot be
drawn. In contrast to the dispersion of agqueous U(IV) concentrations, which might be caused by the
predominance of the neutral U(OH)a4(aq) species, a predominance of a neutral Tc species in solution is not
likely. In case of technetium, the scatter may be attributed to the relatively low Tc concentrations (even
below the solubility of the respective Tc(IV) solid phase). At this concentration range, a dispersion in
concentration data is not surprising.

The evolution of the CumFIAP(*Tc) is presented in Figure 17. The first values obtained in the experiment
40/ 3.2H — Gos are not available, which are likely the fractions providing the highest values, therefore they
are not shown. The results in pure Ar atmosphere (1 — 40 / 0 — Gos) are quite stable but the concentration
increases by five orders of magnitude at the last sampling (Figure 8), which is likely an outlier. In the other
four experiments performed in presence of hydrogen, the CumFIAP values are stable over the whole
duration, but the hydrogen pressure has little effect. Sorption of technetium on the wall of the liners also
occurred, but the sorbed fraction is negligible and only slightly increases the CumFIAP. Like for uranium
and strontium, the sorbed fraction was arbitrarily added to the last sampling point, and depicted as a second
data set in Figure 17.
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Figure 17: Evolution of the CumFIAP(**Tc) as a function of the time. The second dataset at the end of each
series corresponds to the fraction sorbed on the autoclave liners.

If we omit the result at 785 days in the experiment 1 — 40/ 0 — Gos, it appears that the highest results are
obtained in the experiment performed with the bicarbonate solution. About 0.08 % of the *Tc is released
from the Thl spent nuclear fuel after 733 days, including the fraction from the rinsing solution. In an
experiment with samples from the same fuel rod, conducted in the carbonated medium under weakly

oxidizing conditions, the Tc release of 0.10 + 0.03 % was reached already after one year [13].

In Figure 17, it is shown that the obtained CumFIAP(**Tc) values in the experiments with the Th1 fuel are
slightly higher than those in the experiments with the Gos fuel. As mentioned above, a clear distinction
between the Tc release from the Gos and from the Th1 samples is not observed. A hypothetical tendency of
higher Tc release from Thl fuel compared to the release from Gos fuel could be explained by the higher
LPR of the Tihange 1 fuel and the higher temperature reached during the irradiation. Although Tc is assumed
to be not volatile, its mobility can be affected by the decay chain of Mo. Therefore, it is conceivable, that
Tc is present in the more accessible areas of the fuel pellet. This was observed during experiments with the
Th1 fuel within the FIRST-Nuclides project where large Mo precipitates were observed from the center of
the pellet to the half pellet radius and very small precipitates at the very periphery of the pellet [35].

Accessible Fraction of the Inventory (AFI)

The CumFIAP represents the fraction of the element released in solution, but it does not indicate whether it
was released in solution due to the dissolution of the UO, matrix or whether this is the result of a fast or
preferential leaching of radionuclides present in water accessible structures. To obtain the net preferential
release, the (Cumulative) Accessible Fraction of the Inventory (CumAFI) is calculated by subtracting the
CumFIAP(?®U) from the CumFIAP value at a specific duration, considering the uranium release as an
indicator for the matrix dissolution of the SNF [39]. The CumAFI can thus be interpreted as an estimation
of the fraction of a radionuclide that is not incorporated in the UO, matrix, based on the release in solution
measured in leaching experiments. With the exception of iodine, the sorbed fractions are included in the
calculation.
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Table 6: Cumulative Accessible Fraction of the Inventory, CumAFI (in %), for 21, *¥'Cs, °Sr and *Tc at
the end of the experiments (duration is reported) for the two fuels under the six experimental conditions
(values include the sorbed fraction except for 2°1).

CumAFI Gos Thl
(%) 40/ 3.2H 3.75/0.3H 1-40/0 40 / 0.3H Bic 40/ 0.3H 40/ 1.6H
Duration (d) 763 1205 785 733 733 733
129) - - - 11.9+5.0 13.0+5.4 13.8+5.0
137Cs 45+29 4.7 +0.7 3.1+0.6 2.8+1.0 29+1.7 2.6+0.7
a0, (1.4 £0.9) (4.8+1.0) <0 (6.0%2.1) (3.9+1.3) (4.6 1.4)
x10° x10* x1073 x103 x102
%9Tc ) (7.7+1.4) (1.8+1.9) (4.5+1.7) (1.9+0.7) (6.7 £2.3)
x103 x101 x1073 x102 x1072

The Accessible Fraction of the Inventory is similar to the Instant Release Fraction (IRF) found in the
literature, but while the AFI are purely experimental values, IRF values in literature are often estimations
of the fast release at the time of the canister breaching. They build further on the knowledge about the AFI
of today’s fuels, but also involve hypotheses about the further evolution of the fuel. The CumAFI values
calculated for the fission products investigated in this study are reported in Table 6. The value for *Tc in
the experiment 40 / 3.2H — Gos is indicated as not available since the missing results for the short durations
would lead to an unrealistic CUmAFI.

6. Conclusions and perspectives

Leaching experiments were performed with two spent nuclear fuels with a similar burnup but different
fabrication process and irradiation histories, in a highly alkaline solution and a bicarbonate solution under
anoxic or reducing conditions imposed by the presence of hydrogen, and with durations up to two years or
more to investigate the fast release of a selection of fission products. This so-called Phase | of the experiment
was followed by a Phase I, not discussed in this paper.

The uranium concentrations of the experiments do not show a consistent evolution, and the cause of the
unstable concentrations is not well understood. Consequently, based solely on the uranium releases, no clear
effect of hydrogen on the spent nuclear fuel dissolution can be drawn during the first part of the experimental
program (Phase I).

At the end of the present experiment, no hydrogen effect was observed on the release of fission gases, as
the total amounts of krypton and xenon were similar regardless the fuel samples or the experimental
conditions. However, in case of the Gosgen fuel, the ratio Xe/Kr tends to reach the average ratios calculated
using the total fuel inventory or the fission gas release determined upon puncturing test, while the ratio
Xe/Kr was higher for the Tihange 1 fuel. Moreover, differences have been highlighted on the very short-
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term. They were attributed either to the experimental conditions (a higher pressure accelerates the short-
term gas release) or to the history of the fuels (opposite evolution of Xe/Kr ratios depending on the fuels).

Considered as volatile and often compared with the fission gas release determined upon puncturing test,
iodine was not affected by hydrogen and the CumAFI values in the three experiments with the Tihange 1
fuel were lower than the total fission gas release (puncturing test plus leaching experiment). No clear
hydrogen effect was observed on the short-term strontium release and the observed differences were
attributed either to the composition of the leaching solution (bicarbonate solution vs YCWCa) or to the
LPRs. A delay due to the lower total pressure was also observed on the cesium release, implying that cesium
is not an appropriate short-term matrix dissolution indicator. At the end of this experimental part and for
each fuels, the CUmAFI(**'Cs) were almost identical under YCWCa and under hydrogen, but slightly higher
values were determined with the Gosgen fuel than with the Tihange 1 fuel. The hydrogen pressure also had
little impact on the technetium release (although it is a redox sensitive element), but the release was higher
in the bicarbonate solution.

In the experiments reported in this paper, focusing on the short-term (Phase 1), the release of fission products
was partly governed by the UO, matrix dissolution but much more by the chemical and physical changes in
the matrix. These deviations from the reference UO, matrix were sensitive to the composition of the leaching
solution rather than to the effect of hydrogen. The experimental program has been continued to study the
long-term dissolution behavior. A more complete interpretation will be possible once these results are
available. Post leaching analyses of the spent nuclear fuels are in preparation. The observations and the
measurements will be compared with those performed on freshly cut fuel from the same rod.
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