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CAST - Project Overview

The CAST project (CArbon-14 Source Term) aims teeli®p understanding of the

potential release mechanisms of carbon-14 fronoeative waste materials under
conditions relevant to waste packaging and disposahderground geological disposal
facilities. The project focuses on the releaseanbon-14 as dissolved and gaseous species
from irradiated metals (steels, Zircaloys), irraelchgraphite and from ion-exchange
materials as dissolved and gaseous species.

The CAST consortium brings together 33 partnerk witange of skills and competencies
in the management of radioactive wastes contaicamgon-14, geological disposal
research, safety case development and experimeotilon gas generation. The
consortium consists of national waste managemeaingsations, research institutes,

universities and commercial organisations.

The objectives of the CAST project are to gain seientific understanding of the rate of
re-lease of carbon-14 from the corrosion of irrgetissteels and Zircaloys and from the
leaching of ion-exchange resins and irradiatedigtap under geological disposal
conditions, its speciation and how these relatatbon-14 inventory and aqueous
conditions. These results will be evaluated indbwetext of national safety assessments and
disseminated to interested stakeholders. The neleratanding should be of relevance to
national safety assessment stakeholders and adl@bvide an opportunity for training for
early career researchers.

For more information, please visit the CAST webaite

http://www.projectcast.eu
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Executive Summary

This report is a deliverable D 2.8 of the CAST pntj It has been compiled from different
reports and notes prepared within the CAST andgpegpry projects; these have been
prepared both by NRG and Amec Foster Wheeler tortgpogress to RWM within these

projects.

In this deliverable, the details about the expenitaéocusing on the study of C-14 release
from irradiated steel are presented. It includessiimples, experiment design, description
of analytical methods, experiment and its resalts] discussions of the results. This version
of the deliverable is updated with results up3avionths of running of the experiment.

In the two experiments containing irradiated sgpelcimens, a relatively fast initial release
of accessible carbon-14 species from the surfateeasteel is observed within the first
week of leaching, followed by a drop in the rateeléase at longer times. Most of the
carbon-14 is released into the solution, but at®bitand 12% of the carbon-14 releases are
to the gas phase in Containers 2 and 3, respectiibt only are the proportions of gas
phase releases different between Containers 2 antléso the rates and speciation of gas
phase release after the first week.

The experiment is planned to run for a period ad gear, with a possibility of prolongation.
The additional results will be presented in a neport to be prepared by Amec Foster
Wheeler and NRG and will be published on the welsi RWM.
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1 Introduction

Work to develop understanding of the release di@ma114 release from radioactive waste
materials under conditions relevant to waste paokgand disposal to underground
Geological Disposal Facilities (GDFs) is being peried under the International CAST
(CArbon-14 Source Term) project, part-funded thtotlge Euratom Seventh Framework
Programme. The project is focusing on carbon -€ldases from irradiated metals (steels
and Zircaloy), irradiated graphite and spent ioohexge materials as dissolved and gaseous
species. The scientific understanding obtained filoese studies will then be considered in
terms of national disposal programmes and the itlnpasafety assessments.

Work Package 2 (WP2) of the CAST project is conedrwith carbon - 14 releases from
irradiated steels. The main objectives of WP2 IStasee:

» to develop analytical techniques for the identiiima and quantification of carbon
14 species formed during corrosion of irradiatexlst under conditions relevant to
cement-based GDFs;

» to validate activation models by measuring carbbimentories in irradiated steel;

* to carry out experiments and modelling to develaghier understanding of the
speciation and rate of carbon-12/carbon-13 andocarii4 release from corrosion of
irradiated and unirradiated steels under conditrefessant to GDFs;

» to incorporate information from existing and ongpprojects elsewhere on steel
corrosion into the work package to make the cunedierstanding available.

The objective of this work is to measure the raie speciation of carbon-14 release from
irradiated stainless steel on leaching under highapaerobic conditions, representative of a
cement-based near field for intermediate- and domdevel wastes (ILW/LLW). In
particular, this includes measurements of reletsd®e gas phase as well as to solution.
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2 Experimental

2.1 Samples

The irradiated samples comprise Compact Tension ¢p@&cimens of 316L(N) EHRII-type
austenitic stainless steel that were irradiatetienHigh Flux Reactor at Petten to a nominal
dose of 2 dpa (two displacements per atom) in eéxygeait R268-07 during 1996-97. The
composition of the stainless steel batch usedvisngin Table 1. Unirradiated material from
the same batch of stainless steel has been useanafacture additional CT specimens for
use in the control experiment.

Table 1Composition of the selected stainless steel sanfple%, Fe - balance) (material
certificate)

Steel C N Mn  Si Cr Ni Mo Cu Co Ti S P

316L(N) 0.02 0.08 1.8 04 172 122 24 0.1 0.08 -- = 0.02

The samples acquired for study in this projectsarealled CT (Compact Tension)
specimens designed for use in material propertg.tédse dimensions of the samples are
marked on the drawings Figure 1 an example is shown Figure 2 Eight irradiated CT
specimens have been acquired for use in theseisqres.
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30*

28.8

Figure 1 Drawings of a CT specimen (dimensionsim)m

Figure 2 Photograph of a CT specimen

The samples have been stored for a period of al@tbgear in a Waste Disposal Facility
(WSF) of NRG. Before using the samples, they weraned by a tissue, no other cleaning
has been performed.

The amount of carbon-14 (and other radionuclideshe irradiated stainless steel
specimens has been calculated by NRG from thaiation history, using the ORIGEN
computational code (for details see App. A).
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2.2 Experimental design

Due to the high dose rates from the irradiated $asnfhe experiments need to be
undertaken in a shielded cell. Therefore, the et has been designed specifically to
meet the requirements for isolation and handlingh(wanipulators) in NRG’s Hot Cell
Laboratory at Petten. The leaching experimentsadiag place in the G1 chemical cell
which has an inert, nitrogen atmosphere. The teatpex of the hot cell is slightly above

ambient temperature (~30°C).

Three leaching containers were manufactured dt/tineersity of Amsterdam. Each
container Eigure 3 consists of an outer vessel with lid, both madenfborosilicate glass.
The two parts of the vessel join at a flange. fl&wiege seals on an acetylnitrile butadiene
rubber (NBR) O-ring, which is known to have goodiation tolerance, and is secured using
a clamp. An inert zirconia crucible serves asmarer container to hold the leachant solution
during the leaching experiment. The gas samplistesy is formed by inlet and outlet
valves located in the base of the container, wikéticonnected to the nitrogen supply and
outlet to the gas sampling rigs, which are locateal glovebox adjacent to the hot cell.
Liquid sampling and leachant addition are performiada dip leg made of quartz. The
valves to be used for gas and liquid sampling &teeoHighVac manual stopcock type,
made from borosilicate glass. Each stopcock viahsea glass piston fitted with three

elastomer (Viton) O-rings.

Each experiment contains three CT specimens whebwspended on stainless steel hooks
from a glass triangle that is placed on the tothefzirconia insert (seégure 3 right).
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Figure 3 Two views of the experimental containeing used for the CAST experiments

2.3 Inventory of the experiments

There are three containers within the experiment:
« Container 1 — non-irradiated samples
» Container 2&3 — irradiated samples.

The non-irradiated samples (each weighing 76 gl tatrface area 106 é&rhave been
placed in the first container (Container 1). Atireate of the carbon-14 activity content of
Container 1, based on the total mass of steem#ss fraction of carbon in the steel
(0.0238%) and assuming natural abundance for catBdois about 0.1 Bq.

Six irradiated CT specimens have been divided betvather two of the three containers

according to the scheme in

Table 1 so that the carbon-14 and cobalt-60 contentscti eontainer are similar.
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Table 1 Overview of samples in the containerstaed activity content at 1 June 2016

Container 2 Container 3
Sample b102 b116 b121 b103 b112 b117
Mass (g) 73 74 74 74 74 74
Total surface area (én 117 117
C-14 activity (Bq ) 1.55E+05 2.87E+05 2.21E+05 1.81E+05 2.85E+05 2.01E+05
Total C-14 activity in
container (Bq) 4.89E+7 4.93E+7
Co-60 activity (Bq d) 5.13E+07 9.36E+07 7.25E+07 5.96E+07 9.32E+07 6.60E+07
Total Co-60activity in 1 60E+10 1 62E+10

container (Bq)

2.4 CAST experiments

The experiments were assembled in the G1 chenediatlve specimens inserted, the lids
closed and then each container was leak testech €&geriment was started with the
addition of 600 criof 0.1 mol dnt sodium hydroxide solution via the dip leg. TheOtth
solution has been prepared from very pure NaOketseih a glovebox, the solution was
purged by inert gas to remove €@he experiments were started on consecutive tbays

allow a full day for gas and liquid sampling of bamntainer when sampling periodically.

Periodic sampling involves first sampling the ghage and then the removal of a small
volume of leachate solution. The gas phase is sairipl purging the head space of the
container with nitrogen and passing the purge lgamigh the RCD sampling rigs. The head
space of the container was purged for seven houwsllect the carbon-14 species released
into the gas phase. Sampling of the liquid phesmpving about 7 ciof solution, was

then performed via the dip leg into an evacuatdd.biihe volume of solution removed is
not replaced.
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2.5 Carbon -14 analysis

The gas sampling rigs were supplied by RadioCaatmg (RCD) Limited and are based
on a design that has been used previously by ArasteFWheeler to measure gas phase
carbon-14 releases from irradiated graphite onliegd[1][2]]. A schematic design of the
rigs is shown irFigure 4 The method involves the selective oxidation amgtare of
carbon-14 species in the gas strearf@6, on a series of three soda lime columns. The
RCD method allows the separation and quantification

. carbon 14 released as €0

. carbon 14 released as CO (any volatile oxygen-auntaorganic species e.g.
alcohols, aldehydes and ketones that escape friuiosointo the gas phase would
also be collected in this fraction); and

. carbon 14 released as volatile hydrocarbons, matlgi CH,, (any other volatile
carbon containing species that were not collecietthé® CO column would also be
collected in this fraction).

Filter - humidify

1 1
Test gas i n oo Sample :
in from H incoming N; input = i
steel in __’_E_m_ contyol I—l—b: 4
alkaline ' 1
. 1 — 1 CH,
solution / Hgglr'ated CO3 f\g:::ace E it
' ilica > 1
E Gel IS-od A E
Soda I | gme|
Lime Air input - E
= control "\:\ €O, from CO
1 collection
4 H
T | - L i
E’ remove CO, To remove CO; '
om test ’?5 from incoming air Tnitl !
.............................................................................. ]
:. ______________________________________________________________________________
1 CO; from ‘CHS
From CQ_,_;_ collection Exhaust
unit
Hydrated
Silica
Gel Soda
Lime

T
Rehumidify air
from CO stage

Figure 4 Schematic design of RCD sampling rigtdlection of gas phase carbon-14
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The three soda lime columns from each samplingoli €ontainer have been returned to
RCD for carbon-14 analysis.

The solution phase samples have been divided,abitlut 0.4 cribeing used for Co-60
analysis by gamma spectroscopy and ~5.5fomcarbon-14 separation and analysis.

The method for carbon-14 separation is setup &sfsl(seeFigure 5. 5 cn? of the leachate
solution, 0.1 mol dr sodium hydroxide (NaOH), is acidified through dnejse addition to

5 cnt nitric acid contained within a reaction tube; théition takes about 10 minutes. The
pH drop triggers the release of carbon-14, dissbiméhe solution as carbonaitethe form

of CO, gas. The method is based on the assumption thétdbhed carbon-14 is present
only in the form of carbonate. A nitrogen carri@sgs bubbled through the mixture to pick
up the CQ.

Ice bath

Figure 5 A schematic overview of the method UsedC-14 release
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2.6 Cobalt-60 analysis

400uL aliquots of the leachate samples are plagedsimall polyethylene (PE) containers
for gamma spectrometry. To avoid risks of potésizenple leakage, the containers are then
placed in a second, one-size larger PE contaifiee. liquid samples where measured on a
calibrated HPGe gamma spectrometer. The followiegsurement parameters and
constraints were used:

* Measurement time:48 hours

» Distance to detector surface:10 cm

« Sample volume:0.400 cm

« Density 0.1 mol dii NaOH:1.002 g cry

The gamma spectra files are used as an inputéodXtAGADA program, which is part of
the NEMO software package. All the measurementrparars are known, including the
dead time, emission probability of the gamma-peaiddsthe efficiency of the HPGe
detector, so that the counted pulses from the pemkde transformed to activities. The
data are corrected for gamma-self-absorption Herdimensions of the sample, the
shielding of the double PE containment and forithekground. Quoted activities have
been corrected to a reference date of 1 June 20BEO am.

Measurement uncertaintiessjlhave been evaluated and account for the unciesin the
counting statistics, the gamma-self-absorptiongégmmmetry and the mass of the samples
(only included in the specific activity) and thechear data for cobalt-60. The Minimal
Detectable Activity (MDA) of the detector for cob& 1.0 Bq for a counting time of 48
hours.
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3 Results

3.1 Carbon-14 release to the gas phase

The measured specific activities of carbon-14 hesoda lime column analysed to date are
presented iTable 2 Based on the amount of soda lime in each colanthtaking account

of the background specific activity of each sodaelibatch used, the results have been
converted into total carbon-14 activities per catuffiable 3. The cumulative activities of
carbon-14 captured in each chemical form from eagleriment with time are given in

Table 4and shown ifFigure 6

The uncertainties in the measured activities asedb@n the counting errors for carbon-14
analysis by LSC. In deriving uncertainties in tduenulative activities of carbon-14, where
a result has been recorded as below the limit tfatien (LoD), the LoD itself has been
used as an upper limit for the positive uncertaortya zero measurement (the negative
uncertainty is zero).

It will be noted fromTable 3that carbon-14 has not been detectable in anyeo$dda lime
columns for collection of*CO; in the CO/CQ unit above the LoD, with the exception of
the 3-month sample for Container 3 (RCD-8735)thla case, no carbon-14 was measured
in the equivalent*CO column (RCD-8734), where some would be expecteappears that
the two columns (or their contents) have been iagdntly swapped at same stage between
their delivery to NRG at Petten and their procegsihRCD. A full QA audit of the records
for the two samples during their processing at R@B been undertaken, but no
inconsistencies have been found that would poiantaccidental swap of the samples in
RCD’s laboratory . Likewise no accidental switcasmnoted at NRG. However, based on
the results for Container 2, the previous reswitsCfontainer 3 and preliminary count rates
for the month 5 Container 3 samples, the decisamldeen taken to reassign the data in
Table 3 RCD-8735 as’CO and RCD-8734 d4CO,.

10
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Table 2 Carbon-14 specific activities of sodaglioolumns from sampling after 1, 3, 6 weeks and 3
months

Sampling RCD reference No. Carbon-14 specific activity Experiment
date (Bq kg™ carbon)
(6{0) CO, CH,
1 week
RCD-8701 — CO 17 +£0.9
7/ 6/16 RCD-8702 — CQ@ 7+0.7 Container 1
RCD-8703 — CH 60+1.1
RCD-8704 — CO 46 +1.1
8/ 6/16 RCD-8705 - CQ 9+0.8 Container 2
RCD-8706 — CH 496 £4.0
RCD-8707 — CO 293 +2.2
9/ 6/16 RCD-8708 — CQ 13+0.9 Container 3
RCD-8709 — CH 6980 + 49
3 weeks
RCD-8710 — CO 34+1.0
20/ 6/16 RCD-8711 — CQ 10+0.8 Container 1
RCD-8712 — CH 23+0.9
RCD-8713 — CO 32+1.0
22/ 6/16 RCD-8714 — CQ 11 £0.8 Container 2
RCD-8715 - CH 161 +1.8
RCD-8716 — CO 167 £ 2.4
23/ 6/16 RCD-8717 — CQ 19+0.9 Container 3
RCD-8718 — CH 2546 + 29
6 weeks
11/ 7/16 RCD-8719 — CO 12 £0.7
RCD-8720 — CQ 8+0.8 Container 1
RCD-8721 — CH 12+0.9
13/ 7/16 RCD-8722 — CO 21+1.0
RCD-8723 - CQ 9+0.8 Container 2
RCD-8724 — CH 51+1.2
14/ 7/16 RCD-8725 - CO 120+ 1.6
RCD-8726 — CQ 15+0.9 Container 3
RCD-8727 — CH 214+2.4
3 months
29/ 8/16 RCD-8728 — CO 6+0.8
RCD-8729 — CQ 7+0.8 Container 1
RCD-8730 — CH 15+0.9
31/ 8/16 RCD-8731 — CO 25+1.2
RCD-8732 — CQ 6+0.8 Container 2
RCD-8733 - CH 123+1.8
1/ 9/16 RCD-8734 — CO 5+0.8
RCD-8735 - CQ 121 +2.1 Container 3
RCD-8736 — CH 170+ 2.2

11
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Sampling
date

5 months
31/10/16

02/11/16

03/11/16

RCD reference No.

RCD-8737 — CO
RCD-8738 - CQ
RCD-8739 — CH
RCD-8740 - CO
RCD-8741 - CQ
RCD-8742 — CH
RCD-8743 — CO
RCD-8744 - CQ
RCD-8745 - CH

(Bq kg™ carbon)

CcO CO,
7+1.0
7+0.8
43+1.0
6+0.8
60+1.2
6+0.8

Carbon-14 specific activity

CH,

11+0.8

215+2.3

49+1.0

Experiment

Container 1

Container 2

Container 3

Table 3 Measured carbon-14 content of soda limenao$ from sampling after 1, 3, 6 weeks and 3

Sampling
date

1 week

7/ 6/16

8/ 6/16

9/ 6/16
3 weeks

20/ 6/16

22/ 6/16

23/ 6/16

RCD reference
No.

RCD-8701 - CO
RCD-8702 - CQ
RCD-8703 - CH
RCD-8704 — CO
RCD-8705 - CQ
RCD-8706 — CH
RCD-8707 — CO
RCD-8708 — CQ
RCD-8709 — CH

RCD-8710 - CO
RCD-8711 - CQ
RCD-8712 - CH
RCD-8713 - CO
RCD-8714 - CQ
RCD-8715 - CH
RCD-8716 — CO
RCD-8717 - CQ
RCD-8718 — CH

months

Total carbon-14 activity in sample (Bq)

CO CO,
<0.04

<0.04
0.111 + 0.007

<0.04
0.865 + 0.05

<0.04
0.070 + 0.004

<0.04
0.069 + 0.004

<0.04
0.478 +0.03

<0.04

12

CH,

0.158 + 0.009

1.47 +0.08

21.1+£1.10

<0.04

0.453 +0.03

8.03+0.4

Experiment

Container 1

Container 2

Container 3

Container 1

Container 2

Container 3
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Sampling
date

6 weeks
11/ 7/16

13/ 7/16

14/ 7/16

3 months
29/ 8/16

31/ 8/16

1/ 9/16

5 months
31/10/16

02/11/16

03/11/16

RCD reference
No.

RCD-8719 - CO
RCD-8720 - CQ
RCD-8721 — CH
RCD-8722 — CO
RCD-8723 - CQ
RCD-8724 — CH
RCD-8725 - CO
RCD-8726 — CQ
RCD-8727 — CH

RCD-8728 — CO
RCD-8729 — CQ
RCD-8730 — CH
RCD-8731 - CO
RCD-8732 - CQ
RCD-8733 — CH
RCD-8734 — CO
RCD-8735 - CQ
RCD-8736 — CH

RCD-8737 - CO

RCD-8738 — CQ

RCD-8739 — CH
RCD-8740 - CO
RCD-8741 - CQ
RCD-8742 — CH
RCD-8743 - CO
RCD-8744 - CQ
RCD-8745 — CH

Total carbon-14 activity in sample (Bq)

CO

<0.04

<0.04

0.349 +0.02

<0.04

0.05 + 0.007

0.33 +0.04'

<0.04

0.10 £ 0.007

0.15+0.02

CO,

<0.04

<0.04

<0.04

<0.04

<0.04

<0.04"

<0.04

<0.04

< 0.04"

CH,

<0.04

0.131 +0.008

0.622 + 0.03

<0.04

0.33+0.04

0.48 + 0.06

<0.04

0.62 +0.08

0.12 +0.02

Experiment

Container 1

Container 2

Container 3

Container 1

Container 2

Container 3

Container 1

Container 2

Container 3

" The assignment of results 8374 and 8375 has heitshed based on comparison with the previous testhle results
from Container 2 and the results for Container 3 $asngfter 5 months.

13
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Table 4 Cumulative releases of carbon-14 by chdrfoca from each experiment with leaching
time; the evaluation of uncertainties has takemawtof the limit of detection (LoD) as an upper
limit for the carbon-14 activity in those samplelsare the activity is below LoD

Leaching time  cymylative carbon-14 release to the gas phase inakaexperiment (Bq)

(weeks)
CO, CcO CH,
Container 1
1 <0.040 <0.040 0.158 + 0.009
+ 0.040 + 0.041
3 <0.057 0.070 0.004 0.158 0.009
+ 0.057 + 0.057
6 <0.069 0.070 0.004 0.158 0.009
+ 0.069 + 0.070
13 <0.080 0.070 0.004 0.158 0.009
+ 0.080 + 0.081
22 <0.089 0.070 0.004 0.158 0.009
Container 2
1 <0.040 0.111 + 0.007 1.470 + 0.080
3 <0.057 0.180 += 0.008 1.923 + 0.085
+ 0.041
6 <0.069 0.180 0008 2.054 + 0.086
+ 0.041
13 <0.080 0.230 0011 2.384 + 0.095
+ 0.043
22 <0.080 0.330 0015 3.004 + 0.124
Container 3
1 <0.040 0.865 + 0.050 21.10 + 1.10
3 <0.057 1.343 + 0.058 29.13 + 1.17
6 <0.069 1692 + 0.062 29.75 + 1.17
13 <0.080 2.022 + 0.073 30.23 + 1.17
22 <0.089 2.172 + 0.076 30.35 + 1.17

14
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Figure 6 Cumulative releases of carbon-14 to tlsephase from the three CAST experiments
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3.2 Carbon-14 release to solution

The results of carbon-14 measurements on sub-saraptee leachate solutions to date are
provided inTable5. These results provide the specific activitiesartbon-14 in the solution
phase at the time of each measurement. The trfadc-14 activities in the solution phase
at the time of each sampling, based on the estdwagdual volumes of the leaching
solution, are presented Trable 6 At this stage, it is assumed that a constantraelof

7.0 cn? of solution is removed during each sampling.

The estimated total activity of carbon-14 releaetthe solution phase with time is given in
Table 7. This takes account of the amount of catbbremoved in each solution sample
(assumed to be 7.0 érim volume).

It should be noted that separation procedure (aation with nitric acid and capture of the
released C@in Carbosorb) has been verified for the quantiitcaof carbon-14 as
carbonate, but not in organic forms (e.g. as so@thoxylic acids). Additional tests have
been performed to establish its effectivenesspausging and capturing water-soluble
organic carbon-14 species in addition to carborihtse tests have shown that this method
measures inorganic carbon-14 only. Measuremerttgalfcarbon -14 (including any
organic carbon — 14 species) will be made usingralysis method on solution samples
collected after 1 year.

16



Leaching Sample

time

C-14 release and speciation from irradiated stainless steel under alkaline reducing
conditions (D2.8)

CAST

Table5 6 Results of carbon-14 activity measuremienteachate samples after applying the
separation procedure

code’

(weeks)

13

22

Ciwi
c2wi1
C3wi
Ciw3
c2w3
C3w3
Ciwe
C2we6
C3wW6
CiM3
C2M3
C3M3
C1M5

C2M5
C3M5

Sample
weight (g)

5.4911
5.6232
5.8294
5.5801
5.4280
4.7205
5.6710
5.6978
5.5935
5.7568
5.6604
5.7123
5.5758

5.9064
5.6862

Carbosorb Carbosorb Total

trap 1

<0.1
1.83
1.72
<0.1
2.12
2.00
<0.1
2.24
2.44
<0.1
2.15
3.10
<0.1

2.54
2.73

Carbon-14 activity (Bq)

trap 2

<0.1
<0.1
<0.1
<0.1
<0.1
<0.1
<0.1
<0.1
0.16
<0.1
0.1

<0.1
<0.1

<0.1
<0.1

<0.1
1.83
1.72
<0.1
2.12
2.00
<0.1
2.24
2.60
<0.1
2.25
3.10
<0.1

2.54
2.73

Uncertainties 2,

trap 1, 2 (%)

w W

Carbon-14
specific
activity
(Bqg’)

<0.02

0.325 +0.01C
0.295 + 0.00¢
<0.02

0.391 +0.01Z
0.424 + 0.01<
<0.02

0.393 £ 0.01Z
0.465 + 0.014
<0.02

0.397 £ 0.01Z
0.543 +0.01¢
<0.02

0.430 £ 0.013
0.498 + 0.014

T The sample codes are based on the container ¢@hanveek or month (W or M) at which the samples teken, so,
C1W1 is the week 1 sample from Container 1, for examp
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Table 6 Total carbon-14 activity in the solutidmepe in each experiment with time

Leaching time  Total carbon-14 activity in the solution phase in ach experiment (Bq)
(weeks)

Container 1 Container 2 Container 3
<11.2 197 £ 6 178 +5

3 <10.9 234 +7 252 +8
<10.6 2327 273 +8

13 <10.3 2327 315+9

22 <10.5 248 + 7 276 + 8

Table 7 Estimated total carbon-14 activity relela®ethe solution phase in each experiment with
time

Leaching time  Estimated total carbon-14 activity released to theolution phase in eacl

(weeks) experiment (BQq)
Container 1 Container 2 Container 3
<11.2 197 £ 6 178 £ 5

3 <10.9 236 +7 254 + 8
<10.6 2377 2788

13 <10.3 240+ 7 324 +9

22 <10.5 2597 288 + 8

18



CAST

C-14 release and speciation from irradiated stainless steel under alkaline reducing
conditions (D2.8)

350

<= 300 -
a
-5 250 - N
)
=
o 200 -
2
§ 150 1 —#-Container 3
[}
E] 100 - —o—Container 2
S'. —— MDA
(&) 50 -

0 I I I I I I T T I T T 1

0O 2 4 6 8 10 12 14 16 18 20 22 24
Time (weeks)

Figure 7 Cumulative carbon-14 activity releaseddlution over time during leaching of irradiated
stainless steel samples in 0.1 moldNeOH solution; no carbon-14 has been detectakteein
leachate samples from Container 1, i.e. it is balmvminimum detectable activity (MDA)

3.3 Cobalt-60 release to solution

The results of cobalt-60 measurements on sub-samplbe leachate solutions to date are
provided in Table . These results provide the specific activitiesaalt-60 in the solution
phase at the time of each measurement. The whalte60 activities in solution at the time

of each sampling, based on the estimated voluntigedeaching solution, are presented in

Table9and are shown in Figure8. At this stage, it suased that a constant volume of

7.0 cn? of solution is removed on sampling.
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Table 8 Cobalt-60 activity in the solution phasepgkes from periodic sampling of each experiment

Sample

Ciwi
c2wi
C3wi
Ciw3
c2w3
C3w3
C1we
C2we6
C3w6
CiM3
C2M3
C3M3
C1M5
C2M5
C3M5

Leaching
time
(weeks)

1 week

3 weeks

6 weeks

3 months

5 months

Mass

()]

0.400
0.399
0.400
0.397
0.396
0.400
0.394
0.399
0.398
0.400
0.395
0.400
0.396
0.400
0.399

Co-60
corrected
activity (Bq)

<1.0
8.86
12.60
<1.0
3.23
5.10
<0.6
3.17
5.53
<1.0
<0.7
2.66
<1.0
<1.0
2.331

Uncertainty
in activity,
1s, (%)

Specific Uncertainty
Activity ®Co  in specific
(Bg gl activity, 1e,

(%)
7.0
5.7
9.0
7.2
9.1
6.0

Table9 Total cobalt-60 activity in the solutiongsle in each experiment with time

Leaching time
(weeks)

13
22

Cobalt-60 activity in the solution phase in each geriment (kBq)

Container 1

<15
<15
<9.1
<15
<15

20

Container 2
134 +1.9

49+0.1

47+0.1
<1.0
<14

Container 3
19.0+2.2

76+1.1
8.2+1.0
39+1.6
34+£12
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Figure8 Cobalt-60 activity measured in solutiotiviime during leaching of irradiated stainless
steel samples in 0.1 mol dhiNaOH solution; no cobalt-60 has been detectabibdneachate
samples from Container 1, i.e. it is below the Minm Detectable Activity (MDA)
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4 Discussion

4.1 Carbon-14 releases

4.1.1 Container 1 - unirradiated steel blank

A small amount of gas phase carbon-14 was detect¢de’*CH, column for Container 1
at the end of week one. In addition, a small amhoficarbon-14 was detected on &0
column at the end of week three. Otherwise, gas@learbon-14 measurements after six
weeks, three months and five months have all beawbLoD, as expected.

Given that Container 1 contains no significant carti4, nitrogen is being used as the
purge gas, and the air inlet to the RCD rigs ispdghrough a soda lime column before the
first catalyst, the source of the carbon-14 coldah these two gas sampling columns is
uncertain. Itis noted that no carbon-14 was dabte in the blank experiment when the
RCD samplers were run continuously for 9 daysldager than the seven hours used in this
study. Whether there may be some slight carry-o¥earbon-14 between experiments, e.qg.
due to hold-up in the pipework, is a possible exateon for the week three CO results but
not for week one CH

No carbon-14 has been detectable in the solutiasgm Container 1, as expected (noting
that a total carbon-14 release in excess of ~1foBlge 600 crof solution would be
required for carbon-14 to be detectable in solusamples by LSC).
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4.1.2 Containers 2 and 3 - irradiated stainless steel

In both Containers 2 and 3, there is an initial fakase of carbon-14 from the surface of
the steel during the first week of leaching, folemhby a drop in the rate of release at longer
times. Carbon-14 is released primarily to the sofuphase, but about 1% of the release
occurs to the gas phase in Container 2 and 12%mtather 3. The predominant gas-phase
species are hydrocarbons collected on't6#l, column with about 4-10% of the

cumulative gas phase release collected on*@® column. NJ“CO; is detected in the gas

phase from either Containers 2 or 3.

As noted in the experimental section, there is sontertainty about the quantification of
the carbon-14 in the solution phase and whethegaatiuble organic species are being
measured quantitatively by the analysis procedtinas it is possible that the total carbon-
14 release from the irradiated steel may be unterated. Nevertheless, some preliminary
discussion and interpretation of the data can b#ema

About 200 Bq of carbon-14 is released from thelsteeng the first week of leaching in

both Containers 2 and 3, corresponding to a relieasgion of about 4 x Iof the

estimated carbon-14 inventory of each experim@&his was significantly higher than had
been expected. If the carbon-14 is distributedonmly through the irradiated steel and is
assumed to be released congruently with the comasdithe steel, then the equivalent mass
of corroded steel in each experiment would be abdimg. Given an estimated surface
area for each irradiated CT specimen of 38.14 tinis would correspond to a thickness loss
of about 10 nm in 1 week or about 520 nif.yr

Beyond 3 weeks, the rate of carbon-14 release thensteels in Container 2 drops
significantly, but remains measurable to both the gnd solution phases. The ratio of gas
phase hydrocarbon species to CO collected fromaiwent 2 is about 13:1 in the first week
then remains constant at about 6:1 from 1 weekutiirdo five months. A least squares fit
to the total carbon-14 release over the period fifor@e weeks to five months indicates a
total carbon-14 release rate of about 0.17 + 0§ @& In contrast to the first week, this
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would correspond to a significantly lower congrueotrosion rate for the steel of
~3 nm yf.

For container 3, beyond the first week, the reledsmarbon-14 continues at a higher rate
than in Container 2, with a higher proportion of tielease being to the gas phase (10-12%).
The average total carbon-14 release rate overahedofrom three weeks to three months
was about 1.0 Bq dayy However, there is an unexpected drop in the oredscarbon-14
activity in solution in the five month sample. Tigason for this is unclear at this stage.

It is also notable that the ratio of gas phase ¢gahbon species to CO collected from
Container 3 decreases with time, dropping from &B&ul in week 1 to about 3:2 between
6 weeks and 3 months leaching and dropping futthér5 between 3 and 5 months. The
total rate of gas phase release in Container 8drasued to decrease in each sampling
interval and between 3 and 5 months is lower tha@adntainer 2.

The equivalent corrosion rates estimated abovéearompared with long-term corrosion
rates measured recently for unirradiated 18/8 ($P4) stainless steel under alkaline,
anaerobic conditions in the Japanese programmeJdpenese data indicate a mean
anaerobic corrosion rate of 0.8 nm'yor the stainless steel at 30°C after two years
exposure to a pH 12.5 solution. However, the dita show a decrease of the anaerobic
corrosion rate over the two years of the experigighe corrosion rate measured after about
90 days was ~1.5 nm{r Thus the equivalent corrosion rate measureddérContainer 2
experiment beyond 3 weeks leaching seems broadbistent with the Japanese results.

As noted at the start of this sub-section, theeniitial fast release of accessible carbon-
14 from the surface of the irradiated steel samptesnmersion in water. One can
speculate about the possible reasons for thislifigtst release. Contributory factors might
include higher concentrations of carbon-14 at tivéase of the steel than in the bulk, or that
the presence of some residual oxygen in the expeticontributes to faster initial (aerobic)
corrosion. lItis also possible that the effecBueface area of the samples is larger than
expected due to the roughness of their surfacghfjithe effects of prior corrosion and/or
radiation damage. It is also possible that théasearof the irradiated samples may be more
reactive than an unirradiated surface.
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The reasons for the differences in carbon-14 releags and speciation between
Containers 2 and 3 are also not understood. Thst be related in some way to differences
between the CT samples in each experiment and magldted to differences in their
surface condition and/or prior losses of more asibésand volatile carbon-14 species, for

example.

4.2 Cobalt-60

The measurement of the release of cobalt-60 tsdhdion phase has been included as a
potential marker for the overall corrosion ratelaf steel. This approach assumes that the
release of cobalt-60 into solution is congruentwiite rate of steel corrosion.

In both Containers 2 and 3, a significant reled¥em60 is observed from the surface of the
steel in the first week of leaching. However, tlobalt-60 activity in solution was found to
have dropped after three weeks and by three mevdbdelow the LoD in Container 2 and

was continuing to drop slowly in Container 3.

The drop in cobalt-60 activity in the solution pbagith time indicates that the cobalt is
being removed from solution either by a precipitatprocess, due to solubility limitation,
and/or a sorption process (e.g. to the vessel walisito the surface of the steel samples
themselves). As a result, cobalt-60 is not a bletenarker of the corrosion rate of the steel

in this set of experiments.

The fractional release of the Co-60 content ofstieels during week one is 8.4 + 1.2°% 0

for Container 2 and 1.2 + 0.1 x 1@r Container 3. This is somewhat lower than the
fractional release of carbon-14 during the samsg@erThis does not necessarily mean that
the release of carbon-14 is not congruent withctireosion of the steel; in the case of
cobalt-60, precipitation and/or sorption processay already be significant in the first

week of leaching.
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4.2.1 Additional test of Co-60 sorption

To help discriminate between the possible mechan@nCo-60 loss from the solutions, an
additional experiment was set up to investigate¢neoval of Co-60 from the solution in

the absence of steel. A spare leaching contaiiterarzirconia insert was set up and was
filled with 601.8g of 0.1 mol dffi NaOH solution prepared in the same way as that inse
the leaching experiments. 0.1004 g of a Co-60tswolwith a specific activity of

112 kB @' was added to the solution. This gave an inipekific activity in solution of

18.7 Bq ¢', comparable with that measured in Container 2 afteeek. Once the sample
had been well-mixed a sample (Co-T0) was takemratysis by gamma spectroscopy. The
experiment was then kept under a nitrogen atmospteroom temperature for 6 weeks
before a second sample (Co-T6) was taken for aisalys

The gamma spectroscopy results are presenfeabial0 There is no evidence for any
change in the cobalt-60 concentration over six wedkis rules out sorption to the zirconia
container as the mechanism of cobalt-60 loss flerekperiments. In this case, it also
indicates that the cobalt-60 was not being preaiptt due to cobalt concentrations
exceeding the solubility limit. However, this deps both on the total cobalt concentration
in the cobalt-60 solution and the solubility limigj phase for cobalt. The possibility that
cobalt and cobalt-60 concentrations are solubliityted in the experiments is discussed in
the next section.

Tablel0 Cobalt-60 activity in the solution phaamples from periodic sampling of each

experiment
Sample Mass (g) Co-60 Uncertainty Specific Activity
corrected in activity, ®Co (Bq g%
activity (Bq) 1o, (%)
Co-TO 0.4048 7.78 6.5 19.2+1.3
Co-T6 0.3968 8.82 6.7 22.2+15
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4.2.2 Are the experiments solubility-limited with respect to cobalt?

The activity of Co-60 in the solution after one wean be used to estimate the
concentration of cobalt in the leachate, if it ased that the cobalt-60 and cobalt are both
uniformly distributed through the steel. Giventttiee steel contains 0.08 wt% cobalt, the
equivalent dissolved amounts of cobalt in the teachate solutions after 1 week are about
0.15pg and 0.21ug, respectively. These correspond to 4.2 X &®l dm? of cobalt in
Container 2 and 5.9 x £anol dm® in Container 3.

The solubility of cobalt with respect to cobalf) (hlydroxide at pH 13 is about 2 x dénol
dm?[3]. Therefore, cobalt does not appear to bekslitlyi limited with respect to its
hydroxide in the leachate solutions. Alternativeéhg solubility could be controlled by the
solid solution of cobalt in the steel.

An approach for evaluating the dissolved activélgase from irradiated steels was put
forward by Hooper [4]. Hooper recognised thatgbkibility of activation products in a
matrix is dependent not only on the solubility lné telement, but also on their concentration
in the matrix. Hooper proposed an ideal solid sofumodel for evaluating dissolved
release. If a steel surface is allowed to equatdmvith a volume of water, the solution
concentration(;, of the dissolved forms of each component elemewi)l become:

Ci =Si Xy (1)

Here§S is the solubility of the solubility-limiting phas# element, X; is the mole fraction
of the element in the steel of interest ang the activity coefficient for the element inisbol
solution in the corrosion product. For the purposemodelling, Hooper assumed ideal
solution behaviour for each component of the sadildition such that for all elementsis
one. In addition, it was assumed that the stemlpoments are uniformly distributed
throughout the steel. Using this approach, thdipted solubility limit for cobalt in the
316L(N) steel (0.0755% mol fraction) is about 1.50¢ mol dmi®. This would be
equivalent to about 13.5 kBq dhin terms of the activity content of cobalt 60 fret
experiments or about 8.1 KBq of cobalt-60 in the 66F of each leachate.
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It is interesting to note that the estimated tatdivities of cobalt-60 in the leachates from
the measurements after three and six weeks leaahengjmilar to the above figure, as
shown inFigure 9 This suggests that the observed drop in measwtealt-60 activities
beyond one week may be due to solubility contréhwhe steel corrosion products acting as
the solubility limiting phase for cobalt. The drspmeasured cobalt concentrations after 3
months may be due to additional processes, susbrpion to the steel or the vessel walls.
Between 3 and 5 months the cobalt-60 concentrati@ontainer 3 has dropped only a
small amount. The results after one year will skdvether the drop in cobalt-60

C-14 release and speciation fromirradiated stainless steel under alkaline reducing
conditions (D2.8)

concentration continues.
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Figure 9 Cobalt-60 activity measured in solutiothviime during leaching of irradiated stainless
steel samples in 0.1 mol dhiNaOH solution; the dashed line shows the estimstability limit for
the experiment in terms of cobalt-60 activity assunthat the steel corrosion products act as the

solubility limiting phase for cobalt
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5 Conclusions

Experiments to study the rate and speciation diaail4 from irradiated stainless steel
under high pH, anaerobic conditions have beenagness in NRG’s Hot Cell Laboratory at
Petten for a period of ten months. The three expts have been sampled five times to
date and analytical data are now available fochreon-14 releases to the gas phase and
solution and cobalt-60 releases to solution ugvi®honths leaching.

In the two experiments containing irradiated sgpelcimens, a relatively fast initial release
of accessible carbon-14 species from the surfateeasteel is observed within the first
week of leaching, followed by a drop in the rateeléase at longer times. Most of the
carbon-14 is released into the solution, but at®bitand 12% of the carbon-14 releases are
to the gas phase in Containers 2 and 3, respectiibt only are the proportions of gas
phase releases different between Containers 2 antléso the rates and speciation of gas

phase release after the first week.

Although the total amount of gas phase release ftomtainer 3 is larger than that from
Container 2, the rate of release decreases maidyrap Container 3 so that by five months
a faster rate of gas phase release is recorded@untainer 2. In addition, the speciation
changes from predominantly hydrocarbons to a 4X6ahhydrocarbons to CO by 5 months
in Container 3. In contrast, the gas phase spenifitom Container 2 remains at about 6:1
hydrocarbons to CO from one week up to five months.

For Container 2, the total carbon-14 releases dserafter the first week and have
decreased to about 0.17 +0.07 Bq Uhgtween three weeks and five months leaching. If
is assumed that the release of carbon-14 ovepéhied was congruent with the corrosion
of the steel surface, this would be equivalent ¢torosion rate of about 3 nm*yr For
Container 3, the total carbon-14 releases cont@ehigher rate than in Container 2 at
about 1.0 Bq daybetween three weeks and three months leachingr fife months, a
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drop in the Container 3 solution activity of carlibhhas been recorded. The reason for this

IS unclear at present.

The data presented regarding carbon-14 releassahition are valid only for inorganic
carbon -14 species. Measurements of total carbbKintiuding any organic carbon — 14
species) will be made using a pyrolysis methodaut®n samples collected after 1 year.

There is uncertainty concerning the speciationguahtification of the dissolved release
and whether the separation method used is effeictigellecting carbon-14 present as
water-soluble organic species (e.g. carboxylicgcias well as carbonate (for which the
method has been validated). Therefore, it is ptes¢hat the dissolved releases discussed

above may be underestimated.

Measurement of the release of cobalt-60 into smhutias been undertaken as a possible
analogue for the corrosion of the stainless steethe assumption that cobalt-60 release
would be congruent with respect to the corrosiothefsteel surface. However, after a fast
initial release of cobalt-60 during the first wesfldeaching, a drop has been observed in the
cobalt-60 activity in solution at longer times. rther tests at NRG have demonstrated that

the cobalt-60 loss is not due to sorption to thésaa the zirconia inner container.

Some initial scoping calculations suggest thaidlse of cobalt-60 could result from
precipitation of cobalt associated with the forraatof steel corrosion products; the total
cobalt concentrations in solution initially may erd an estimated solubility limit for cobalt
controlled by the corrosion products of the stdels possible also that cobalt-60 may be

sorbing onto the steel specimens themselves.

It is concluded that cobalt-60 release is not tabie analogue for measuring the corrosion
rate of the irradiated steel in these experiments.

The three experiments are planned to continue fonamum period of one year with
further sampling scheduled at the beginning of RO1. Prior to that, a decision will need
to made as to whether the experiments are to berteted at that point or extended for
additional sample collection at longer time intésva
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ACHIVILY (MDA ..ttt ettt s te st e st e s et e e ese e s e esesseesessesenseneeneeneesensensees 19

Figure 8 Cobalt-60 activity measured in solution with tichering leaching of irradiated
stainless steel samples in 0.1 moltNeOH solution; no cobalt-60 has been detectahiiein
leachate samples from Container 1, i.e. it is balmvMinimum Detectable Activity (MDA)...... 21

Figure 9  Cobalt-60 activity measured in solution with ticheing leaching of irradiated
stainless steel samples in 0.1 moltNeOH solution; the dashed line shows the estimated
solubility limit for the experiment in terms of calb-60 activity assuming that the steel corrosion
products act as the solubility limiting phase fobalt................c.cocooiiiniiniie 28
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Appendix 1 Activation calculation

In Table11 an example of the activation calculation residtghe irradiated stainless steel is
presented.
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Tablell An example of the activation calculatieauits for irradiated stainless steel, in this ¢ase
the sample b107

1Ci 37E+10 Bq
in Cily stesl in Byfy steel
charge  |discharge |1 d 43804 4745d 5110 d 14d 43804 4745d 5110 d

h|3 000E+00] 1,00E-10] 1,00E-10( 511E-11] 483E-11] 4 57E-11 3,70E+HI0| 1,89E+10) 1, 79EHI0[ 1 BSE+HID
c|14 0,00E+00( 6,14E06| 6,14E06| 6,13E06)| 6,13E06| 6,13E06 2.27E+05| 2,2TE+05| 2,27E+05) 2, 2TE+05
5i[31 000E+00) 1,64E-03| 2,83E-06|0,00E+I0) 0,00E+00| 0,00E+00 1,07E+15| 0,00E+10) 0,00E+00( 0,00E-+00
pl32 000E+D0) 1,57E-03] 1,73E-03( 197E-11] 157E-11] 156E-11 6 A9EHIF| 7 25E-01) 7 29E-01| 7 25E-01
p|33 000E+D0) 4,23E-07| 412E-07|0,00E+I0) 0,00E+00| 0,00E+00 1,52E+04| 0,00E+10) 0,00E+00( O,00E-+D0
5|35 000EH0| 263E-06| 2B1E-06| 2 24E-21) 126E-22| 6 91E-24 9EEEHI4| 8 29E-11] 4B3E-12[ 2 56E-13
sc|d47 000E+D0) 1,57E-05] 1,61E-08|0,00E+0)0,00E+10| 0,00E-+00 5, 56E+02| 0,00E+10) 0,00E+00{ 0,00E-+10
sc|48 000E+00| 8,33E-08| 5B9E-08|0,00E+10) 0,00E+00| 0,00E+00 2 1ME+13| 0,00E+10) 0,00E+00( 000E+00
w[49 000E+I0| 8.48E-10] 5 47E-10| 8.57E-14] 398E-14| 185E-14 3,13E4H01| 3.17E03] 1 A7E-03[ 635E-04
cr|s1 000E-+00) 3 11E+00] 3,03E+00| 0,00E+10) 0,00E+00| 0,00E-+00 1,12E+11|0,00E+00) 0,00E+00{ 0,00E-+00
rmn |54 000E+00| 3,55E-02| 355E-02| 2 15E-06) 955E-07| 4 25E07 1,31EH19| 7 96E+04) 3 53E+04[ 1 57E+D4
rmn |56 0,00E+I0) 6,64E+00| 1,05E-02| 0,00E+I0) 0,00E+00| 0,00E+00 3,89E+05| 0,00E+10) 0,00E+00( 0,00E-+00
f2|55 000E+D0) 222E-01] 222E-01| 102E-02) 7 91E03] 612E03 8 21E+H3| 3 77E+IS| 2 93E+H05[ 2 26E+0S
fe |59 000E+00) B,01E-02| 592E-02| 0,00E+10) 0,00E+00| 0,00E+00 219E+03| 0,00E+10) 0,00E+00( 0,00E-+00
co|58 000E+HI0) 220E-01] 217E-01| 5,17E-20] 145E-21| 4 06E-23 8,03E+H09| 191E-09]) 537E-11[ 150E-12
co|58m 000E+D0) 3,02E-05| 490E-07|0,00E+I0)0,00E+00| 0,00E-+00 1,81E+04| 0,00E+00) 0,00E+00{ 0,00E-+00
co|60 0,00E+00| 3.83E02| 3.83E02| 7,90E03| 6,92E03| 6,07E03 1,42E+09| 2,92E+08| 2,56E+08| 2, 25E+08
co|61 0,00E+00) 1,88E-03] 7,86E-08|0,00E+10) 0,00E+00| 0,00E+00 291E+H13| 0,00E+10) 0,00E+00( 0,00E-+00
ni[53 000E+D0) 2,83E-05| 283E-05| 283E-05) 283605 233E05 1,05E+HE| 1,05E+06) 1 05E+0E[ 1 05E+HIE
ni|63 000E+D0| 3,56E-03] 356E-03| 3 27E-03) 325E-03] 323603 1,32E+08| 1 21E+08) 1 20E+05[ 1 20E+08
ni|B5 000E+00) 4,11E-02| 558E-05|0,00E+10) 0,00E+00| 0,00E+00 2,06E+06| 0,00E+10) 0,00E+00( 0,00E-+00
ni[BE 000E+D0) 1,18E-05] §,70E-07|0,00E+10) 0,00E+00| 0,00E-+00 3,22E+04| 0,00E+10) 0,00E+00{ 0,00E-+00
cu|Bd 000E+00| B,584E-02] 1,85E-02| 0,00E+10) 0,00E+00| 0,00E+00 5,55E+05| 0,00E+10) 0,00E+00( 0,00E+00
cu|B6 000E+D0) 1,47E-02| §,72E-07|0,00E+I0) 0,00E+00| 0,00E+00 3,Z3E+04| 0,00E+10) 0,00E+00( 0,00E+00
cu|B7 000E+D0| 7,15E-05] 5 46E-08|0,00E+10) 0,00E+00| 0,00E-+00 202E+03| 0,00E+10) 0,00E+00{ 0,00E-+00
zn|B5 000E+00| 4,05E-06| 403E-06| 162E-11] 575E-12] 2 04E-12 1 A9E+H5| 5 99E-01) 213E-01| 7 55E-02
|90 000E+I0) 8,01E-09] 6,18E-09| 158E-16] 154E-16| 151E-16 229EH12| 5 85E-06) 570E-06[ 559E-06
zr|a9 000E+HI0| B44E-05| 521E-08|0,00E+H10) 0,00E+00| 0,00E-+00 1,93E+05| 0,00E+10) 0,00E+00{ 0,00E-+00
zr|95 000E+00| 283E-07| 289E-07| 7 21E-28) 1,38E-29| 2 B5E-31 1 07E+H)4| 2 67E-17] 5 1ME-19] 9 81E-21
zr|97 0,00E+00) 1,85E-08] 692E-09|0,00E+10) 0,00E+00| 0,00E+00 2 56EH12| 0,00E+10) 0,00E+00( 0,00E-+00
nb|91m O00E+HI0| 4,57E-10] 4 52E-10| 2 458E-31] 4,19E-33| 7.07E-35 1 E7EHIT| 918E-21] 158622 2 B2E-24
nb|93m 000E+00) 1,52E-08] 153E-08| 3 32E07| 352E07| 371EO7 5 EEEHI2| 1 23E+04) 1 30E+H04[ 1 37E+D4
nb|94 000E+HI0| 562E-10] 5B2E-10| 5B1E-10] 5B1E-10| 561E-10 208E+01| 2 08E+01) 2 DSE+H1 | 2 08E+H01
nb|25 O00E+HI0| 2,83E-05| 277E-05| 160E-27) 317E-29] 6,09E-31 1 02EHIE| 5 82E-17) 1,17E-18[ 2 25E-20
nb|95m 000E+00) 9.99E-05| 530E-08| 8.49E-30) 163E-31| 312E-33 JO07EHI3| 3. 14E-19) 603E-21[ 1,15E-22
nb|96 0,00E+00| 4,40E-05| 2,16E-06|0,00E+10) 0,00E+00| 0,00E+00 7, 99E+04 | 0,00E+10) 0,00E+00( 0,00E+D0
nb |37 000E+HI0| 4,26E-05| 6965E-03| 0,00E+10) 0,00E+00| 0,00E-+00 2 55E+H12| 0,00E+10) 0,00E+00{ 0,00E-+00
nb |97 m 0,00E+00) 1,80E-08] 656E-09|0,00E+10) 0,00E+00| 0,00E-+00 2 A3E+012| 0,00E+10) 0,00E+00( 000E-+00
mo |93 000E+I0| 8.48E-07| 548E-07| 8 46E-07) 3 46E-07| 8 45E-07 3,14E+04| 3, 13E+04| 3 13E+H04[ 3 13E+04
ma|293m 000E+HI0) 1,73E-04] 153E-05|0,00E+H10) 0,00E+00| 0,00E-+00 5 FEEHS| 0,00E+10) 0,00E+00{ 0,00E-+00
rmo |99 000E+00) 1,12E-01] §B3E-02| 0,00E+10) 0,00E+00| 0,00E-+00 3,21E+09| 0,00E+10) 0,00E+00( 0,00E-+00
tc|99 O00E+HD0) 1 20E-07] 121E-07| 1 24E-07) 124E07| 1 24E07 4 ABEH03| 4 59E+13| 4 S9EHI3[ 4 S9EH3
tc[25m 000E+H0| 9,77E-02] §29E-02| 0,00E+10) 0,00E+00| 0,00E-+00 3,07E+19| 0,00E+10) 0,00E+00{ 0,00E-+00
ru103 0,00E+00 | 2,22E-07| 218E-07|0,00E+00| 0 00E+10) 0, 00E+00 8,07E-+03| 0,00E+10) 0,00E+00( 0,00E-+00
hf151 0,00E+00 | 1,32E-07| 1,30E-07 | 0,00E+00| 0 00E+IO| 0, 00E+HIO 4 81E+13| 0,00E+10) 0,00E+00( 0,00E-+00
talg0 258E05 | 4.32E-07| 5F2E-05] 681E-23| BS1E-23| B8I1EZ3 208EH13| 2 82E-12) 252E-12[ 2 52E-12
tald2 000E+00 | 2,21E-04| 219E-04| B04E-16| 1,33E-16| 5 81E-17 810E+H0G| 2 97E-05) 492E-06[ 2 15E-06
tal83 0,00E+00 | 7,67E-03| 6F9E-03|0,00E+10| 0 00EHIO) O,00E+HIOD 2 A3E+05| 0,00E+10) 0,00E+00( 0,00E+D0
wlg1 O00E+00 | 4,44E-08] 4 42E-05] 585E-19) 7 29E-20| 904E-21 1 F4EHI3| 2,18E-08] 270E-08[ 334E-10
wl83m 000E+00 | 3,21E-04| 3,35E-04|0,00E+00|0,00E+10) O, 00E+00 1,24E+17 | 0,00E+00) 0,00E-+00( 0,00E-+00
w185 000E+00 | 2 47E-07| 2 45E-07| 686E-25| 2 36E-26| 8,13E-28 QO07EHI3| 2 54E-14) 873E-16[ 3 01E-17
w157 0,00E+00 | 2,32E-10] 1,15E-10{ 0,00E+00| 0,00E+10| 0, 00E+10 4 ZBEH10| 0,00E+10) 0,00E+00{ 0,00E-+00
reld6 0.00E+00 [1.55E-08 | 1,29E-05] 524E-16| 5 24E-16| 5 24E-16 4 77EHI2| 1 24E-05) 1 94E-05[ 1 94E-05
total 255E-03 |1.13E+01 |3 81E+HI0] 2 14E-02| 1 51E-02] 155602 1 AEH1|7 92E+18| 6 7OEHIS[ 5,74E+08
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Appendix 2 Experimental results up to 13 months experiments

In this appendix the progress of the experimentakwip to 13 months leaching is
presented.

The liquid and gas sampling has been done in time s#ay as described in previous
chapters of the deliverable D2.8.

Additionally, the Co-60 measurements have beeeategl; it was done because of the
unexpected low’Co activity of the 3 months, 5 months and 1 yeardas, all
measurements have been carried out both on thetoleseirface and on a distance of 10 cm
of the detector.

The method of C-14 release form the liquid sampluag proven only for determination of
inorganic C-14 in the solution. Additional liquidraples have been taken to by analyzed for
total C-14 by pyrolysis. The samples of 13 montmegling have been sent to Wood for

this analysis. The results are presented in déeecezhapter. The other samples will be
analyzed by NRG in the coming period.

Gas sampling and results

In Table A2. 1 measured carbon-14 content of smd@ tolumns from sampling after 13
months is presented. The cumulative activitiesanbon-14 captured in each chemical form
from each experiment with time are given in Table 2 and shown in Figure A.2 1-
Figure A.2 3.

The uncertainties in the measured activities asedhan the counting errors for carbon-14
analysis by LSC. In deriving uncertainties in thiencilative activities of carbon-14, where a
result has been recorded as below the limit ofatiete (LoD), the LoD itself has been used
as an upper limit for the positive uncertainty areao measurement (the negative
uncertainty is zero).
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Table A2. 1 Measured carbon-14 content of soda tiahkemns from sampling after 13

months

Sampling RCD reference
date No.

12/13
months

29/05/17 RCD-8746 — CO
RCD-8747 - CQ
RCD-8748 — CH

19/07/17 RCD-8749 — CO
RCD-8750 - CQ
RCD-8751 - CH

24/07/17 RCD-8752 - CO
RCD-8753 - CQ
RCD-8754 - CH

Total carbon-14 activity in sample  Experiment

(Ba)
CcO CO»
<0.04
<0.04

0.09 +£0.01

<0.04
0.16%= 0.01

<0.04
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Table A2. 2 Cumulative releases of carbon-14 taydeephase by chemical form from each
experiment with leaching time; the evaluation ofemainties has taken account of the limit
of detection (LoD) as an upper limit for the carkighactivity in those samples where the

activity is below LoD

Leaching time Cumulative carbon-14 release to the gas phase in each experim

(weeks) (Bq)
CO, CO CH,
Container 1
1 <0.040 <0.040 0.158 + 0.009
+ 0.040 + 0.041
3 <0.057 0.070 0.158
- 0.004 - 0.009
+ 0.057 + 0.057
6 <0.069 0.070 0.158
- 0.004 - 0.009
+ 0.069 + 0.070
13 <0.080 0.070 0.158
- 0.004 - 0.009
+ 0.080 + 0.081
22 <0.089 0.070 0.158
- 0.004 - 0.009
0.070 + 0.090 0.158 + 0.090
52 <0.098 ' - 0.004 ' - 0.009
Container 2
1 <0.040 0.111 + 0.007 1.470 + 0.080
3 <0.057 0.180 + 0.008 1.923 + 0.085
+ 0.041
6 <0.069 0.180 2.054 + 0.086
- 0.008
+ 0.041
13 <0.080 0.230 2.384 + 0.095
- 0.011
+ 0.043
22 <0.080 0.330 3.004 + 0.124
- 0.015
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Leaching time Cumulative carbon-14 release to the gas phase in each experim

(weeks) (Ba)
+ 0.044
59 <0.098 0.420  apie 4094 + 0.138
Container 3
1 <0.040 0.865 + 0.05( 21.10 + 1.10
3 <0.057 1.343 + 0.058 29.13 + 1.17
6 <0.069 1.692 + 0.062 29.75 + 1.17
13 <0.080 2.022 + 0.073 30.23 =+ 1.17
22 <0.089 2.172 £+ 0.076 30.35 + 1.17
59 <0.098 2332 + po77 | 08 = Lif
Container 1 - gas phase C-14 release
0.30 -+
0.25 -
=
£0.20 - l
2 5
:s 015 - —a—CH4
® I I —o—CO
< 0.10 -
o I L3 { : —=—C02
005 bt b e
0.00 -#8-8—a——= . = .
0 20 40 60
Duration (weeks)

Figure A.2 1 Cumulative release of carbon-14 #oghs phase from the container 1
(unirradiated material)
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Container 2 - gas phase C-14 release

5 -
—~4 -
(=2
2
23 -
S —&—CH4
k3]
© 2 - —o—CO
S
O —=—C02

O —— . a

0 20 40 60
Duration (weeks)

Figure A.2 2 Cumulative release of carbon-14 toghs phase from the container 2

Container 3 - gas phase C-14 release
35 -+
30 - —— A
g 25 -
£ 20 -
'E —a—CH4
[8) 15 ]
j:" ——CO
G 10 1 —8-C02
5 -
0 S E—u—= . o
0 20 40 60
Duration (weeks)

Figure A.2 3 Cumulative release of carbon-14 &ghs phase from the container 3
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Liquid sampling and results

The liquid sampling has followed the standard pdoce as described in the previous
chapters of the report.

The results of carbon-14 measurements on sub-saraptee leachate solutions to date are
provided in Table A2. 3 . These results providegpecific activities of carbon-14 in the
solution phase at the time of each measuremerg.tdthl carbon-14 activities in the
solution phase at the time of each sampling, basdtie residual volumes of the leaching
solution, are presented inTable A2. 8. The remax#dmes are calculated from the weight
of the removed leachant during each sampling fraohe&ontainer. This gives slightly
different values compared to the data presentéueineliverable (see Table 8) where it was
assumed that a constant volume of 7.8 ofrsolution is removed during each sampling.

The estimated total activity of carbon-14 releasetthe solution phase with time is given in
Table A2. 9. The removed volumes are again caledlcom the weight of the removed
leachant during each sampling.

It should be noted that separation procedure (&tion with nitric acid and capture of the
released C@in Carbosorb) has been verified for the quantiitcaof carbon-14 as
carbonate, but not in organic forms (e.g. as so@thoxylic acids). Additional tests have
been performed to establish its effectivenesspausging and capturing water-soluble
organic carbon-14 species in addition to carborihse tests have shown that this method
measures inorganic carbon-14 anly
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Table A2. 3 Results of carbon-14 activity measumshér leachate samples after applying
the separation procedure — 13 months sampling

Leaching Sample Sample Carbon-14 activity (Bq) Carbon-14
time code’  weight Carbosorb Carbosorb Total — Uncertainties Specific
(weeks) (9) trap 1 trap 2 26, trap 1,2  activity
(%) (Bag?)
Clvl 48785 <0.1 <0.1 <0.1 - <0.02
59 C2Y1 5.4664 2.69 <0.1 2.69 3 0.492 + 0.01t
C3Y1 49743 2.34 <0.1 2.34 3 0.470 £ 0.014

Tt The sample codes are based on the container ¢Ghanveek, months of year (W, M or y) at whibk sample was
taken, so, C1Y1 is the year 1 sample from Containfari¥xample.

Table A2. 4 Total carbon-14 activity in the sautiphase in each experiment with time

Leaching time Total carbon-14 activity in the solution phase in ach experiment
(weeks) (Bq)

Container 1 Container 2 Container 3
1 <11.2 197 +6 1785
3 <10.8 232 +7 250+ 8
6 <10.5 230+ 7 272 +8
13 <10.0 225+ 7 3079
22 <10.0 237 +7 260+ 8
59 <11.0 260 + 8 248 + 7

Table A2. 5 Estimated total carbon-14 activity asled to the solution phase in each
experiment with time
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Leaching time  Estimated total carbon-14 activity released to theolution phase

(weeks) in each experiment (Bq)
Container 1 Container 2 Container 3

1 <11.2 197 + 6 178 +5
3 <10.8 236 +7 254 + 8
6 <10.5 2377 278+ 8
13 <10.0 239+7 324 +9
22 <10.0 258 +7 288 +8
59 <11.0 290 +8 283 +7

350
= 300 -
(1
S 250 -
5
S 200 -
8
& 150 -
g —#-Container 3
5 100 - —e—Container 2
.-.| ——MDA
(&)

50 -
O T T T T T 1
0 10 20 30 40 50 60
Duration (weeks)

Figure A.2 4 Cumulative release of inorganic carltd to the liquid phase from all three
experiments
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Analysis of total C-14 in solution

During the liquid sampling since 6 weeks sampladylitional samples were taken for total
C-14 analysis. The samples of 13 months samplisgbban transported to Wood for total
C-14 determination in the solution by pyrolysisntpdes from the other sampling are
planned to be analysed by NRG in the coming period.

Sample solution were combusted in a glass boatatong cellulose powder in a two-stage
pyrolyser (RADDEC Ltd. — Catalytic pyrolyser-6 T)io

Table A2. 6 Results (as obtained) of the totaldCeetermined by pyrolysis

Cly1l

C2Y1la

C2Y1b

C3Y1la

C3Y1lb

Sample code’

Carbon-14 specific activity
(Bag?)

0.0097 + 0.084
0.539 + 0.046
0.529 + 0.045
0.740 + 0.061

0.762 + 0.063

45 ml demi water + 5 ml NaGC < 0.0086
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These total C-14 measurements indicate organionall fractions: 18+7% in Container 2
and 43+5% in Container 3 (see Table A2. 7).
Table A2. 7 Overview of distribution of inorgaraad organic C-14 in the leachant after 1

year sampling

Sample Total C-14 Inorganic C-14
% Inorganic C-14 T .
(Bq/g) (Bg/g) % Organic C-14 Ratio Inor/Org
1 0.0112 +£0.01 <0.02 - - -
0.60 £ 0.05
2 0.49+£0.01 82% + 7% 18% + 7% 4.59
0.59 £ 0.05
0.82 +0.07
3 0.47 +£0.01 57% + 5% 43% + 5% 1.32
0.84 £ 0.07
600
-#-C3-1Inorg C14 ——C2-IlnorgCl4
— O C3-TotalCl14 O C2-Total C14
a °00 ——MDA I.IFI
S
= 400
2 %
3
g 300 I
@
& 200
g
<
< 100
O
O I I I I I 1
10 20 30 40 50 60
Duration (weeks)

Figure A.2 5 Cumulative release of inorganic caHi4 to the liquid phase from all three
experiments, including total C-14 values for 13 tharsampling
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Co-60 measurements

The results of cobalt-60 measurements on sub-sarplbe leachate solutions to date are
provided in Table A2. 8. These results providedpecific activities of cobalt-60 in the
solution phase at the time of each measuremerg.tdthl cobalt-60 activities in solution at
the time of each sampling, based on the estimaikane of the leaching solution, are
presented in Table A2. 9 and are shown in Figuge é.

Because of the unexpected I8%€o activity of the 3 months, 5 months and 1 yeares,

all measurements have been carried out both odetfeetor surface and on a distance of
10cm of the detector. The surface measurementsdimg their geometry uncertainties
sometimes showed smaller uncertainties than inl¢tigerable D2.8 presented 10 cm

results (see Table 9 ). The activities with thell@stiuncertainties are presented, i.e. for the
3 months, 5 months and 1 year samples the reduhge gsurface measurements are
presented.

Table A2. 8 Cobalt-60 activity in the solution peaamples from periodic sampling of each

experiment
Sample Leaching Mass Co-60 Uncertainty Specific Uncertainty
time (9) corrected in activity,  Activity ®Co in specific
(weeks) activity (Bq) 1o, (%) (Bq g?h) activity, 1o,
(%)
Ciwi 0.400 0.1 = = =
C2w1 1 week 0.399 8.86 6.9 22.19 7.0
C3wi 0.400 12.60 5.6 31.49 5.7
C1ws3 0.397 0.1 = = =
C2W3 3 weeks 0.396 3.23 9.0 8.16 9.0
C3wW3 0.400 5.10 7.1 12.75 7.2
C1We6 0.394 0.1 = = =
C2W6 6 weeks 0.399 3.17 9.0 7.96 9.1
C3W6 0.398 5.53 5.9 13.89 6.0
CiM3 3 months 0.400 <01 _ _ _

47



CAST

C-14 release and speciation from irradiated stainless steel under alkaline reducing
conditions (D2.8)

Sample Leaching Mass Co-60 Uncertainty Specific Uncertainty
time (9) corrected in activity,  Activity ®®Co  in specific
(weeks) activity (Bq) lo, (%) (Bg gl activity, 1o,
(%)
2 0.395 1.39 11.6 3.53 11.6
Calik 0.400 3.28 11.1 8.19 11.2
S 0.396 <0.1 - - -
Sy | SmIAWS | o e 0.50 12.9 1.24 13.0
S 0.399 1.54 11.4 3.86 115
Sl 0.396 <01 - - -
CoCN B o WGFC 0.19 19.9 0.49 19.9
Gt 0.395 3.27 11.1 8.27 11.2

Table A2. 9 Total cobalt-60 activity in the solutiphase in each experiment with time

Leaching time Cobalt-60 activity in the solution phase in each g@eriment (kBq)
(weeks)

Container 1 Container 2 Container 3
1 <0.2 13.4+19 19.0+2.2
3 <0.2 4.9+0.9 76+1.1
6 <0.2 4.7+ 0.9 82+1.0
13 <0.2 2.0+ 0.5 46+1.1
22 <0.2 0.7+ 0.2 21+0.5
59 <0.2 0.3+ 0.1 44+1.0
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Figure A.2 6 Co-60 activity measured in the ligpltase from all three experiments
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Additional tests of Co-60 sorption

The first additional test is described in 4.2.1isTiest did not show any changes in the Co-
60 concentration after 6 weeks sampling, so ita¢tea concluded that there is no absorption
on the zirconia insert walls. New test has beeredorthe same way as the first test, this
time with addition of stainless steel materialtie solution to study the influence of the
stainless steel.

Table A2. 10 Overview of distribution of inorgaraad organic C-14 in the leachant after 1
year sampling

Period Cobalt-60 activity (Bg/g solution)

(weeks) Exp. without steel ~ Exp. with steel
TO 19.22 £ 0.51 21.26 + 0.53
T6 22.33 +0.59 20.92 + 0.55

These data show no significant dissolution limaatof Co- compounds nor sorption in the
walls of the zirconia insert or on the steel stcefaat this conditions. These tests are done
without any radiation source which is the caseheféxperiments with irradiated steels.
There is a possibility the e.g. radiolysis coulféef the chemical behavior of the present
ions or chemical compounds.

After finishing the experiments of Container 2 &Bese will be visually inspected and acid
washed to determine if there is any Co-60 present.
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Figure A.2 7 Cumulative release of inorganic carfi4 to the liquid phase from all three
experiments, including total C-14 values for 13 thersampling
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Discussion and conclusions

Experiments to study the rate and speciation diaail4 from irradiated stainless steel
under high pH, anaerobic conditions have beenagneiss in NRG’s Hot Cell Laboratory at
Petten for a period of twenty months. The thrgeeeixnents have been sampled six times to
date and analytical data are now available focreon-14 releases to the gas phase and

solution and cobalt-60 releases to solution upBtonbnths leaching.

Further to the results presented in this repoet bihaviour of C-14 release in gas observed
during five months sampling is confirmed duringri@nths sampling. The total amount of
gas phase release from Container 3 is larger tiarfrom Container 2, the rate of release
decreases more rapidly in Container 3 so that freenmonths a faster rate of gas phase
release is recorded from Container 2.

The C-14 release in the solution as inorganicarari4 in Container 2 is still increasing in
steady rate, in contrast to Container 3 where tid @ctivity changes are negligible.

Based on the results of total C-14, there seerbe ggnificantly higher dissolved organic
carbon release in Container 3 than in Container & factor of nearly 4 which mirrors the
larger initial gas phase release from that contair®wever, the way in which the release
of carbon-14 as dissolved organic species has elgaoger the course of the experiments is
not yet known.. The retained solution samples féoweeks, 3 months and 5 months will
be analysed at NRG in the coming period.

Clearly, the presence of an organic fraction afects the release rate estimate in
Container 2 and the evaluation of an equivalentoston rate (2.8+0.4 nm/y). The effect of
dissolved organic carbon release may increaseqtngadent corrosion rate by about

20% to 3.4+0.5 nml/yr.

Measurement of the release of cobalt-60 into smhutias been undertaken as a possible

analogue for the corrosion of the stainless steethe assumption that cobalt-60 release
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would be congruent with respect to the corrosiothefsteel surface. However, after a fast
initial release of cobalt-60 during the first wesfldeaching, a drop has been observed in the
cobalt-60 activity in solution at longer times. réher tests at NRG have demonstrated that
the cobalt-60 loss is not due to sorption to thésaa the zirconia inner container nor to the

stainless steel samples.

Some initial scoping calculations suggest thatdlse of cobalt-60 could result from
precipitation of cobalt associated with the formatof steel corrosion products; the total
cobalt concentrations in solution initially may erd an estimated solubility limit for cobalt
controlled by the corrosion products of the stdels concluded that cobalt-60 release is not
a suitable analogue for measuring the corrosianahthe irradiated steel in these

experiments.

The three experiments are planned to continue foinamum period of two years with
further sampling scheduled at the beginning of RO1S.
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