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total inorganic (TI'*C?) and organic **C contents (TO'*C) in the liquid and gas phases (TG'*C), as well as individual
14C-bearing carbon compounds by compound-specific radiocarbon analysis (CSRA), were quantified using accelerator
mass spectrometry (AMS). The AMS-based quantification allows the determination of '“C in the pico- to femtomolar
concentration range. An initial increase in TO'“C was observed, which could be attributed partially to the release of
4C-bearing oxygenated carbon compounds. In the long term, TO'*C and the TI'*C remain constant, while TG'*C in-
creases over time according to a corrosion rate of steel of 1 nm/yr. In solution, **C-bearing carboxylic acids (CAs) con-
tribute ~40% to TO'*C, and they are the main *C carriers along with '*C-bearing carbonate (**CO% ™). The remaining
fraction of TO'C (~ 60%) is likely due to the presence of as yet non-identified polymeric or colloidal organic material.
In the gas phase, '“CH, accounts for more than 80% of the TG'“C, while only trace amounts of *“CO, and other small
14C-bearing hydrocarbons have been detected. In a DGR, the release of *C will be mainly in gaseous form and migrate
via the gas pathway from the repository near field to the surrounding host rock and eventually to the environment.
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1. Introduction

Carbon-14 (**C) is a key radionuclide in the safety analysis of deep geo-
logical repositories (DGR) for radioactive waste and near-surface facilities
(e.g., Nuclear Decommissioning Authority, 2012; Johnson and Schwyn,
2008; Yim and Caron, 2006). Radiological assessments have shown that
14C is an important dose-contributing radionuclide due to its long half-life
(5700 years), the high mobility of gaseous and aqueous **C-bearing carbon
compounds in the DGR and in the geosphere due to their weak interaction
with mineral surfaces under near-neutral to alkaline conditions, and the
fact that **C can be taken up into the human food chain. The Swiss concept
for the safe disposal of radioactive waste envisages the storage of low- and
intermediate-level waste (L/ILW) in a cement-based DGR at a suitable
depth (few hundred meters below the surface) in the Opalinus Clay forma-
tion (Nagra, 2014a, 2016). The chemical form of the 14C-bearing carbon
species determines the pathway of '*C migration in the engineered barrier
system (EBS) of the DGR and the surrounding host rock, and is therefore re-
sponsible for the long-term contribution of C to dose release from the re-
pository (Johnson and Schwyn, 2008; Yim and Caron, 2006). **C decays if
it can be retained in the EBS of the DGR for a sufficiently long time, while
radiological consequences may arise when '*C is released in the organic
and especially gaseous form. Therefore, knowledge of the '“C species pro-
duced during corrosion of irradiated metals is of paramount importance
to evaluate the time dependence of 1*C release and its dose contribution
over the period relevant to a DGR.

The Swiss Model Activity Inventory (MIRAM) identified irradiated steel
as the main source of '*C in the existing and future arising L/ILW (~ 75%)
(Nagra, 2014b). **C in irradiated steel is primarily produced by the activa-
tion of nitrogen impurities contained in fuel assembly components and
components of the core structural materials of light water reactors, as a con-
sequence of the **N(n,p)*“C nuclear reaction. The release of **C occurs dur-
ing the corrosion of irradiated steel components in the DGR. Very little
information is available on the chemical form of '*C during corrosion
under strongly alkaline anoxic conditions relevant to a cement-based DGR
(de Visser-Tynova et al., 2018; Swanton et al., 2015; Wieland and
Hummel, 2015 and references therein). Both oxidized and reduced carbon
compounds with a small number of carbon atoms (generally between C1
and C5) have been detected in corroding, non-irradiated iron-water systems
in these conditions (Cvetkovié¢ et al., 2018a; Guillemot et al., 2020a;
Wieland and Hummel, 2015). Furthermore, a recent corrosion study
using irradiated steel identified dissolved and gaseous '*C-bearing small
carbon compounds (de Visser-Tynové et al., 2018). In the present study
on the corrosion of irradiated steel, we developed analytical methods that
allow both oxidized and reduced **C-bearing carbon compounds to be iden-
tified and quantified at ultra-low concentrations in both the liquid and gas
phases by accelerator mass spectrometry (AMS) (Cvetkovic et al., 2018b;
Cvetkovié et al., 2018c; Guillemot et al., 2020b). The extremely low *C
concentrations expected in this corrosion experiment are a consequence
of the small size and low *C content of the irradiated steel samples, the ex-
tremely slow corrosion of stainless steel under alkaline anoxic conditions,
and finally the small sample quantities available for analysis with the
given experimental set-up. The AMS-based analytics allowed quantification
of total 1“C contents in the solution and gas phase and identification of in-
dividual '*C-bearing carbon compounds by compound-specific radiocar-
bon analysis (CSRA).

2. Materials and methods
2.1. Solutions and chemicals

All standard solutions were prepared using chemicals with high purity
grade (> 98%) from Sigma-Aldrich (Buchs, Switzerland), Alfa Aesar (Karls-
ruhe, Germany) and Merck analytical grade (“pro analysis”) (Hohenbrunn,
Germany). Ultrapure (deionized, de-carbonated) water (MilliQ® water;
18.2 MQ-cm resistivity), generated by a MilliQ Gradient A10 purification
system (Millipore, USA), was used to prepare solutions and sample
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dilutions. Degassed water was obtained by boiling ultrapure water for 2 h
under continuous N, purge. The O, concentration (< 1 ppb) was controlled
using a PreSens PSt6 planar oxygen sensor (Regensburg, Germany). An ar-
tificial cement pore water (ACW) with pH 12.5, used to simulate pore water
conditions in the near field of a cement-based DGR and corresponding to a
solution saturated w.r.t. Ca(OH),, was prepared as reported elsewhere
(Cvetkovié et al., 2018c).

2.2. Irradiated steel

Two small specimens of irradiated stainless steel with a total mass of
1.718 g, a dose rate of ~20 mSv/h per gram of steel, and a total surface
area of 11.15 cm? were used for the corrosion experiment (Schumann
et al., 2014; Wieland et al., 2018; Wieland et al., 2017). The type of the
stainless steel used to fabricate the guide-tube nuts is not exactly known,
while there is information from the manufacturer to suggest that the nuts
were produced from one of the following alloys: X6CrNiTil8-10
(1.4541), X6CrNiNb18-10 (1.4550) or X6CrNiMoTil7-12-2 (1.4571).
The small samples used for the corrosion experiment were prepared from
an irradiated steel nut exposed to a thermal neutron flux for two years dur-
ing operation at the nuclear power plant Gosgen (Switzerland) (Wieland
etal., 2017). The thickness of the oxide layer of the irradiated steel samples
was not determined experimentally prior to the corrosion experiment.
However, based on ample evidence presented in the literature
(e.g., Chimi et al., 2016; Hanbury and Was, 2019; Raiman and Was,
2017; Sakuragi et al., 2016; Was, 2017; Zhao et al., 2021), it is safe to as-
sume that a few tenths to few hundred nanometer thick oxide layer had
formed during irradiation in the nuclear reactor.

14C is expected to be mainly produced by the activation of 1*N impuri-
ties in the irradiated bulk metal matrix. It is conceivable that in the oxide
layer the conversion of 70 according to the nuclear reaction *”O(n,a)*C
was an additional source of *C. However, the amount of *C resulting
from 70 conversion is expected to be much lower than the '*C released
during the corrosion of the bulk metal due to the much lower isotopic abun-
dance of 170 (0.038%) compared to N (99.632%) and the much lower
thermal neutron cross section of 70 (0.235) compared to 14N (1.82). The
4G content of the irradiated steel nut was determined to be 17.8 =
2.1 kBq/g (corresponding to 0.107 + 0.012 ug **C/g) using a digestion
procedure in oxidative media and '*C quantification by liquid scintillation
counting (LSC) (Schumann et al., 2014).

2.3. Reactor

The experimental set-up consists of a gas-tight overpressure reactor
(stirred autoclave type “Versoclave Type 3”, Biichi AG, Uster,
Switzerland) surrounded by a 10-cm-thick lead shielding (Wieland et al.,
2018; Wieland et al., 2017) (Supplementary Information (S.I.) Fig. S1-1).
Before starting the corrosion experiment, tests of the background **C activ-
ity and the concentrations of carbon compounds were carried out
(Cvetkovi¢ et al., 2018c¢) (S.L. S2). For the experiment, two specimens of ir-
radiated steel were mounted to a sample holder connected to a stirring de-
vice in the reactor. The reactor was tightly sealed and purged with N, to
ensure Oo-free conditions. A volume of 300 mL ACW was injected via the
in-house developed sampling system located outside the lead shielding
(Cvetkovié et al., 2018¢; Wieland et al., 2018; Wieland et al., 2017). After
one day, the solution was replaced with a fresh one and the experiment
started (Cvetkovié et al., 2018c). The '*C background of the injected
ACW solution was monitored over time (S.I. Table S2-1).

2.4. Samplings

Liquid and gas phase samples were collected on days 1, 14, 28, 92, 286,
412,552,1114, 1252, 1462 and 1637 (S.I. Table S3-1). Each time, approx-
imately 7 mL solution and 50 mL gas were collected in separate sampling
tubes as reported elsewhere (Cvetkovic¢ et al., 2018c). After sampling,
7 mL of O-free ACW and N, were immediately injected into the reactor



T. Guillemot et al.

to maintain similar conditions throughout the experiment (i.e. ~ 300 mL
solution and ~ 5 bar pressure with N, atmosphere). During sampling, pres-
sure, temperature and dissolved O, concentration were constantly moni-
tored to verify gas-tightness of the reactor (Wieland et al., 2018; Wieland
etal., 2017) (S.I. Table S3-1).

2.5. Analytical methods

2.5.1. Total inorganic and organic *C contents of the liquid phase

The total organic 14C content (TOC) was determined in three different
ways: directly in the sampled solution (i.e. d-TO*C); after pre-treatment of
the solution with an Ag/Ba/H cartridge (OnGuard cartridges, Dionex, Sun-
nyvale, CA, USA) (i.e. p—TO“C), and as the sum of the concentrations of all
organic '*C-bearing carbon compounds identified and quantified. The total
inorganic 14C content (TI**C), p- and d-TOMC were determined by wet ox-
idation (WO) as described elsewhere (Guillemot et al., 2021; Rauber,
2018). Briefly, 3 x 1.25 mL (on sampling day 1114) or 3 x 0.125 mL
(starting from sampling day 1252) of the alkaline solutions collected from
the reactor were pipetted into pre-cleaned EXETAINER® vials (12 mL,
screw cap, item 938 W, Labco Limited, Lampeter, UK) in triplicate inside
a glovebox (O, and CO, < 0.1 ppm) (Guillemot et al., 2021; Rauber,
2018). The volume of the sample solution was adjusted that samples
could be prepared that allowed '*C measurements in the optimal dynamic
range of the AMS. The solutions were spiked with aliquots of **C-free KH'*
13C0; and ?/3C-acetate carriers to provide ~ 50 pg stable carbon. Three
blanks were prepared by mixing 1.25 or 0.125 mL ACW, respectively,
with the 1“C-free carriers. All vials were tightly sealed, frozen and analyzed
by WO combined with '*C quantification by AMS at the Laboratory for
Analysis of Radiocarbon (LARA; University of Bern, Switzerland), as de-
tailed elsewhere (Rauber, 2018). For d-TO'*C measurements, 250 pL of ox-
idizing agent (10% KS,0s, Sigma-Aldrich, ACS reagent > 99%) solution in
5% H3PO4 (Merck 85% suprapur®) was injected into the sample vials after
the TI**C measurements. Within the two hours of reaction, TO'*C/TOC was
converted to 14C02/C02(g), which were transferred into the AMS via the gas
interface system (GIS) (Rauber, 2018). The p-TO'*C was determined by
spiking 800 pL of the solution pre-treated with the Ag/Ba/H cartridge
with 1.25 M **C-free acetate carrier. Before sampling day 1114, 10 pL of
the solution was combusted in an elemental analyzer (EA) (Elementar,
Langenselbold, Germany) and **C0O,/CO, injected into the AMS via the
GIS (Cvetkovi¢ et al., 2018c; Salazar et al., 2015). Starting with sampling
day 1114, p-TO'C was determined by WO, as this technique allows injec-
tion of *CO, from 5 mL solution.

2.5.2. Aqueous "*C-bearing carbon compounds

Dissolved carbon compounds were separated and identified by high
performance ion exchange chromatography (HPIEC) using an ICS-5000
ion chromatography (IC) in combination with a mass spectrometer (MS)
system (Dionex/Thermo Fisher, Sunnyvale, CA, USA). Chromeleon 7 soft-
ware (SR 11d) was used for IC data acquisition and processing, while
Xcalibur Finnigan Surveyor MSQ 1.1 ELMO software controlled the MS,
as reported elsewhere (Cvetkovi¢ et al., 2018a; Cvetkovi¢ et al., 2018b;
Guillemot et al., 2020a). To an 800 pL aliquot of solution previously pre-
treated by the Ag/Ba/H cartridge, 2 pL of a 6 mM '*C-free acetate carrier
were added. Pre-treatment with the cartridge removed interfering anions
(e.g. C17) from solution and reduced the pH to ~6, which improved peak
resolution. The mixture of solution and stable carbon carrier was injected
into the IC via an injection loop (14 pL) and eluted at a flow rate of
0.25 mL/min using a 250 mm X 2 mm i.d. IonPac AS11-HC column,
KOH as mobile phase, and an elution program described elsewhere
(Cvetkovié et al., 2018b; Cvetkovié et al., 2018c; Guillemot et al., 2021).

Formic acid (FA), acetic acid (AA), lactic acid (LA), malonic acid (MA)
and oxalic acid (OA) were the main dissolved stable carbon organics iden-
tified by HPIEC and separated according to their retention times using a
fraction collector (Foxy Jr.® Fraction collector, Teledyne Isco, Lincoln,
NE, USA) (Cvetkovié et al., 2018a; Cvetkovic¢ et al., 2018b). The pre-
treated solution was injected nine times consecutively and the nine
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fractions of each individual carboxylic acid (CA) were collected in a single
vial (total volume of ~ 500 pL). The sample was further diluted to 5 mL and
analyzed by WO combined with '*C quantification by AMS.

2.5.3. Total gaseous **C content

The gas chromatographic (GC) system used for identification and
sample preparation consists of a TRACE™ GC (Thermo Fisher Scientific
Inc., Waltham, USA, operated with the Thermo Xcalibur 3.0.63 soft-
ware), an oxidation reactor (Thermo Finnigan, Bremen, Germany), and
a custom-built fraction collector operated by a custom-built software
(Brechbiihler AG, Schlieren, Switzerland). The GC setup as well as the
methods developed to determine the total **C content in the gas phase
(TG'*C) have been described in detail elsewhere (Guillemot et al.,
2021; Guillemot et al., 2020b). Briefly, an aliquot of the gas collected
from the reactor (i.e. 40 pL on day 1114; 500 pL thereafter) was loaded
into the sample loop of the GC using a gas-tight syringe (Hamilton AG,
Bonaduz, Switzerland). Also in this case, the volume of the sampled gas
was adjusted to allow sample preparation for the optimal dynamic
range of the AMS. '*C-free (fossil) CH, (grade 5.0; Carbagas, AG,
Liebefeld, Switzerland) was injected as a stable carbon carrier via the car-
rier loop of the GC to achieve 50 pg of stable carbon. The sample and car-
rier were injected simultaneously and passed with the He flow through a
fused silica capillary (1 m x 0.32 mm) to the oxidation reactor, which
was operated at 1000 °C to convert carbon compounds into CO,. After-
wards, the analyte stream sequentially passed through additional devices
(a reduction oven to remove traces of O, and nitrous oxides (NO,) and a
water trap to remove residual water) before finally being collected in the
fraction collector (Guillemot et al., 2021; Guillemot et al., 2020b). The
fraction collector was transferred to LARA and connected to the GIS
through a1l mlong 1/16” O.D. tubing. A He flow of ~ 30 mL/min was ap-
plied for 150-300 s to purge the mixture of *C0,/CO, from the sampling
loops into the GIS zeolite trap, which was heated up to release the '*CO,/
CO, mixture into the AMS gas ion source for '*C quantification (Salazar
et al., 2015; Wacker et al., 2013).

2.5.4. Gaseous *C-bearing carbon compounds

The GC system previously described was also used to separate the indi-
vidual '*C-bearing carbon compounds. The setup and development of the
method have been described in detail elsewhere (Guillemot et al., 2021;
Guillemot et al., 2020b). Briefly, 500 pL of gas sample was injected through
the sample loop simultaneously with a defined amount of **C-free (fossil)
carrier through a second (carrier) loop. Previous studies reported CHy,
CO, CyHg and C3Hg as the main gaseous carbon compounds produced dur-
ing the corrosion of iron and steel (Cvetkovi¢ et al., 2018a; de Visser-
Tynova et al., 2018; Guillemot et al., 2020a; Wieland and Hummel, 2015)
and therefore these compounds were added as **C-free carriers. The com-
pounds were separated using a Restek Rt®-Msieve 5A column
(30 m x 0.32 mm with 0.025 mm film) and a temperature program previ-
ously reported (Guillemot et al., 2021; Guillemot et al., 2020b). The sepa-
rated compounds were oxidized in the oxidation reactor (1000 °C) to
14C0,/C0O, and eventually collected in the sampling loops of the fraction
collector. Injection into the AMS via the GIS was performed as previously
described for TG'*C analysis.

2.5.5. Hydrogen

The H, concentration in the gas phase was determined using GC-MS as
itis an indicator of the anoxic corrosion of steel (Jelinek and Neufeld, 1982)
(Eq. (1)). 10 mL of the gas volume collected from the reactor were with-
drawn from the sampling tube using a gas-tight syringe and injected into
a purged and evacuated 20 mL vial. To equalize pressure, each vial was
then connected to a gas bag filled with N, (grade 5.0, Carbagas AG,
Liebefeld, Switzerland) for five seconds. The Restek Rt®-Msieve 5A GC col-
umn (30 m X 0.32 mm with 0.025 mm film) was used in combination with
the following temperature program: initial temperature of 45 °C (isother-
mal for 4 min), heating at a rate of 20 °C/min to 290 °C (isothermal for
10 min), resulting in a total run time of ~ 26 min. Hydrogen (H,) was
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detected by MS in selected ion monitoring (SIM) mode with standard EI pa-
rameters (i.e. 70 eV collision energy and 230 °C MS source temperature)
and appeared in the chromatogram with the specific mass fragment 5 gen-
erated by protonation of the carrier gas (He) with by H™, as described else-
where (Varlet et al., 2013). Standards were prepared in 20 mL vials in the
dynamic range between 0 and 8 pg H,/mL gas volume using pure H,
(Messer Schweiz AG, Lenzburg, Switzerland) diluted with N after pressure
equalization. It should be noted that the scatter in the H, measurements
was quite large, which is due to the possibility of different losses of small
amounts of gas during the GC-MS measurements.

2.6. Accelerator mass spectrometry

Quantifications of TI'*C, d-TO'*C, p-TO'*C, individual '*C-bearing
CAs, TG'*C and individual **C-bearing gaseous carbon compounds were
performed at LARA using a 200 kV MIni CArbon DAting System
(MICADAS) (Szidat et al., 2014). The standards used were 5% CO, from
oxalic acid II from National Institute of Standards and Technology (SRM
4990C) in helium prepared by Hekal AMS Lab (Hungary) and ~ 4.5% fossil
CO, in He from Messer AG (Switzerland). The linear dynamic range of the
14C measurements was found to span three orders of magnitude between
0.06 F*C - 50 F“C (fraction modern carbon), corresponding to a concen-
tration range from 0.01 to 9.8 pmol **C/L in solution (Cvetkovié et al.,
2018b). The MICADAS and associated equipment (i.e. GIS, EA etc.) were
controlled and accessed by Transmission Control Protocol/Internet Proto-
col commands generated by LabView (Salazar et al., 2015; Szidat et al.,
2014; Wacker et al., 2013).

2.7. Data treatment

Results from the '*C AMS measurements were expressed in terms of
F!*C. For the liquid samples, the F1*C values were converted to molar '*C
concentrations (M) and volume-related **C activities (Bq/L), taking into ac-
count several parameters related to the analytical procedure used, such as
the amount of stable carbon carrier added (i.e. 20-50 pg 12/13¢) and the
volume of solution used for *C0O,/CO, injection into the AMS source (S.1.
S4). For the gas samples, F*“C values were converted to **C concentrations
(mol/L gas volume) and volume-related 14¢C activities (Bq/L) based on the
gas volume normalized to ambient temperature (22 °C) and pressure
(1 bar) by taking into account the parameters related to the analytical pro-
cedure used, such as the amount of stable carbon carrier added and the vol-
ume of gas sample injected (S.. S4). The evolution of the '*C
concentrations in the reactor was quantified by correcting with the dilution
factors of both aqueous and gas phases at each sampling due to the replace-
ment of 7 mL sampled solution by ACW and the sampled gas by N,. The di-
lution factors were calculated based on the weighted amount of solution
sampled, the weighted amount of fresh ACW injected and the different
pressure readings at each sampling step (S.I. Table S4-1).

3. Results

In this corrosion experiment with irradiated steel, '*C concentrations
were in the pico- to femtomolar range (S.I. Table S5-1, S5-3, and S5-5),
as expected, due to the small size and low *“C content of the two irradiated
steel samples, the very slow corrosion of stainless steel in alkaline solution,
and finally the small volume of solution and gas collected from the reactor
and used for the '*C analyses. The AMS-based analytical techniques
allowed us to quantify 1*C in the ultra-trace range, but a relatively large sta-
tistical uncertainty (up to 30%) had to be accepted for the liquid samples
due to limited repeatability of the measurements.

The *C concentrations determined over time in the liquid and gas
phases of the reactor were corrected with the corresponding dilution factors
and normalized to the total surface area of the two steel samples
(i.e., 11.15 cm?) in order to account for surface-related '*C release
(Fig. 1) (S.I. Table S5-2, S5-4, and S5-6). The '*C content determined
after pre-treatment of the solution with the OnGuard cartridge (p-TO'*C)
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was quantified from the beginning of the experiment (Fig. 1a). The other
parameters were quantified on sampling day 1114 and thereafter, after
the WO method was introduced (Guillemot et al., 2021) (Fig. 1 b-d).

Fig. 1a shows that p-TO'“C increased sharply within the first ~ 30 days
after immersion of the two samples in ACW, i.e. p-TO'*C increased from
1.2 X 10" Mto 6.4 x 10~ '3 M (S.I. Table S5-2) (Fig. 1a). Direct mea-
surements of TO**C (i.e. d-TO'*C) from sampling day 1114 and thereafter
confirmed that after the initial phase, both p- and d-TO'*C were constant
during the course of steel corrosion (Fig. 1a). The d-TO'C varied between
83+ 1.1 x 10""*Mand 9.8 = 3.5 X 10~ ' M (S.L Table $5-2). TI'*C
was also nearly constant with time (Fig. 1b), varying between 3.0 +
1.0 x 107"®*Mand 3.6 * 1.3 x 10~ ** M (S.L. Table S5-2). In contrast
to p-TO'C, d-TO'*C and TI**C, the **C content in the gas phase (TG'*C) in-
creased slowly but steadily with time over the 1.5-year gas sampling period
from 2.6 = 0.1 x 107> Mto 42 = 0.1 x 10~ '* M (Fig. 1c) (S.L
Table S5-6).

The corrosion of stainless steel under anoxic conditions can be de-
scribed as follows (Jelinek and Neufeld, 1982):

3Fe+4H20*>Fe304+4H2 (1)

The time-dependent increase in H, concentration is thus a direct mea-
sure of the anoxic corrosion of steel and was determined on sampling day
1114 and thereafter (S.I. Table S5-7). Fig. 1d compares the surface-
normalized H, release according to Eq. (1) and predicted by Eq. (2) with
the experimental data. In addition to Ha, 14C is an additional tracer associ-
ated with the steel corrosion in this study.

The following equation was used to relate the release of **C and H, (m
(1)) to the corrosion rate of stainless steel (Cvetkovié et al., 2018c):

t
m(t) = / RI“‘WA"V dt [mol] )
0 v

R.: Corrosion rate [m/yr];

A: Surface area of specimens in reactor (A = mg. - S,) [m?] with mp.:
Mass of the two specimens (= 1.718 x 103 kg) and S,,: Specific sur-
face area (= 0.649 m?/kg);

M,,: Molecular weight of iron (0.055845 kg/mol);

p: Density of iron (7855 kg/m>);

v: Stoichiometric factors: '*C (= 4.27 x 10~ 7) expressed in terms of
mol 1*C/mol Fe of irradiated steel; H, (4/3) according to Eq. (1).

The 'C release into solution and gas phase (normalized to the surface
area of the specimens) was modeled for corrosion rates between 1 nm/yr
and up to 100 nm/yr. These values are within the range of rates reported
for stainless steel corrosion in alkaline solution (Diomidis, 2014; Smart,
2009; Swanton et al., 2015). For modeling purposes, a constant **C inven-
tory of irradiated steel was assumed, which is supported by mass balance
calculations. These show that less than 0.01% of the **C inventory of stain-
less steel was released into the solution and the gas phase during more than
four years of corrosion. The calculations further assume that '*C released
from irradiated steel is converted to either gaseous or aqueous species.
For consistency, the modeling was based on the assumption of an initial
rapid release of **C at a rate of 20 nm/yr for all parameters, as indicated
by the increase in p-TO'*C within the first 30 days of corrosion. This indi-
cates the presence of surface sites on steel with higher reactivity in the
case of the gaseous species.

A comparison of the distribution of the '“C contents between the liquid
(TI*C, TO*C) and gas phase (TG**C) fractions demonstrates the time-
dependent increase in TG'*C from 42 + 12% on day 1114 to 53 + 16%
on day 1637 as a result of the corrosion process (Fig. 2). In contrast,
TOC and TI**C remained constant, which means that their relative
share decreases with time (Fig. 2).
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Fig. 1. Temporal evolution of (a) p- and d-TOC, (b) TI*C, (¢) TG**C and (d) H, release with a rate of 1 nm/yr. Experimental data and predictions (lines) for the experimental
set-up using corrosion rates reported for stainless steel in hyper-alkaline conditions. The following assumptions were made to model the increase in “C concentrations
according to Eq. (2): i) continuous rate of 1 nm/yr, 20 nm/yr and 100 nm/yr; ii) fast corrosion at a rate of 20 nm/yr within 30 days and subsequently no release by
corrosion; iii) fast corrosion at a rate of 20 nm/yr within 30 days and subsequent slow corrosion at a rate of 1 nm/yr (20/1 nm/yr).

The AMS-based CSRA was developed to identify and quantify the indi-
vidual 14C-bearing carbon species in solution, such as 14CFA, C-AA, C-
OA, C-MA, and "*C-LA, as well as '*C-HCs (i.e. '*CH,, '*C,Hg, '*C3Hg)
and *CO in the gas phase.

The concentrations of "*C-FA, '*C-AA, *C-0A, *C-MA, and '*C-LA
were determined on sampling days 1252, 1462 and 1637 (S.I. Tables S5-3
and 5-4). The total concentration of the '*C-bearing CAs was calculated by
assuming that each CA carries only one 14¢C atom (S.1. Table S5-4). The con-
centrations were averaged since no trend was discernible in the data. The
average concentrations of the individual '*C-bearing CAs were as follows:

Sampling at Sampling at
day 1114 day 1252

100

90
> 80
U]
T 70
g&
2u 60
=
% o 50
25 4
s
,% © 30
g2 20
g
e 10

0

MCFA =74+ 11 x 107M, 1C-AA = 11.1 + 1.2 x 107 M, **C-
OA =9.0*34 x 107"M, "CMA = 53 + 2.6 x 107'*M, and "*C-
LA = 6.3 = 1.4 x 10~ " M. Fig. 3a shows their contribution to the d-
TO!C. It was estimated that the total concentration of the *C-bearing
CAs corresponds to 42 + 19% and 58 * 10% of the d-TO'*C and p-
TOM™G, respectively.

The individual gaseous **C-bearing compounds have been identified
and quantified since sampling day 1114 (S.I. Tables S5-5 and 5-6). *CH,4
proved to be the most important '*C-bearing HC (Fig. 3b). Its concentration
increased from 2.6 + 0.1 x 10" '*Mt0 3.5 = 0.2 x 10~ ** M between

Sampling at
day 1462

Sampling at
day 1637

m Total ™*C gas
uTO™C
mTI"C

Fig. 2. Distribution of the '*C-bearing compounds in the liquid and gas phases between three and four years of alkaline anoxic corrosion of irradiated steel.
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Fig. 3. Proportions of (a) '“C-bearing CAs to the d-TO'*C (average from sampling day 1252 to 1637) and (b) '*C-bearing gaseous compounds to the TG'“C on sampling day

1637.

sampling day 1114 and 1637 (S.I. Table S5-6). Additionally, other small
14C-bearing HCs and *CO were quantified to estimate their contribution
to TG*C (Fig. 3b). 14C,Hg showed a slight increase in concentration be-
tween sampling day 1252 and 1637 from 5.9 + 0.1 x 10~ M to
8.2 + 2.1 x 10" M. C3Hg and '*CO were quantified only on sampling
day 1637 (2.3 £ 0.9 x 10" *®*Mand 7.0 £ 2.1 x 10~ '® M, respectively).
It should be noted that the concentrations of 1*C,Hg, 1*C5Hg and 1*CO were
close to the limit of quantification (LOQ).

4. Discussion
4.1. Time-dependent release of '*C

The evolution of TI**C, p- and d-TO**C in solution and TG'*C in the gas
phase is related to the release from irradiated steel, since no other **C
source was identified in the reactor. In addition, replacing an aliquot of
the solution in the reactor with ACW only slightly increased the background
4G content (S.I. Table S2-1).

The model predictions show that p-TO*C, d-TO*C and TI'“ are not re-
lated to the long-term corrosion of irradiated steel, unlike TG'*C. The **C
concentration in solution (TO'*C, TI'**C) is considered to be the result of
a rapid release of '*C in the initial phase of the corrosion process. The
long-term increase in TG'*C, however, occurs in accordance with a corro-
sion rate of stainless steel of 1 nm/yr. This value agrees very well with
rates reported in other work for the corrosion of stainless steel in anoxic al-
kaline conditions (e.g., Diomidis, 2014; Senior et al., 2021; Smart, 2009;
Swanton et al., 2015).

Quantification of TO'*C and TI**C in solution and TG**C in the gas
phase allowed us to establish a mass balance for '*C during alkaline
anoxic corrosion of irradiated steel. By knowing the **C inventory of
the irradiated steel (i.e. 1.31 x 10~8 mol/g; Schumann et al., 2014),
it was possible to determine the fraction of '*C released since the be-
ginning of the corrosion experiment. By day 1637 of alkaline anoxic
corrosion, ~ 8.0 X 10~ mol '*C had been released into the liquid
and gas phases, corresponding to ~ 0.0061% of the initial '*C inven-
tory of the irradiated steel samples.

The question arose whether the release of 1*C occurs in stoichiometric
proportion to H, production during corrosion. The modeling shows that
the H, concentration in the gas phase also increased according to a corrosion
rate of 1 nm/yr (Fig. 1d). However, it must be taken into account that in ad-
dition to the irradiated stainless steel specimens, the assembly parts of the re-
actor systems, such as parts of the stirring shaft with the sample holder, parts
of the sampling tube and the oxygen sensor, were also exposed to alkaline
solution (S.I. Fig. S1-1). The slow corrosion of these assembly parts made
of stainless steel contributed to the H, production. It should be noted that

the assembly parts were not designed in a way to cause no H, production be-
cause the corrosion experiment was primarily focused on the **C speciation
during steel corrosion under alkaline anoxic conditions. In addition, the type
of stainless steel used to make the assembly parts was not known, which led
us to assume that the irradiated steel nuts and the assembly parts were made
of the same stainless steel. The surface areas of the assembly parts are known
(stirring shaft with sample holder: 16.75 cm?, dissolved oxygen sensor and
sampling tube: 20.84 cm?), so the contribution of corrosion of these parts
to the H, production could be calculated and separated from H, release by
the irradiated steel samples (surface area: 11.15 cm?). The corrosion of the
latter samples contributed about 22% to the total H, production at a corro-
sion rate of 1 nm/yr. The results show that the release rate of '*C from the
irradiated stainless steel samples is identical to the corrosion rate of the ma-
terial (stoichiometric release).

4.2. Speciation

Literature reviews and corrosion studies with irradiated steel and non-
irradiated iron indicate the formation of low molecular weight (LMW) or-
ganic carbon compounds, such as CAs, as well as carbonate and hydrocar-
bons (HCs) during iron/steel corrosion (Cvetkovi¢ et al., 2018a; de Visser-
Tynové et al., 2018; Guillemot et al., 2020a; Swanton et al., 2015;
Wieland and Hummel, 2015).

The result show that dissolved organic carbon compounds account for
d- and p-TO'C. The two parameters agree quite well, as p-TO'*C corre-
sponds to 67 = 27% of the d-TO**C on average. However, some of the
14¢C contributing to the TO'*C was retained by the Ag/Ba/H cartridge, pre-
sumably as colloidal '*C or **C associated with larger organic molecules
retained during filtration, which explains the difference between d-TO*C
and p-TO'C. In view of these results, the CAs can be considered as impor-
tant organic ' *C-carrying carbon compounds present in solution (~ 42% of
the organic '*C content in solution) during alkaline anoxic corrosion of ir-
radiated steel (Fig. 3a). TI'*C is attributed to the presence of **CO3~
under the given high-pH conditions. TI'*C is about a factor of 3 lower
than d-TO'*C (Fig. 2), suggesting that *CO3 ™~ is not the predominant
14C-bearing species.

Previous studies have shown that oxidized carbon compounds, e.g. CAs,
can be detected in solution under the anoxic conditions of iron-water sys-
tems (Cvetkovié¢ et al., 2018a; Guillemot et al., 2020a; Wieland and
Hummel, 2015 and references therein). Hence, the same oxygen-bearing
carbon compounds have been observed in the current and previous corro-
sion studies (e.g., Swanton et al., 2015; Wieland and Hummel, 2015)
(Table 1). In general, the formation of small CAs containing between one
and five C atoms is observed (Wieland and Hummel, 2015, and references
therein). It has been hypothesized that CAs are formed when iron/steel is
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Table 1
Stable carbon and “C-bearing compounds identified during alkaline anoxic corro-
sion of non-activated iron powders and irradiated stainless steel.

Corrosion of non-irradiated iron/steel® Corrosion of irradiated steel”

Gaseous stable carbon  Aqueous stable carbon  Gaseous Aqueous

compounds compounds 14G-compounds 14C-compounds
Methane Formate Methane Formate
Ethane Acetate Ethane Acetate
Ethene Propionate Propane Malonate
Propane Butanoate Carbon monoxide Oxalate
Propene Malonate Carbon dioxide Lactate
Butane Oxalate Carbonate
Butylene® Lactate

Pentane® Glycolate

Pentene® Carbonate

Hexane Alcohols/aldehydes?

2 See Swanton et al. (2015); Wieland and Hummel (2015) and references therein;
Cvetkovic et al. (2018a); Guillemot et al. (2020a).

b See de Visser-Tynova et al. (2018); Kaneko et al. (2003); Yamashita et al.
(2014); this study.

¢ Including isomers (e.g. trans-2-butene, cis-2-butene, 1-butene, iso-butene as
well as 2-methylbutane, cis-2-pentene, trans-2-pentene).

d Including methanol, ethanol, propanol, formaldehyde, acetaldehyde,
propionaldehyde.

exposed to oxic (humid) conditions and they are taken up by the oxide sur-
face layer of the metal (Cvetkovic et al., 2018a; Guillemot et al., 2020a).
Upon contact with a solution, the CAs are immediately released from the
oxide layer by desorption. This hypothesis is further supported by the cur-
rent study, as p-TO'*C increased rapidly in the initial phase of steel corro-
sion and remained constant thereafter (Fig. 1a). It is assumed that the
release of organic and inorganic '*C occurs by diffusion through the oxide
layer and/or as a result of the conversion of iron oxyhydroxides into mag-
netite (Ishikawa et al., 1998; Tamaura et al., 1983). Nevertheless, we can-
not exclude the possibility that the oxidized carbon species were
alternatively produced in the reactor during the initial phase of the experi-
ment due to the presence of small amounts of residual O, in the solution.

Moreover, the irradiated stainless steel samples are the source of weak
gamma radiation. The dose rate of a ~ 1 g specimen was estimated to be
~ 0.12 Gy/h, based on the %0Co and **Mn contents (Schumann et al.,
2014). Depending on the dose rate, gamma radiation can produce different
chemical species, in particular radicals (e.g. HO+, HO,*) and peroxide
(H50-) that act as oxidizing agents (Spinks and Woods, 1990). It should
be noted that at the given very low dose rate of the irradiated steel samples,
the concentration of H,O, is expected to be far below the detection limit of
standard analytical methods. However, the observed constant concentra-
tions of 1*C-bearing CAs, TO'*C and TI**C indicate that *C-CAs and '“C-
bearing carbonate were not produced by radiation-induced radiolysis on
the steel surface, since in this case a continuous increase in the above pa-
rameters over time would be expected.

The formation of gaseous '*C-bearing carbon compounds during the
corrosion of irradiated steel was previously studied by de Visser-Tynova
et al. (2018). These authors identified **CH, as the main gaseous carbon
compound, while smaller proportions of '*CO and '“CO, were detected.
The current study supports the results by de Visser-Tynova and coworkers.
14CH, accounts for more than 80% of the TG'*C in this study and is thus the
predominant gaseous 14C-bearing compound. *C,Hg, 1*C3Hg, and 1*CO are
only minor contributors to the TG**C with proportions of ~ 2%, ~ 1%,
and ~ 2%, respectively, assuming that each carbon compound carried
only one '*C atom (Fig. 3b). It should be noted that there is still a discrep-
ancy between the sum of '*C carried by the HCs and CO and the TG'*C, sug-
gesting the presence of one or more additional, as yet unidentified **C-
bearing compounds at low concentrations (Fig. 3b).

De Visser-Tynova et al. (2018) also observed that 14C was mainly re-
leased into solution as **C-bearing carbonate. The fraction of *C released
into the gas phase was comparatively small (< 6% of total 1“C released).
The fraction of gaseous '*C compared to *C released into solution (CAs,
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carbonate) is significantly higher in this study (Fig. 2). The higher fraction
of '*C in the liquid phase compared to the gas phases in the study of de
Visser-Tynova et al. (2018) could be explained by the preferential forma-
tion of oxygenated '*C-bearing carbon compounds as a consequence of
the higher dose rate of irradiated steel. The total dose rate of irradiated
steel used in this study was about two orders of magnitude lower (~
0.21 Gy/h) than the one of the material used by de Visser-Tynova et al.
(2018) (~ 20 Gy/h) (Mibus et al., 2018). The higher dose rate implies
higher concentrations of oxidizing radicals in solution generated by radiol-
ysis at the interface with steel, which favors the formation of oxygenated,
water-soluble carbon compounds such as CAs or carbonate.

Studies with non-irradiated iron powders have shown that the concen-
tration of HCs released into the gas phase tends to decrease with increasing
numbers of C atoms according to an Anderson-Schulz-Flory (ASF) product
distribution (Cvetkovi¢ et al., 2018a; Deng et al., 1997; Guillemot et al.,
2020a). The latter distribution suggests a Fischer-Tropsch (F-T) type mech-
anism leading to the formation of HCs on the metal surface. This general
trend also applies to the current study with irradiated steel, as it shows
that '*CH, is the predominant HC formed during the corrosion of *C-
containing stainless steel. However, in contrast to previous studies with
non-irradiated iron powders (Cvetkovié et al., 2018a; Guillemot et al.,
2020a), the HCs with higher molecular weights were quantified only in
trace amounts. We suspect that the difference in speciation is due to the dif-
ferent chemical forms of the carbon in the materials used. The non-
irradiated iron powders were produced by the reduction of Fe(CO)s with
H, and had a higher C content with the C probably in the chemical form
of carbide. Iron carbides have multiple stoichiometries (Cotton and
Wikinson, 1980), such as Fe3C, Fe,Cs, and Fe,C, with Fe3C being the
main chemical form in steel (Davis, 1998). The structure of iron carbides
consists of carbon chains running through distorted metal lattices (Cotton
and Wikinson, 1980), which can lead to the formation of HCs with higher
molecular weights. In contrast, *C is produced by the activation of **N im-
purities in steel via the nuclear reaction *N(n,p)'*C, where N is accommo-
dated in the interstices of metal crystals or bound by a substitutional solid
solution replacing a solvent atom in a lattice position (Davis, 1998). There-
fore, *C may be uniformly distributed as single species in the metal matrix,
which explains the release of '*C during corrosion mainly as single carbon
species, i.e. 1*CH,.

4.3. Implications for the safe disposal of radioactive waste

Knowledge of the **C speciation is of paramount importance in the con-
text of an overall assessment of the pathways of *C migration from the EBS
of the DGR into the surrounding host rock and ultimately into the environ-
ment. The present study leads to the following conclusions with regards to
application in safety assessment:

1. The corrosion of steel in cement-type solutions with a pH 12.5, and thus
the release of C, is a very slow process (corrosion rate of 1 nm/yr),
while even lower rates have been determined for steel embedded in ce-
mentitious material (< 1 nm/yr) (Senior et al., 2020; Senior et al., 2021).

2. The amount of '*C released as water-soluble oxygenated carbon com-
pounds (e.g. CAs, carbonate) is very low (i.e. ~ 0.003% of the initial
14C inventory of the irradiated steel samples used in this study) and oc-
curs in the very early phase of corrosion by rapid release from the oxide
layer of the steel upon contact with solution. There is no evidence that
the amount of water-soluble oxygenated carbon compounds increases
over time as a result of corrosion. The water-soluble organic **C fraction
migrates from the EBS into the surrounding host rock by diffusion.

3. There is evidence that the proportion of *C released as '*CO3 in the early
phase of anoxic corrosion of irradiated steel and at the given low dose rate
of the material is slightly less than that released as water-soluble organic
14C-bearing compounds. *CO3 is strongly retained in the cementitious
near field by precipitation as calcium carbonate or by isotopic exchange
with CO3~ from calcium carbonate (Allard et al., 1981; Bayliss et al.,
1988) and therefore *C decays within the repository.
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4. The initial amounts of '*C-bearing CAs and presumably also **CO3 re-
leased into the solution depend on whether and to what extent the irradi-
ated metal parts have been exposed to oxic conditions (e.g. storage in air,
radiolysis-induced oxidation in nuclear power plants, etc.) before their
final disposal.

5. CH, is the main gaseous *C carrier produced during anoxic corrosion of
irradiated steel and is capable of carrying *“C from the EBS of a DGR into
the environment. The release of **C into the gas phase occurs consistently
with H, production at the appropriate corrosion rate (1 nm/yr in this
study).

5. Conclusions

AMS-based analytical methods enabled the determination of ultra-low
14C concentrations in a corrosion experiment with irradiated stainless
steel (i.e. in the pico- to femtomolar range). Measurements of the total
14C contents (d-TO'C, p-TO'C, TI**C, TG'*C) and individual '*C-
bearing carbon compounds by CSRA in solution and the gas phase show
the rapid release of aqueous *C-bearing carbon species in the early phase
of the corrosion process (within ~ 30 days) and constant total inorganic
(TT**C) and organic **C (d- and p-TO'*C) contents in solution after the
rapid release. About 40% of the TO'C is attributed to the presence of
small *C-bearing CAs up to C3, while the remaining fraction has not yet
been identified. TI'“C is about a factor of 3 lower than the d-TO'*C. In con-
trast, the total '*C content in the gas phase (TG'C) increases over time con-
currently with H, production and consistent with the corrosion of stainless
steel at a rate of 1 nm/yr. **CH, is the predominant gaseous species contrib-
uting ~ 80% of the TG'*C, while other **C-bearing gaseous species (**CO,
14C,He and 1C3Hyg) are present only in small amounts. Therefore, modeling
of 'C release from a DGR should take into account that most of the **C is
likely released in gaseous form. In contrast, the amount of **C released as
water-soluble **C is comparatively small. A total of 0.0061% of the initial
¢ inventory of the irradiated steel samples was released into the solution
and gas phase during 1637 days of corrosion in anoxic alkaline conditions.
Assuming that the water-soluble **C fraction does not increase with time
and that corrosion proceeds at a rate of 1 nm/yr, it takes
~1.5 x 10° years for the remaining '*C inventory of the irradiated steel
samples to be released into the gas phase. Considering the half-life of *C
(t1,2 = 5700 years), which is short compared to the predicted release
time, the '*C inventory of irradiated steel and thus the contribution of **C
to the dose release from a DGR will steadily decrease with time due to the
radioactive decay.
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