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1. Introduction and goal 

Radioactive waste materials, such as activated stainless steel components, from nuclear power plants are 
expected to be disposed in an underground repository. Carbon-14 is a typical activated product in metallic 
wastes and is mainly generated by the 14N(n,p)14C reaction. The corrosion phenomenon is a source of C-
14 radionuclide into the groundwater. Because of its long half-life (5,730 a) and special chemistry, C-14 is 
considered as an important radionuclide in safety assessment. Carbon can be released from the metallic 
waste either as inorganic or organic form to liquid or to gas phase. Speciation of C-14 defines the potential 
transport pathways into the geo and biosphere. Therefore, chemical and physical forms of released C-14 
must be considered when assessing the migration of C-14 from the engineered geological repository 
system. 

The European Commission CAST project (CArbon-14 Source Term), which ran from 2013 to 2018, aimed 
to develop understanding of the potential release mechanisms of C-14 from radioactive waste materials in 
geological disposal conditions. VTT was involved in the Work package (WP2), which was dedicated to 
steel materials. In CAST project the work was started with inactivated iron carbide and modified AISI316Ti 
steel powders to develop the experimental methods and protocols. The activated material used was the 
surveillance capsule chain from Loviisa nuclear reactor. Because of the high activity of the surveillance 
capsule material, the handling of the activated specimens turned out to be challenging in the anaerobic 
glove box behind the lead shielding. In KYT-DEMONI project new experiments with less active, pressure 
vessel material, were started.  

The objective of this study is to investigate the release and speciation of C-14, especially the proportion of 
organic C-14 vs. inorganic C-14. The corrosion rate is expected to be very low under anaerobic conditions. 
Second aim is to analyse the C-14 release to gas phase and speciation in the gas phase. 
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2. Leaching experiments 

2.1 Experimental setup 

The detailed experimental setup of leaching experiments was presented in previous Research Notes 
(DEMONI - Steel dissolution - Research notes 2020, VTT-R-00092-21 [1]). Shortly, irradiated stainless 
steel pieces [2] were each immersed in 500 mL of synthetic ground water or natural groundwater from 
Loviisa. Figure 1 shows the leaching experiments in the anaerobic glove box. During the personnel 
changes within VTT it was noticed that the chemical composition of prepared simulant water (referred as 
OLD in this report) was different than originally was planned. Since similar activated steel samples are 
used in dissolution experiments in KYT DEMONI project at University of Helsinki and in the KYT TERKOR 
project at VTT and the aim is that results may be compared later. Therefore, new simulant water with 
correct chemical composition (referred as NEW in this report) was prepared and two new solution phase 
experiments were started in December 2020. Detailed compositions of simulant waters are presented in 
Table 1 [1]. 
 

 

Figure 1. Leaching experiments in the anaerobic glove box. 

 

Table 1. Composition of OLD and NEW simulant waters [1]. 

Composition of the OLD simulant groundwater 

Added chemical Added mass [g] / 2L of milliQ water Anion Amount in the final solution [mg/L] 

NaCl 11 Cl- 3336 

Na2SO4 1 SO4
2- 338 

Composition of the NEW simulant groundwater 

NaCl 18 Cl- 5500 

Na2SO4 1.5 SO4
2- 500 
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2.2 Sampling and analysis 

About 40 mL of leaching solution was taken with needle and syringe through the rubber septum cap (width 
19 mm) of each experiment bottle. Fresh leaching solution was not added so that solution would not be 
diluted which may have happened in the earlier experiments in the CAST project [3]. pH of each leaching 
solution was measured after sampling. 
 
After sampling, the solution samples were transferred out from the anaerobic glove box and interfering 
radionuclides (Co-60, Fe-55 and Ni-63) were separated with Chelex® 100 (sodium form 50 -100 mesh) 
chelating ion exchange resin [4]. Chelex® 100 resin can be used for separation of polyvalent metal ions, 
since it has paired imonodiacetate ions, which chelate polyvalent metal ions. However, the resin does not 
interact with organic anion species. Chelex® 100 resin is also stable in the alkaline solutions and resistant 
to radiation. [4] 
 
Separation of interfering radionuclides was conducted as batch separations, where known amounts of 
Chelex® 100 resin (1.5 g) and sample solution (25 mL) were added to a 50 mL centrifuge tube and tubes 
were shaken slowly for 24 h.  

After separation, samples were centrifuged (3000 RPM, for 10 min) and 5 mL of supernatant was taken 
for liquid scintillation counting (LSC, Hidex 300 SL). Stable elements in the Chelex® resin separated 
sample solutions were measured with ICP-OES equipment (5100 SVDV, Agilent Technologies).  
 
 

2.3 Results of leaching experiments 

Results of the first three sampling were presented in previous research notes – report (DEMONI - Steel 
dissolution - Research notes 2020 [1]). Results of the two samplings during 2021 are added to previous 
results and presented in the next sections 2.3.1 – 2.3.3. 
 

2.3.1 Ground water pH and stability  

pH of each leaching solution was measured after each sampling. Figure 2 shows the pH measurement 
results of each sample as a function of time. 
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Figure 2. Measured pH of each experiment as a function of time.  

pH of Loviisa groundwater has stayed quite stable between 7.18 – 7.90. The OLD simulant water was not 
in equilibrium with anaerobic atmosphere during the first pH measurement and it was assumed that the 
pH would rise while the equilibrium is reached, and this is the case pH range is large within the first 286 
days. The last three sampling show more stable pH for OLD simulant water, between 7.64 – 8.45.  NEW 
simulant water seems to have more stable pH from the beginning of the experiments, between 6.88 – 7.64. 
Seems that pH of OLD simulant water is a bit higher that the pH of Loviisa water and on the contrary the 
pH of NEW simulant seems to be a bit lower than that of Loviisa water.  
 
ICP-OES measurement results showed that the macro elements in the sample solutions have stayed quite 
stable. Figures 3 and 4 show the measured concentrations of S and Na in the sample solutions. Original 
target values for Na and S are also informed in the graphs. 
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Figure 3. S concentration in the measured sample solutions and target values for S concentration in the 
OLD (S - samples) and NEW (SU - samples) groundwater simulants. Unseparated refers to samples 
without Chelex® 100 resin separation and separated refers to samples with Chelex® 100 separation. 

Chelex® resin separation does not have significant effect on S concentration in the solutions. The S 
concentration in both OLD and NEW simulant waters remain very close to the target values during the 
evolution of the leaching experiments. S concentration in the real ground water from Loviisa is higher than 
in both simulants.  
 
 

 

Figure 4. Na concentration in the measured sample solutions and target values for Na concentration in the 
OLD and NEW groundwater simulant. 
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There is much more fluctuation in the Na concentrations measured in the leaching experiments. Especially, 
the Chelex® 100 resin separation has significant effect on the Loviisa ground water Na concentrations. It 
seems that sodium form Chelex® 100 resin releases more sodium in the Loviisa water compared to the 
simulant waters. Unseparated Loviisa water Na results are closer to the OLD simulant values and target, 
but separated Loviisa water Na results are closer to the NEW simulant and target values. Separated and 
unseparated simulant experiment have similar Na concentrations.  
 

2.3.2 C-14 release to liquid phase  

Figure 5 shows the C-14 activity concentration in the leaching solution and 95 % confidence level 
uncertainty for C-14 activity as a function of time.  

 

 

Figure 5. Measured C-14 activity concentrations in the leaching experiments as a function of time. 

Concentration results show quite large fluctuation, and the uncertainties are quite large. This is probably 
the result of the small stainless-steel piece and large solution volume (500 mL), which results in very low 
concentrations in the leaching solutions.  
 
Figure 6 shows the total C-14 activity in the whole leaching solution and 95 % confidence level uncertainty 
for C-14 activity as a function of time. 
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Figure 6. Total C-14 activity in the whole leaching solutions. Uncertainty is 2 x Standard deviation of the 
measurement. 

Since the measured activity concentrations are still low and close to the background of LSC measurement, 
uncertainties are high. Two parallel Loviisa groundwater results have quite a bit of fluctuation. However, 
based on the trendline equations the C-14 release per year of the leaching experiments was calculated. 
Table 2 shows the released fraction per year based on leaching experiments with the duration of 784 days. 
 

Table 2. Total C-14 release per year: comparison between the first- and second-year’s results. 

Experiment Total C-14 
release per 
year [Bq/a] 
2nd year 

Total C-14 
release per 
year [Bq/a] 
1st year 

C-14 released 
fraction per 
year [%]                 
2nd year 

C-14 released 
fraction per year 
[%]                  
1st year 

Corrosion 
rate [nm/a] 
2nd year 

Corrosion 
rate [nm/a] 
1st year 

Loviisa 1 12.00 ± 6.39 17.16 ± 41.0 0.008 ± 0.022 0.023 ± 0.055 38 ± 5.0 55 ± 14 

Loviisa 2 8.67 ± 1.65 15.99 ± 3.0 0.008 ± 0.024 0.021 ± 0.013 28 ± 6.0 51 ± 3.1 

OLD simulant 1 6.45 ± 1.10 8.00 ± 6.2 0.016 ± 0.020 0.011 ± 0.010 21 ± 5.5 26 ± 2.5 

OLD simulant 2 6.39 ± 1.07 7.91 ± 5.7 0.011 ± 0.024 0.010 ± 0.010 21 ± 5.9 25 ± 2.4 

NEW simulant 1 - 11.86 ± 1.19 - 0.015 ± 0.032 - 38 ± 7.8 

NEW simulant 2 - 10.65 ± 1.17 - 0.014 ± 0.032 - 34 ± 7.8 

  
 
Detected release of C-14 in the Loviisa ground water seemed to have decreased after the second year of 
the leaching experiments. Simulant result are at the same level as previous year’s results. Due to the low 
concentration fluctuation and uncertainties are significant. 
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Very low corrosion rates (0.4 – 117 nm/a) have been reported in alkaline conditions (NaOH/Ca(OH)2, pH 
~12.5) in EU-CAST-project. Table 2 shows that corrosion rate results obtained in this project are within 
the range reported in the EU-CAST-project. [5] Also in the KYT-TERKOR project the detected corrosion 
rates for stainless steels (304 and 316L) were very low. Especially, corrosion rate of 316 was very low. 
304 stainless steel showed transient higher corrosion rates, which indicated local pitting corrosion. [6] 
 

2.3.3 C-14 speciation methods 

Unfortunately, the Ion chromatography (IC) equipment was installed to VTT’s CNS laboratory at the end 
of November 2021. Therefore, the familiarization to the equipment and carbon speciation method 
development can be started after internal IC training during the spring 2022. In addition to IC speciation 
method also other Dissolved in organic (DIC), Dissolved organic carbon (DOC) and Total dissolved carbon 
(TDC) analysis methods will be studied. For example, Stefánsson et al. [7] described method using ICP-
AES for DIC and TDC analysis, the suitability of CNS’s ICP-OES equipment will be also studied. Since, 
the experiments contain very low activities also commercial analysis services may be used for the analysis 
of DIC, DOC and TDC in the solution phase. Also, simple acidification method for analysing DIC will be 
compared to other methods. The main emphasis during the last project year 2022 will be to study and 
develop the solution phase speciation analysis methods. 
 

3. Gas phase experiments 

3.1 Experimental setup 

Six gas phase experiments were started on 14th December 2020. Three experiments were started in 80 
mL of simulant groundwater (S1G, S2G, S3G) and other three in 80 mL of groundwater from Loviisa (L1G, 
L2G, L3G). pH of both leaching solutions was measured before starting the experiments. Stainless steel 
pieces were weighted, rinsed with ethanol (AA) and dried in Ar glove box atmosphere prior starting the 
experiments. Table 3 presents the details of irradiated stainless-steel pieces used in the gas phase 
experiments. 
 

Table 3. Irradiated stainless steel pieces and their properties selected for gas phase experiments. 

Steel 
sample 

Experiment Dimensions [cm] 

thickness x width x height 

Volume 
[cm3] 

Mass [g] Calculated density 
[g/cm3] 

TH_6 L1G 0.026 x 1 x 1 0.026 0.1449 5.573 

TH_7 L2G 0.026 x 1 x 1 0.026 0.1398 5.377 

TH_11 L3G 0.026 x 1 x 1 0.026 0.1430 5.500 

TH_9 S1G 0.026 x 1 x 1 0.026 0.1419 5.458 

TH_8 S2G 0.026 x 1 x 1 0.026 0.1408 5.573 

TH_10 S3G 0.026 x 1 x 1 0.026 0.1505 5.789 
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Since C-14 activity concentrations have been quite low in the solution phase experiments, the liquid 
volume of gas phase experiments was decided to be smaller. 80 mL of Loviisa groundwater or simulant 
groundwater was added to each experiment. With this amount, sufficient gas volume (90 mL) was left in 
the experiment bottle for gas phase sampling and further analysis. Figure 7 shows the gas phase 
experiments in the anaerobic glove box.  
 

 

Figure 7. Gas phase experiments in the anaerobic glove box. 

 

3.2 Sampling and analysis 

The first gas phase sampling of the gas phase experiments was done on 18th January 2022, 400 days 
after the beginning of the experiments. Sampling was done with 2.5 mL gas tight SampleLock™ syringes 
(with needle point style 2) by Hamilton (Figure 8) in the anaerobic glove box.  
 

 

Figure 8. Gas tight SampleLock™ syringes (with needle point style 2) by Hamilton used for gas phase 
sampling in the anaerobic glove box. 

Needle was injected through experiment bottle septum (width 19 mm), and the whole syringe was filled 
with sample gas. Figure 9 shows the gas phase sampling in anaerobic glove box. 
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Figure 9. Gas phase sampling in anaerobic glove box with Gas tight SampleLock™ syringe. 

For the transport to GC, the syringes were packed in two (syringes 1 - 3 to other and syringes 4 - 6 to other 
bottle) 1000 mL wide neck glass bottles and PTFE tape was placed between bottle thread and the cap 
(Figure 10). Packing for transport was done in anaerobic glove box.  
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Figure 10. Transport vessel of gas phase samples. Packing was done in anaerobic glove box; thus, vessel 
was filled with Argon gas during the transport to analysis. 

 
After taking samples out from the glove box, samples were transported straight away for analysis. Prior 
analysis syringes were in normal atmosphere without transport vessel about 2 – 30 min. Table 4 shows 
the syringes and corresponding gas phase experiment.  
 

Table 4. Syringe numbering and corresponding gas phase experiment. 

Syringe Experiment Solution 
Solution volume 
[mL] 

Gas phase 
volume [mL] 

Syringe 1 S1G Ground water simulant 80 90 

Syringe 2 S2G Ground water simulant 80 90 

Syringe 3 S3G Ground water simulant 80 90 

Syringe 4 L1G Loviisa ground water 80 90 

Syringe 5 L2G Loviisa ground water 80 90 

Syringe 6 L3G Loviisa ground water 80 90 
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Prior each analysis, part of the sample gas (~1.5 mL) was pressed through the needle from the syringe in 
order to rinse the needle and remove possible atmospheric interferences. Gas analysis was performed 
with an Agilent 6890N gas chromatograph (GC) equipped with VICI Valco Pulsed Discharge Helium 
Ionization Detector (PDHID) and an analytical column CP-Sil 5 CB (50m x 0.32 ID x 5 um film). PDHID is 
regarded as a universal detector sensitive to all other gaseous compounds than He and Ne. Sample was 
delivered to the GC system with a gas syringe. One millilitre gas volume was introduced to the GC inlet 
from the sample gas syringe. GC system was calibrated with external calibration gases to determine CO2 
and CH4 concentration. Figure 11 shows the GC equipment used for gas phase analysis. 
 

 

Figure 11. Agilent 6890N gas chromatograph (GC) equipped with VICI Valco Pulsed Discharge Helium 
Ionization Detector (PDHID) and an analytical column CP-Sil 5 CB (50 m x 0.32 ID x 5 µm film). 

3.3 Results 

Table 5 below presents calibrated analysis results for CO2 and CH4 having three repetitions for each 
sample. 
 

Table 5. Results of gas phase analysis with GC. 

Sample 
CO2 
[mol-ppm] 

CO2 
[µg/L] 

CH4 
[mol-ppm] 

CH4 
[µg/L] 

Total released 
CO2 [µg] 

Total released 
CH4 [µg] 

Syringe 1 2 3.9 4301 2857 0.351 257 

Syringe 2 2 3.8 5745 3816 0.342 343 

Syringe 3 2 4.5 4781 3176 0.405 286 

Syringe 4 292 532 5086 3378 47.9 304 

Syringe 5 269 490 4175 2773 44.1 250 

Syringe 6 393 716 4613 3064 64.4 276 
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Figure 12 presents chromatograms for syringe 4 to 6 sample gases, where first peak corresponds to Argon 
and following two for CO2 and CH4 respectively. As Argon was balance gas in the sample with over 99 vol-
% concentration, the response peak in Figure 12 was saturated, resulting in seemingly two separate peaks. 
Variation in the CO2 and CH4 response might result from manual sample introduction from gas syringe to 
the GC system. 
 

 

Figure 12. Syringe 4-6 (Loviisa ground water) chromatograms with three repetition measurements. 

All 6 sample injections show similar concentration for CH4, whereas much less CO2 was found from 
Syringes 1-3 gas samples. Figure 13 presents GC chromatograms with the same scale as with Figure 12 
(Syringes 4-6). Figure 14 gives closer view on the chromatogram for CO2 peak. Figure 14 also reveals 
possible additional heavier gaseous hydrocarbon peak (possibly C2H6). This hydrocarbon peak was 
present in all sample injections. Air contamination was not observed as none of the samples had 
chromatogram peaks for H2, N2 nor O2. 

 

Figure 13. Syringe 1-3 (simulant ground water) chromatograms with three repetition measurements. 

Ar 

CO2 

CH4 

Ar 

CO2 

CH4 
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Figure 14. Syringe 1-3 (simulant ground water) chromatograms with three repetition measurements. 

 

Table 6. Estimated organic and inorganic total carbon fractions based on measured CH4 and CO2 
concentrations in the gas phase samples. 

Experiment Organic fraction (CH4) [%] Inorganic fraction (CO2) [%] 

S1G 99.86 0.14 

S2G 99.90 0.10 

S3G 99.86 0.14 

L1G 86.40 13.60 

L2G 84.98 15.02 

L3G 81.06 18.94 

 
 
These gas phase analyses were done to total carbon in the gas phase and the actual separation of the C-
14 species was not done, due to the low concentrations expected in the gas phase samples. De Visser-
Týnová et al. [8,9] reported similar gas phase results with both irradiated and unirradiated steel in 0.1 M 
NaOH solution: predominant species where hydrocarbons (principally CH4) with 14CO as smaller fraction 
and even smaller fraction of 14CO2. Possibility to also analyse CO in the gas phase and the possibility 
separate different C-14 gas species will be considered and studied before next gas phase sampling and 
GC analysis. 

4. Plan for the last project year 2022 

 
In 2022, the main goal is to develop the analysis method for analysing the total inorganic carbon and 
organic carbon in the leaching solutions. In addition, the sampling of liquid phase experiments is planned 
to be carried out 2 last times during 2022. After the sampling, Chelex® 100 resin separations and analysis 
with LSC will be continued. ICP-OES measurement of the sample solutions will be done alongside with 
the LSC measurement. Sampling and analysis of the gas phase experiments was started in 2021 and will 
be continued during 2022. The analytical method for analysing C-14 species in the gas phase will also be 
studied during 2022, however the concentrations in the gas phase probably are not sufficient for C-14 
analysis directly. 
 
 
 

Ar 

CO2 

CH4 

C2H6 ? 
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Summary 

Carbon-14 is a typical activated product in metallic wastes and is mainly generated by the 14N(n,p)14C 
reaction. The corrosion phenomenon is a source of C-14 radionuclide into the groundwater. Carbon will 
be released from the metallic waste either as inorganic or organic form. The form defines the potential 
transport pathways that must be considered when assessing the migration of C-14 from the engineered 
system of a geological repository. The objective of this study is to investigate the release and speciation 
of C-14, especially the proportion of organic C-14 vs. inorganic C-14. The corrosion rate was expected to 
be very low under anaerobic conditions. 

In KYT-DEMONI project new experiments with less active, pressure vessel material was started in 2019. 
This report presents shortly the experimental setup of leaching experiments with irradiated stainless-steel 
samples in simulant groundwater and groundwater from Loviisa. Results gained so far are presented in 
this report.  

C-14 may be also released as gas (CO2, CH4, etc.) from the irradiated steel. Therefore, also studying the 
release of C-14 to gas phase and especially the speciation of C-14 in gas phase are key factors to evaluate 
the potential migration of C-14 to geo and biosphere. Therefore, six gas phase experiments with irradiated 
stainless-steel samples in simulant groundwater and groundwater from Loviisa was started at the end of 
year 2020. The first gas phase sampling and gas chromatography analysis and results are presented in 
this report.  

Results of the second year’s samplings from the solution phase experiments show very low corrosion rate 
about 33 nm/a in Loviisa groundwater and about 21 nm/a in OLD groundwater simulant. First year’s 
corrosion rate in the NEW simulant was about 36 nm/a. However, the measured activity concentrations in 
the solution phase sample are still low and close to the background and therefore uncertainties of the 
release rates are high. Total carbon gas phase GC analysis results showed that predominant species was 
CH4, with minor fraction of CO2.  
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