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CAST ɀ Project Overview 

The CAST project (CArbon-14 Source Term) aims to develop understanding of the 

potential release mechanisms of carbon-14 from radioactive waste materials under 

conditions relevant to waste packaging and disposal to underground geological disposal 

facilities. The project focuses on the release of carbon-14 as dissolved and gaseous species 

from irradiated metals (steels, Zircaloys), irradiated graphite and from ion-exchange 

materials as dissolved and gaseous species. 

The CAST consortium brings together 33 partners with a range of skills and competencies 

in the management of radioactive wastes containing carbon-14, geological disposal 

research, safety case development and experimental work on gas generation. The 

consortium consists of national waste management organisations, research institutes, 

universities and commercial organisations.  

The objectives of the CAST project are to gain new scientific understanding of the rate of 

release of carbon-14 from the corrosion of irradiated steels and Zircaloys and from the 

leaching of ion-exchange resins and irradiated graphites under geological disposal 

conditions, its speciation and how these relate to carbon-14 inventory and aqueous 

conditions. These results will be evaluated in the context of national safety assessments and 

disseminated to interested stakeholders. The new understanding should be of relevance to 

national safety assessment stakeholders and will also provide an opportunity for training for 

early career researchers. 

For more information, please visit the CAST website at: 

http://www.projectcast.eu 

 

 

http://www.projectcast.eu/




CAST 

Report on 14C release speciation from carbon steel under alkaline reducing conditions      

(D2.7) 

 

i 

CAST 

Work Package: 2 CAST Document no. : Document type: 

Task: 2.3 CAST-2017-D2.7 R 

Issued by: SCKÅCEN  Document status: 

Internal no. : SCKÅCEN/RDW/2017/Pub-12 Final 

 

Document title 

Report on 14C release speciation from carbon steel under alkaline reducing conditions 
 

%ØÅÃÕÔÉÖÅ 3ÕÍÍÁÒÙ 

The aim of the work at SCKÅCEN in the framework of Work Package 2 of the CAST 

project was to investigate the release of 14C from carbon steels representative for the reactor 

pressure vessel (RPV) steel of Belgian nuclear power plants and the 14C speciation in a 

cementitious environment, which is relevant for the Belgian geological disposal concept, 

which involves placing the RPV steel in a concrete monolith. To achieve this, we designed 

static and accelerated corrosion tests, and we obtained irradiated reference material 

representative for the RPV steel at end-of-life in the Belgian power plants. The static tests 

consisted of exposing the sample to a representative environment (anaerobic, high pH) for 

several months without imposing a potential, while in the shorter accelerated tests an 

electrochemical setup was used to fix the potential of the sample at a more anodic value 

than the corrosion potential (in order to accelerate the corrosion). In order to determine the 

speciation of carbonaceous compounds, we used gas chromatography. In addition, we 

applied liquid scintillation counting to measure the total activity of 14C, total (in)organic 

analysis, and ion chromatography.  

The unirradiated sample was a Charpy-V specimen which was cut into smaller pieces. The 

nitrogen content in the unirradiated material was measured to be approximately 19 µg/g, 

which is at the lower end of the 20-30 µg/g range mentioned in the literature. Calculations 

showed that this would lead, after irradiation, to a 14C activity of 175 Bq/g in the JRQ steel.  

Metallographic analysis was performed on both unirradiated and irradiated material in order 

to investigate the influence of irradiation on the metallic structure. The grain structure is that 
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of a ferritic-bainitic steel, which is the expected grain structure for a RPV steel. The main 

defects present in both the unirradiated and irradiated material are line dislocations, with the 

dislocation density diminishing by irradiation. Another effect of irradiation is the formation 

of a small amount of dislocation loops. Two types of carbides were found in both materials: 

Fe3C and Mo2C. The concentration of Fe3C is increased by irradiation.  

Measurements of the 60Co release of JRQ carbon steel in pure portlandite water showed that 

the corrosion rate seems to obey a parabolic law, as reported in literature. The obtained 

corrosion rates however are very low, below 10 nm/year. This can be explained by 

experimental artefacts such as precipitation in the portlandite solution.  

To obtain information on the behaviour of JRQ carbon steel in simulated geological disposal 

conditions, long-running leaching corrosion tests were performed. Accelerated (polarised) 

corrosion tests were performed to obtain some indication of the corrosion mechanism and 

the formation of lower carbon molecules in a shorter reaction time. The electrolyte used was 

a saturated portlandite Ca(OH)2 aqueous solution of pH 12.5, representative of the 

geological disposal conditions. In addition, for a second batch of accelerated tests, 0.5 M of 

CaCl2 was added to the portlandite solution, stimulating pitting corrosion in order to obtain 

a higher yield of corrosion products.  

The accelerated tests were performed in glass test cells equipped with a standard three-

electrode setup, using a house-made Ag/AgCl electrode as reference electrode, a platinum 

mesh as counter electrode, and an embedded and polished JRQ carbon steel sample as 

working electrode. Gas chromatography after the tests in saturated portlandite water showed 

no carbon-containing corrosion products. Tests in a portlandite solution with added CaCl2 

revealed a hydrogen peak due to pitting corrosion but no carbon-based molecules were 

formed. 

The static (leaching) tests were performed in PEEK-lined steel vials with an internal volume 

of 50 cm³ filled with 35 cm³ of electrolyte under a nitrogen atmosphere. After closing the 

cell gastight with a lid, the whole setup was left behind a lead wall for 231 days. Gas 

chromatography revealed that during the static tests, hydrogen, methane, ethene, and ethane 
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were produced. Assuming that all carbon released from the metal is transformed into 

gaseous carbon compounds, this yields a corrosion rate of 68 to 117 nm/year.  
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1 )ÎÔÒÏÄÕÃÔÉÏÎ 

In the safety assessment of the geological disposal of high level nuclear waste, 14C is a 

critical radionuclide because of its long half-life (5730 years) and its high mobility in the 

geosphere and biosphere. It is possible for 14C to be released as the result of corrosion or 

waste degradation processes. The speciation of 14C will depend on the speciation of its 

precursor (it is generally assumed that the main precursor of 14C in irradiated ferrous 

materials is 14N, but there are 14C production pathways with 13C and 17O as precursors) and 

the chemical conditions in the repository. The question also arises whether the chemical 

bond of the precursor is maintained during irradiation.  

The international project CAST (Carbon-14 Source Term), which is partially funded 

through the Euratom Seventh Framework Programme, aims at understanding the generation 

and release of 14C containing species in conditions relevant for waste packaging and 

geological disposal. The project is focusing on 14C releases from irradiated metals (steels 

and zirconium alloys), irradiated graphite, and spent ion-exchange resins, as dissolved and 

gaseous species. The results of these studies will be transferred to the national programmes 

where they will be used for further development of the national safety cases. Within the 

CAST project, Work Package 2 focuses on irradiated steels ï both stainless steels 

representative for reactor internals and carbon steels representative for the reactor pressure 

vessel material. 

The aim of the work at SCKÅCEN in the framework of Work Package 2 of the CAST 

project was to investigate the release of 14C from carbon steels representative for the reactor 

pressure vessel (RPV) steel of Belgian nuclear power plants and the 14C speciation in a 

cementitious environment, which is relevant for the Belgian geological dispoal concept, 

which involves placing the RPV steel in a concrete monolith. To achieve this, we designed 

static and accelerated corrosion tests, and we obtained irradiated reference material 

representative for the RPV steel at end-of-life in the Belgian power plants. The static tests 

consisted of exposing the sample to a representative environment (anaerobic, high pH) for 

several months without imposing a potential, while in the shorter accelerated tests an 
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electrochemical setup was used to fix the potential of the sample at a more anodic value 

than the corrosion potential (in order to accelerate the corrosion). It is well known that in 

highly alkaline environments carbon steel develops a thin, coherent passive film leading to 

very low corrosion rates, in the order of 0.1 µm/year [DIOMIDIS, 2014; FUJISAWA, 1997; 

FUJIWARA, 2002; GRAUER, 1991a; GRAUER, 1991b; HONDA, 2009; KREIS, 1993; 

KANEKO, 2004; KURSTEN, 2014; MIHARA, 2002; NAISH, 1990; NAISH, 1993; 

NAISH, 2001; NEWMAN, 2010; NEWMAN, 2015; NISHIMURA, 2003; RWMC, 1998; 

SMART, 2002; SMART, 2009]. Therefore, we expect a very low release of carbon species 

through corrosion of the carbon steel. 

This report gives an overview of the entire experimental programme carried out at 

SCKÅCEN in the framework of WP2 of the CAST project. It contains information on the 

samples (both unirradiated and irradiated), the properties of the samples, the results from 

corrosion tests, and the results from speciation studies. 
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2 %ØÐÅÒÉÍÅÎÔÁÌ 

2.1 -ÁÔÅÒÉÁÌÓ 

The material of choice for this study was JRQ steel, which is an internationally accepted 

reference material representative for RPV steels. Its manufacturing process and general 

properties are described elsewhere [IAEA, 2001]. JRQ is the IAEA designation for the 

ASTM A533 grade B class 1 steel. 

2.1.1 $ÅÓÃÒÉÐÔÉÏÎ ÏÆ ÔÈÅ ÕÎÉÒÒÁÄÉÁÔÅÄ ÓÁÍÐÌÅÓ 

The unirradiated sample we received was a Charpy-V specimen. It was cut as shown in 

Figure 1 and prepared for accelerated testing in an electrochemical setup (for information on 

the manufacturing of the electrodes, see Section 2.3.2). The nominal composition for JRQ 

steel is given in Table 1.  

 

 

Figure 1.  General view of the cut JRQ Charpy-V sample. 

 

Table 1. Nominal composition of JRQ C-steel (ASTM A533). 

Element C Si Mn P S Cr  Mo Ni 

wt.% 0.10-0.17 0.60-0.90 0.50-0.80 0.025 0.035 0.50-0.75 0.15-0.25 <0.25 
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2.1.2 )ÒÒÁÄÉÁÔÅÄ ÓÁÍÐÌÅÓ 

The irradiated material was representative for end-of-life conditions in nuclear power plants 

and as such offered the advantage of providing realistic input data on 14C release into the 

national safety cases (WP6). The samples we received were irradiated in 1993 in the BR2 

reactor at SCKÅCEN in the Vestale irradiation loop (290 ± 15 °C ; 150 bar). There were 

different samples for the static and the accelerated tests. The sample for the static tests was 

rectangular with original dimensions 1 x 10 x 26 mm and had the code 16-6-18/1R. This 

was cut into three subsamples with the dimensions and contact dose rates given in Table 2. 

The sample for accelerated tests originally was a ½ Charpy-V specimen from which the 

fissured edge had been cut away. The dimensions of the sample were 10 x 26.1 x 4.5 mm 

(Figure 2) and its dose rate was 3.6 mSv/h in contact. The sample was manually cut with a 

metallic handsaw to dimensions fit for the manufacturing of an electrode (the inner cross 

section of the electrode holder was approximately 25 mm). The final dimensions of the 

sample for accelerated testing were 10 x 6 x 4.5 mm (Figure 3) and the sample had the code 

JRQ 16-6-18/AT1. It had a contact dose rate of 920 µSv/h. 

Table 2. Dimensions and contact dose rates for the subsamples used for static tests. 

Sample identification Dimensions (mm) Contact dose (µSv/h) 

16-6-18/1RA 8.06 x 10 x 1 350 

16-6-18/1RB 8.11 x 10 x 1 360 

16-6-18/1RC 8.10 x 10 x 1 350 
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Figure 2.  Sample 16-6-18/1RA (for static testing). 

 

 

Figure 3.  Sample JRQ 16-6-18/AT1 for accelerated testing. 

2.2 .ÉÔÒÏÇÅÎ ÃÏÎÔÅÎÔ ÁÎÁÌÙÓÉÓ  

The nitrogen content of the unirradiated samples was measured by using an inert gas fusion 

method with a LECO TC436 model analyser. The sample was cut into a small cube of ~0.5 

g and stored in acetone until the analysis. Before the sample analysis, at least 3 nitrogen 

blanks were measured and the average was subtracted from the result. The instrument was 

calibrated using two certified reference materials of different nitrogen concentrations: 

AR668 with a nitrogen concentration of 29 µg/g (Alpha Resources) and AR660 with a 

nitrogen concentration of 61 µg/g (Alpha Resources). With these references, the lowest 
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point, the linearity of the calibration and the calibration factor to apply were checked. The 

reported lower limit of detection of the method is approximately 1 µg/g for N. 

For the analysis, the sample was placed inside a graphite crucible and held between the 

upper and lower electrodes of an impulse furnace. A high current passed through the 

crucible, increasing the inner temperature (> 2500 °C), and leading eventually to the melting 

of the sample. Gaseous compounds generated in the furnace were released into a flowing 

inert gas stream (argon or helium). The gas stream was sent to the appropriate infrared 

detector: a thermal conductivity detector for the analysis of nitrogen. At least three replicate 

measurements were realised.  

2.3 g-ray spectrometry  

For g-ray spectrometry, two HPGe detectors were used, one from Canberra and one from 

Ortec. The HPGe-detectors were energy- and efficiency-calibrated over an energy range of 

60 to 2000 keV using a g-ray reference solution with a mixture of 10 different 

radionuclides.  The ORT1 detector was calibrated using a 9ML01ELMA60 (2014) standard 

solution from LEA (Laboratoire Etalons d'Activité).  The CAN2 detector was calibrated 

using a 12ML01ELMA60 standard source from LEA.  

2.4 -ÅÔÁÌÌÏÇÒÁÐÈÉÃ ÁÎÁÌÙÓÉÓ 

2.4.1 3ÁÍÐÌÅ ÐÒÅÐÁÒÁÔÉÏÎ 

Microstructure analysis was performed on unirradiated sample JRQ 12-4A-X17 and 

irradiated sample JRQ 16-6-18/2RA representative for the leaching tests.  

The activity of the irradiated sample was relatively low and its preparation was performed in 

a fume hood. 

A rectangular slice of about 0.6 mm thick was cut from the sample with a Struers Accutom 

50 instrument. This slice was mechanically polished on SiC paper with grit sizes 500, 1200, 

and 4000. When the thickness of the slice was reduced to below 0.3 mm, five discs of 3 mm 

in diameter were punched out. These discs were polished again on SiC paper until the 
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thickness was reduced to 0.1 mm. The final step in the sample preparation was 

electrochemical double jet polishing with a Struers Tenupol-3 instrument. The electrolyte 

used consisted of 5% perchloric acid and 95% methanol. The polishing solution was cooled 

to -50 °C and a voltage of 40 V was applied. Two samples were polished until perforation 

and one sample was only polished for 10 s. The other two discs were held in reserve. 

The first two samples were used for the TEM investigation in a JEOL 3010 microscope 

operating at 300 kV. Bright field, dark field, and selected area electron diffraction were used 

to determine the defect structure and precipitates. Energy dispersive X-ray spectroscopy 

(EDS) was applied for the qualitative determination of the composition of the precipitates. It 

should be noted that during the EDS measurement a small amount of carbon was deposited 

on the surface of the sample. Moreover, when analysing small precipitates, it could not be 

avoided that part of the signal was generated in the steel adjacent to or on top or below the 

precipitate. Therefore, it was not possible to obtain a quantitative composition of the 

observed precipitates and carbides, but qualitative statements were possible.  

The third sample was used during the SEM investigation in order to determine the grain 

size. Even though polishing conditions may not have been optimal to reveal the grain 

structure, it was possible to observe the grain structure under the electron beam of the SEM. 

The best results were obtained in the back-scattered electron (BSE) images, where the 

contrast was mainly induced by the atomic weight. Light elements scattered fewer electrons 

than heavy elements and therefore were darker in the BSE images. 

2.4.2 'ÒÁÉÎ ÓÉÚÅ ÄÅÔÅÒÍÉÎÁÔÉÏÎ 

The grain size of each material was determined from the BSE images of the samples after 

electrochemical polishing for 10 s.  The grain size was determined in accordance with the 

ASTM standard E112-95, which defines the grain size number (G) as: 

ὔ ς                                                                                                                                (1) 

Where N is the number of grains per square inch at a magnification of 100× which equals 

the number of grains per mm² at a magnification of 1× divided by 15.50. This number is 
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obtained by placing a circle of known diameter on the BSE images and by counting the 

number of grains within the circle. The grains that intersect the circle count for half a grain.  

Because the SEM images were calibrated the actual diameter of the circle could be 

determined and the average size of the grains could be calculated. This value was used to 

calculate the number of grains per mm² and the grain size number. 

2.5 #ÏÒÒÏÓÉÏÎ ÅØÐÅÒÉÍÅÎÔÓ 

Two types of corrosion tests have been performed: (i) static corrosion tests (leaching tests) 

to allow for a realistic corrosion behaviour and associated 14C release and speciation, and 

(ii) accelerated corrosion tests (polarised tests) with an applied potential, which mainly 

served for preliminary speciation determination. These corrosion tests were performed 

under anaerobic and highly alkaline conditions representative for geological disposal. 

2.5.1 #ÈÏÉÃÅ ÏÆ ÔÈÅ ÅÌÅÃÔÒÏÌÙÔÅ 

During the WP2 and WP3 technical meeting in Switzerland (27-28 May 2015), a solution of 

NaOH at pH 12 at room temperature was recommended for the leaching tests. However, all 

participants were allowed to use their own electrolyte. SCKÅCEN decided to use a saturated 

portlandite Ca(OH)2 solution for its experiments (pH 12.5). The main reason is that 

portlandite is more representative for the Belgian waste repository design. The artificial pore 

water was prepared in a glove box under anaerobic conditions and degassed with nitrogen to 

reduce the risk of dissolving environmental 14CO2, which would lead to an artefact. The risk 

of calcite (CaCO3) precipitation cannot be excluded, as shown in our calculations (see 

Appendix 1). A mere 18.6 µg/L of CO3
2- is enough to provoke CaCO3 precipitation. 

A second type of electrolyte was used exclusively for the accelerated (polarised) corrosion 

tests in addition to the pure portlandite pore water. This electrolyte was the same as 

described above, but with the addition of 0.5 M of CaCl2 (1 M of chloride) in order to 

increase the corrosion rate by inducing pitting corrosion. By using this electrolyte, we hoped 

to increase the production of carbon species and make their detection easier. 



CAST 

Report on 14C release speciation from carbon steel under alkaline reducing conditions      

(D2.7) 

 

9 

2.5.2 $ÅÓÃÒÉÐÔÉÏÎ ÏÆ ÃÏÒÒÏÓÉÏÎ ÓÅÔÕÐÓ ÁÎÄ ÓÁÍÐÌÉÎÇ 

2.5.2.1 Static corrosion tests 

Static tests, or leaching tests, were carried out with irradiated samples, in order to have a 

realistic view on the 14C release rate and 14C speciation. 

Figure 4 shows the schematic of the experimental setup. The JRQ carbon steel sample was 

placed in contact with saturated portlandite pore water (pH ~12.5) inside a steel vial 

equipped with a PEEK insert. Figure 5 shows photographs of the steel vials before and after 

assembly. The internal volume of the steel vials was 50 cm³. The vials were each filled with 

35 mL of saturated portlandite (Ca(OH)2) pore water before adding the JRQ carbon steel 

sample. Afterwards, the lid was screwed to the vial to make it airtight. All these 

manipulations were performed in a glove bag in a nitrogen atmosphere to ensure that the 

leaching test took place under anaerobic conditions. The glove bag is shown in Figure 6. 

 

Figure 4. Schematic of the static corrosion test experimental setup. 
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Figure 5.  Picture of the static test setups (A) before assembly and (B) after assembly. 

 

 

Figure 6. View of the glove bag placed in a fume hood. 

After the leaching tests, which lasted for approximately 7.5 months (231 days), gas and 

liquid samples were taken and analysed for carbon species. The gas sampling was 

performed with a 500 µL gas tight syringe with a 5 cm long needle (Figure 7). After 

sampling 500 µL of gaseous phase from the test cell, the needle was stuck into a septum and 

the syringe was placed in a small solid transport box, in order to avoid displacement of the 
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syringeôs piston. The syringe was then transferred to a gas chromatograph for analysis (for a 

description of the gas chromatograph, see Section 2.6.1). After taking the gas samples, the 

lid of the test cell was removed and liquid samples were taken for further analyses (liquid 

scintillation counting, ion chromatography, TIC/TOC). 

 

Figure 7.  Gas tight syringe with removable needle. 

2.5.2.2 Accelerated corrosion tests 

Accelerated corrosion tests were performed with both unirradiated and irradiated samples. 

The tests consisted of two parts. In a first phase, polarisation curves were recorded in order 

to examine the E-i behaviour of the samples in the investigated environment. Then, in a 

second phase, a pre-determined potential (derived from the polarisation curve) that would 

result in accelerated, active corrosion, was imposed on the sample.  

Manufacturing of the electrodes 

The working electrode was manufactured by gluing a steel wire, serving as an electrical 

connection, to the back of the cut JRQ C-steel sample. The glue used was a conductive 

silver epoxy (type CW2400, Circuitworks). The specimens were embedded in an epoxy 

resin and mechanically wet-ground, with successively finer SiC papers, down to 500 grit, 

and then cleaned with double distilled water and finally left to dry in an argon atmosphere. 

Figure 8 shows the different steps in the preparation of the electrode. 



CAST 

Report on 14C release speciation from carbon steel under alkaline reducing conditions      

(D2.7) 

 

12 

 

Figure 8.  Preparation of the irradiated JRQ C-steel sample (16-6-18/AT1) for the 

accelerated corrosion test after (A) the gluing step, (B) the embedding step, and (C) the 

polishing step. 

Electrochemical cells 

The test cell consisted of a glass vial with an internal volume of approximately 1450 mL 

and containing three electrodes attached to the lid: (1) the working electrode (carbon steel 

sample), (2) the platinum counter electrode, and (3) the in-house made Ag/AgCl reference 

electrode. These electrodes constitute a traditional three-electrode setup described in the 

general literature on electrochemistry [TAIT, 1994]. Figure 9 shows a schematic 

representation of the test setup and Figure 10 shows a photograph of the test cell equipped 

with the three electrodes.  

The gas tightness of the cell was determined by using rubber sealing between the cell lid 

and cell body and filling the cell with helium. The pressure in the glass cell was set to 1.1 

bar. During the tightness test, which lasted for two months, the cell pressure and ambient 

pressure and temperature were monitored (experimental setup in Figure 11). The results are 

shown in Figure 12. After two months, the pressure inside the cell had decreased from 1.10 

to 1.07 bar, which is negligible, given the short actual duration (a few hours up to a week) of 

the accelerated tests. The sharp intermediate drop in pressure indicates the moment at which 

the sensors were replaced.  
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Figure 9.  Schematic of the electrochemical cell for accelerated testing. 

 

Figure 10.  View of the electrochemical cell for accelerated testing. 
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Figure 11.  Setup for gas tightness testing of the electrochemical cell. 

 

Figure 12.  Results from gas tightness testing. 
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2.6 $ÅÔÅÒÍÉÎÁÔÉÏÎ ÏÆ ÔÈÅ ÃÁÒÂÏÎ ÓÐÅÃÉÁÔÉÏÎ 

2.6.1 'ÁÓ ÃÈÒÏÍÁÔÏÇÒÁÐÈÙ 

For the determination of the 14C speciation, a gas chromatography system type Shimadzu 

GC-2010 Plus, tailor-made to our needs, was used (Figure 13). The gas sample can be 

injected manually (1 on Figure 13) or automatically (2 on Figure 13). In general, the main 

components of a GC system are an injector, a column and a detector (Figure 14), while the 

injected sample is transported through the system by a carrier gas. 

 

 

Figure 13. General view of the gas chromatograph. 
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Figure 14.  General scheme of a gas chromatograph. 

The carrier gas used in our system is pure Argon (N7.5, Air Products). To remove any 

residual impurities (H2O, H2, O2, N2, NO, NH3, CO, CO2, and CH4), this gas passes through 

two gas purifiers (VICI Valco Instruments Co. Inc.) before entering the GC column. 

The injector used is a split/splitless injector (Figure 15). The gas sample is introduced into 

the quartz liner of the injector with a syringe and through a septum. At the same time, the 

carrier gas flows through the column, out of the septum purge and out of the split when the 

split mode is used. In these conditions, only a fraction of the sample is injected into the 

column, depending on the split ratio (the split ratio is the ratio between the column flow and 

the total flow). In contrast, in splitless mode, the entirety of the sample reaches the column. 
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Figure 15.  General scheme of a split/splitless GC injector. 

Two columns are currently available at SCKÅCEN: a ShinCarbon ST composed of a high 

surface area carbon molecular sieve (Figure 16) and a SH-RTX-1, which is a non-polar 

column composed of dimethyl polysiloxane. The first column has been developed for 

separating permanent gases, such as N2, O2, CO or CO2, and mixtures of permanent gases 

and low hydrocarbons rapidly, without cryogenic cooling. It is a micropacked column with 

dimensions of 2 m length x 1.27 mm outer diameter x 1 mm inner diameter. The second 

column is a more universal one. It is a capillary column with dimensions of 30 m length x 

0.53 mm inner diameter. The results presented in this report were obtained with the 

ShinCarbon ST column.  
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Figure 16.  Picture of the ShinCarbon ST column in the furnace of the GC. 

Detectors include a Flame Ionisation Detector (FID), a Barrier Discharge Ionisation 

Detector (BID), and a Pulsed Discharge Helium Ionisation Detector (PDHID). The 

operation of the FID is based on the detection of ions formed during combustion of organic 

compounds in a hydrogen flame. The generation of these ions is proportional to the 

concentration of organic species in the sample gas stream. The response of a FID is semi-

universal: all hydrocarbons can be detected. The FID has a detection limit of approximately 

1 µg/L. In a BID detector, a plasma is generated by applying a high voltage to a quartz 

dielectric chamber, in the presence of helium. Compounds that elute from the GC column 

are ionised by this He plasma, then captured with collection electrodes and described as 

peaks. The limit of detection of the BID is approximately 500 ng/L. The most sensitive 

sensor available is the PDHID, which is shown schematically in Figure 17. The PDHID uses 

a stable, low powered, pulsed DC discharge in helium as an ionisation source. Compounds 

coming from the GC are ionised by high-energy photons from the helium discharge. These 

photons have enough energy (13.5 ï 17.5 eV) to ionise all elements and compounds, with 

the exception of neon. The electrons resulting from this ionisation are focused towards the 

collector electrode by the bias electrodes. Changes in the measured current constitute the 
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detector response. The helium must be 99.9995 % pure, otherwise impurities quench the 

ionisation of the helium atoms. The limit of detection of the PDHID is 50 ng/L. 

 

Figure 17. Scheme of a Pulse Discharge Helium Ionisation Detector (PDHID). 

2.6.1.1 Identification of peaks 

The calibration of the GC consisted of two parts: (i) determination of the retention time of 

the most probable carbon compounds, and (ii) determination of the detection limit for each 

compound. The retention time is dependent on, among other parameters, the type of column 

and the temperature of the furnace and therefore must be determined with calibration gases 

for each type of column (and furnace temperature). We focused on the most probable 

carbon-containing products obtained from the carbon steel corrosion: methane, ethane, 

ethene, propane, propene and carbon dioxide. As both retention time and peak separation 

depend on the experimental parameters, we conducted preliminary tests to optimise the peak 
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definition for the above compounds. The results, i.e. the parameter values used for our 

analyses, are shown in Table 3. 

Table 3.  Parameters used for GC analysis. 

Parameters Values 

Carrier gas pressure 350.5 kPa 

Total flow 47.1 mL/min 

Column flow 14.38 mL/min 

Linear velocity 44.2 cm/sec 

Purge flow 4.0 mL/min 

Split ratio 2 

Detector temperature 200°C 

Initial column temperature 35°C 

Ramp of temperature 

15°C/min until 175°C 

10°C/min until 200°C 

5°C/min until 215°C 

2.5°C/min until 235°C 

10 min at 235°C 

 

Figure 18 shows a chromatogram indicating the peaks of the most probable carbon 

compounds. The broad peak present at a lower retention time than methane can be attributed 

to nitrogen (matrix gas), to argon (carrier gas), and partially to oxygen (present in air during 

the injection). The slope in the background signal is due to an increase of temperature of the 

column. 
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Figure 18.  Gas chromatogram of a mixture of methane, carbon dioxide, ethene, 

ethane, propene and propane at a concentration of 10 µg/g. 

 

Some peaks, besides methane, remain present at retention times between 2 and 3 minutes 

even when pure nitrogen is injected into the GC, as shown in Figure 19. Those peaks are 

ghost peaks coming from pressure changes in the injector and one of them appears at the 

same retention time as methane. To try to remove these peaks, the sample injection was 

performed exactly 20 seconds after piercing the septum of the injector with the syringe and 

20 seconds before removing the syringe from the injector. This procedure resulted in a 

decrease of the intensity of the ghost peaks. Nevertheless they were still present, leading to 

an increase of the detection limit of methane. In addition, this procedure created new peaks 

close to 0.7 minutes of retention. These correspond to peaks of O2 and N2 from air 

accidentally injected during the piercing of the septum.  
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Figure 19. Magnification of the gas chromatogram between 0.5 and 3.1 minutes 

showing óghost peaksô. 

2.6.1.2 Determination of the detection limits 

The detection limits for the most probable carbon compounds were determined in two ways: 

(i) by means of the noise in the vicinity of the peak of interest, and (ii) by measuring 

standards of successive lower concentration until no (clear) peak was observed anymore. 

More details on the determination of the detection limits can be found in Appendix 2. Table 

4 shows the reported limits, taken as the average value (rounded up) of the detection limits 

determined by means of both methods. The value for carbon dioxide however seems to be 

extremely high and has to be considered with care. Because a direct injection technique of 

the sample is used, some ambient air will inevitably enter the column (and the detector), 

which results in carbon dioxide contamination. So, 3 µg/g is the pratical detection limit of 

CO2 when this injection technique is used, although the detection limit of the instrument 

itself is much lower. 










































































































































