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Abstract

During the optimization of 36Cl determination in solid wastes from nuclear decommissioning, a residual 36Cl signal was observed in procedural blanks measured after processing active samples. To uncover the possible causes, we investigated the interaction of chlorine with the components of a Pyrolyser-6 TrioTM, as well as the chemicals used during the procedure. Different treatments for identifying the source of chlorine carryover were thoroughly investigated, demonstrating that the 36Cl memory effect arises from the interaction with pyrolyser components and that it occurs almost every time when the analysis procedure is performed. Therefore, results obtained using this analysis procedure need to be corrected for this memory effect by measuring procedural blank samples before and after measuring 36Cl-containing samples. 
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Introduction

Radioactive wastes need to be characterized to ensure their compliance with the acceptance criteria following their disposal route [1]. To be fit for purpose, analytical methods require detection limits (DL) that are well below those radioactivity concentration levels specified in national and international legislation [2]. 
The radiological characterization of nuclear wastes is based on determining the radioactivity concentration of different target radionuclides that are specified by the legislation [3]. Development and optimization of methodologies capable of quantifying some specific radionuclides (e.g. 36Cl, 129I, 79Se) present in materials coming from decommissioning activities are still under investigation [4–9]. 
36Cl is considered a critical radionuclide in terms of the safe storage of radioactive wastes because of its high mobility and long half-life (T1/2=3.02E+05 y) [6, 10, 11]. Construction materials used in the nuclear industry, such as steel, graphite, or concrete, may contain trace amounts of chloride that may undergo neutron activation when exposed to neutron fluxes. Since 35Cl has a natural abundance of 76% and a high thermal neutron cross-section, 36Cl will be produced in some of these materials (i.e. concrete, graphite) [12] and therefore needs to be considered in radioactive waste management. 
Several procedures for the analysis of 36Cl in decommissioning wastes have been reported in the literature [7, 8, 13–16]. Pyrolysis has been widely reported for sample preparation of chlorine-containing solid samples because a closed system is needed for collecting chlorine due to its high volatility [17–19]. Techniques such as Liquid Scintillation Counting (LSC) or acceleration mass spectrometry (AMS) have been described for the quantification of 36Cl activity concentrations [20–25]. In our previous work [16], a residual 36Cl signal was frequently observed in procedural blank samples measured after having measured 36Cl-spiked samples. A memory effect with 36Cl was also reported as being an issue in AMS due to attachment of chlorine to the ion source [26–28]. In addition to the interaction of chlorine with the ion source, the reduction of chlorine by a metal catalyst or oxidant has also been reported in the literature together with retention of chlorine in these metallic materials [29–31]. Hence, when using a catalyst or oxidant during the pyrolysis of chlorine-containing samples, the catalyst or oxidant may affect the retention of chlorine. 

During the pyrolysis of a solid sample, the chlorine released can undergo two main types of reaction or interaction: reaction with the metal oxidant or with the trapping solution. Chlorine can be released from the sample material in different chemical forms, such as HCl or Cl2 [19, 23, 32–34], which can react differently with the oxidant or with the trapping solution. Organic materials (e.g. biomass, cellulose) undergo a gaseous chloride (HCl) release when temperatures for pyrolysis are below 300 °C [35]. At higher pyrolysis temperatures, the organically bound chlorine (e.g. chlorophenols, polychlorinated biphenyls) will also be released. In inorganic materials (e.g. cement or concrete) chlorine is released as elemental chlorine Cl2 or HCl [36]. The reaction between chlorine and the metal catalyst or oxidant (e.g. CuO, Pt) produces chloride anions that may interact further with the catalyst or oxidant and remain on its surface [30]. Quartz beads can be added to the catalyst zone (3rd zone) of the pyrolyser furnace tube where they can be used to regulate the flow of the released gases towards the trapping solution [37]. In addition to the catalyst or oxidant and trapping solutions, chlorine can potentially also be adsorbed onto the internal surfaces of all the components that comprise the pyrolyser set-up, e.g. the bubblers, glass connections, quartz tubes, thereby creating internal contamination within the instrumental set-up. The use of moist air as a carrier gas was reported to stimulate HCl production [15]. 

In this work, we designed and conducted a range of experiments to better understand and minimise the apparent memory effect on 36Cl when analysing solid samples using a pyrolyser furnace (Pyrolyser-6 TrioTM from Raddec) connected to a bubbler containing the trapping solution. Several aspects related to interactions of chlorine with the internal parts of the pyrolyser and bubblers were investigated, more specifically the contributions of the sample boat, the oxidant, the quartz beads, the tubes, and bubblers. About 0.3% of the residual activity was attributed to the sample boat, as already reported by Warwick, Reading, Croudace 2010 [15]. However, knowledge about the effect of the materials used in the pyrolysis on the 36Cl memory effect is currently lacking and has not been thoroughly investigated to our knowledge. Hence, the aim of the study was to evaluate and identify the possible sources of the 36Cl memory effect to minimise this effect and to examine the possibility of correcting or dealing with this effect.  
Experimental

The analysis method applied in this work to measure 36Cl was based on a three-step procedure (see Fig. 1) developed in our earlier work for 36Cl and 129I determination (Llopart Babot et al. 2022). This is a procedure involving 1) pyrolysis of solid samples in a pyrolyser furnace trapping of 36Cl in 1 M H2SO4 or 6 mM Na2CO3 containing bubblers, 2) radiochemical separation by a Cl-resin cartridge (TRISKEM) using a vacuum box, 3) measurement by liquid scintillation counting (LSC). Residual 36Cl was clearly detected in 42 out of 168 procedural blank samples after processing 36Cl-spiked samples (see Fig. 2). 
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Fig. 1 Analysis procedure scheme naming all the elements of each step that are a potential source of 36Cl retention.
All materials used for the pyrolysis set-up were purchased from RADDEC International Ltd. (i.e. quartz sample boat, quartz furnace tubes and glass bubblers). No plastic tubes used to connect the bubbler with the furnace tubes since plastic is known to retain chlorine. The radiochemical separation was performed by using Cl-resin cartridges from TRISKEM. In order to speed-up the separation step, a vacuum box (TRISKEM) was also used.
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Fig. 2 Count rates (CPM) of procedural blank samples obtained from pyrolysis after 36Cl-spiked samples were treated. The solid line represents the average count rate of uncontaminated procedural blank samples signals and the dashed lines represent two standard deviation. The error bars represent counting statistics with a coverage factor of k=2. 
In order to better understand what the sources of this residual 36Cl signal could be, we considered all the components and chemicals used in the analysis procedure (i.e. pyrolysis and radiochemical separation). Two hypotheses about what could lead to a residual 36Cl signal in procedural blanks were considered initially: (1) cross-contamination inside the vacuum box during the radiochemical separation step, or (2) sample or analyte carryover from the combustion step within the pyrolyser. 
36Cl cross-contamination during radiochemical separation 

To investigate the first of these, two different vacuum boxes were employed with only the trapping solutions used for the radiochemical separation being present initially. The separation procedure was performed by using a Cl-resin to remove any possible interferences (e.g. 3H, 14C) which can influence 36Cl quantification by LSC. Cross-contamination could occur when performing the procedure in the presence of a blank sample along with a 36Cl-spiked sample inside the same vacuum box. No pyrolysis step was applied in this test and only the trapping solution was used. Inside one vacuum box, the radiochemical separation of 36Cl was performed on two samples simultaneously; a non-spiked (procedural) blank sample and a sample spiked with 4 Bq 36Cl, using a 6 mM Na2CO3 trapping solution. Inside a second vacuum box, only a procedural blank sample was subjected to radiochemical separation without a 36Cl-spiked sample being present. After radiochemical separation, the eluted chlorine fractions were measured by LSC. The results from these two procedural blanks were compared to ascertain the possible effect of 36Cl activity being present inside the vacuum box during radiochemical separation (i.e. evaporation of chlorine from the spiked sample). 

36Cl memory effect related to the pyrolysis step
For the pyrolysis of a solid sample, a quartz sample boat containing the sample was introduced into the 1st zone of the pyrolyser (see Fig. 1). The 3rd zone of the pyrolyser was connected to the glass bubbler containing a trapping solution. The 3rd zone of the pyrolyser can include a catalyst or oxidant to react with the elements released during pyrolysis, but we used neither catalyst nor oxidant. However, we did use quartz beads in the 3rd zone in order to regulate the gas flow towards the trapping solution. Then the pyrolyser system was closed by connecting the air or moist air to the 1st zone of the pyrolyser. Once the set-up was closed, the heating protocol was then initiated such that air flowed from the 1st zone to the 3rd zone and onwards to bubble through the trapping solution. In this way, volatile elements and combustion gases released from a solid sample during pyrolysis into the trapping solution. During the pyrolysis procedure, traces of 36Cl can stick to the surfaces of several materials. These traces can be gradually released during the following pyrolysis, which can be an experiment where a procedural blank sample is being measured. In order to avoid any residual 36Cl on the materials used during the pyrolysis of a 36Cl-spiked sample, several cleaning steps, involving water and soap, 0.1 M HNO3 and 25% NH3, were applied to rinse the sample boats and bubblers, after which these materials were placed in an oven to dry before being reused.  
The heating protocol of the pyrolyser used was selected according to the matrix type of the samples. Therefore, a shorter protocol (about 3 h 30 min) was used when analysing inorganic samples (white sand or concrete), whilst a longer heating protocol (about 5 h 30 min) was used in the analysis of graphite samples in order to avoid uncontrolled pyrolysis possibly leading to spontaneous explosions due to the higher carbon content. As described in the earlier work Llopart Babot et al. 2022 [16], the pyrolysis procedure in combination with a radiochemical separation and LSC measurement was selected to determine 36Cl in decommissioning samples where low activities are expected. The amount of 36Cl expected in real samples was 50 mBq g-1 to 4 Bq g-1 [38], and therefore we decided to perform our tests mainly with a spike of 4 Bq 36Cl using 1 g concrete blank samples.
To investigate the second hypothetical cause of residual 36Cl signal in procedural blanks, a memory effect of 36Cl during the pyrolysis step was raised. IUPAC defines contamination as “carry-over from a preceding sample probe into a following specimen cup, which will influence not just one result, but all assays on that specimen, or with that reagent” [39]. IUPAC also defines memory effect as “in instruments used for atmospheric trace component analysis, the dependence of an instrument reading on one or several previous sample(s)” [39]. Following the IUPAC definitions, the residual 36Cl signal observed in procedural blanks due to the materials used during the pyrolysis (i.e. sample boats, tubes or bubblers, oxidant, moist air) was defined in this study as 36Cl memory effect. The influence of different components of the pyrolyser set-up was tested by successively removing or replacing components in a univariate manner (one change at a time if possible and retaining the same furnace tube) and, after pyrolysing a solid sample spiked with 36Cl, measuring a procedural blank sample. The different components are treated one by one in the following paragraphs. 
The use of moist air carrier gas 

The potential for residual 36Cl contamination due to using moist air carrier gas in the pyrolysis stage was tested by comparing the background count rate (CPM) of procedural blank samples obtained with and without the moisture (water), as well as after analysing a solid sample spiked with 36Cl. Should the moist air contribute to this memory effect, a flow back of 36Cl from the heating tube of the pyrolyser to the water reservoir connected to the compressed air inlet would take place. Due to the high flow rate (i.e. 200 mL min-1) of the (moist) air, this should have a very low probability.

The use of quartz beads or metal oxidant in the pyrolysis process

Warwick, Reading, Croudace 2010 [15] mentioned using quartz beads as a bedding material to regulate the flow of gas during the pyrolysis of the solid sample towards the trapping solution. Initially, quartz beads were also used in our set-up (fixed inside the tube by quartz wool). In our experiment, these quartz beads were removed from the set-up to investigate their potential contribution to the 36Cl memory effect. 

No oxidant is required in the pyrolysis of samples when only 36Cl is to be quantified (no oxidation or reduction is needed). However, when analysing samples such as activated graphite from a reactor, in which both 14C and 36Cl have to be determined simultaneously, an oxidant is needed to react with the target elements. Moreover, since an oxidant is included by default in some furnace designs, it is not always possible to remove it. CuO being the most common oxidant [8, 31, 40, 41], its use was tested in order to check whether it is the cause of 36Cl retention in the furnace set-up. The influence of the oxidant on the memory effect was evaluated by comparing the background count rates (CPM) of procedural blank samples obtained before and after removing the oxidant (CuO). A complementary test was performed in which 2 g of already used oxidant (used for pyrolysing the samples spiked with 36Cl) was leached with 10 mL 0.1 M HCl and that leachate measured by LSC. This measurement was compared with the spectrum of previously unused CuO oxidant spiked once with 36Cl.
Impact of glass bubblers

Glass connections and joints were used to connect the pyrolysis furnace tube to the bubblers containing the trapping solutions. The use of plastic materials, on which chlorine could adsorb, was avoided. The interaction of chlorine with the chemical compounds present in glassware has been related to the solubility of chloride in non-bridging oxygen (NBO) contained in glass components [42]. Hence the glass bubbler was also considered to be a possible cause of a residual 36Cl signal in the pyrolyser set-up.

Effect of quartz sample boats and tubes

The influence of quartz sample boats and tubes was investigated (since chlorine may be absorbed on quartz surfaces [43, 44]), by reusing the same sample boat, previously used to pyrolyse a 36Cl-spiked sample, for pyrolysing the procedural blank.

After these tests, the potential effect of reusing the same sample boat was investigated by performing a series of experiments on spiked and procedural blank samples whilst using the same sample boat throughout.

The quartz furnace tubes in the system were also investigated as a potential source of 36Cl retention and subsequent release into the procedural blank samples. Tests with spiked samples followed by analyses of procedural blank samples were performed as follows. A 36Cl-spiked sample (contained in a sample boat) was pyrolysed, followed by pyrolysis of a procedural blank but without using a sample boat. The set-up used was the same as for all other experiments reported in the paper, except for the omission of the sample boat. Consequently, the only possible site of 36Cl retention and subsequent release was the furnace tube itself (new bubblers were used for the procedural blank tests to exclude 36Cl contamination from previous experiments).

Table 1 summarizes chronologically the various experiments performed and indicates the parameters changed between these experiments. Cleaning steps with RO water, soap, 0.1 M HNO3 and 25% NH3 were always performed on bubblers and sample boats used during the analysis procedure after each experiment. 
Table 1 Experimental planning including all the parameters that are used and all the changes performed. 

	Exp nr. 
	Moist air
	Quartz beads and wool
	Oxidant
	Glass bubblers
	Quartz sample boat
	Quartz furnace tube
	Aim

	4
	ON
	Present
	Not present
	Reused
	Reused
	Reused
	Influence of the presence of moist air 

	5
	OFF
	Present
	Not present
	Reused
	Reused
	Reused
	Influence of removing moist air

	Spiked experiment using the conditions from experiment 5

	6
	OFF
	Present
	Not present
	Reused
	Reused
	Reused
	Influence of no moist air

	7
	OFF
	Present
	Not present
	Reused
	Reused
	Reused
	Influence of the presence of quartz beads or wool

	8
	OFF
	Not present
	Not present
	Reused
	Reused
	Reused
	Influence of removing quartz beads or wool

	Spiked experiment using the conditions from experiment 8

	9
	OFF
	Not present
	Not present
	Reused
	Reused
	Reused
	Influence of no quartz beads or wool

	10
	OFF
	Not present
	Present
	Reused
	Reused
	Reused
	Influence of the presence of oxidant

	11
	OFF
	Not present
	Not present
	Reused
	Reused
	Reused
	Influence of removing oxidant

	Spiked experiment using the conditions from experiment 11

	12
	OFF
	Not present
	Not present
	Reused
	Reused
	Reused
	Influence of no oxidant

	13
	OFF
	Not present
	Not present
	Reused
	Reused
	Reused
	Influence of reusing glass bubbler

	14
	OFF
	Not present
	Not present
	New
	No sample boat
	Reused
	Influence of renewing the glass bubbler

	Spiked experiment using the conditions from experiment 13

	15
	OFF
	Not present
	Not present
	Reused
	Reused
	Reused
	Influence of reusing glass bubbler

	16
	OFF
	Not present
	Not present
	Reused
	New
	Reused
	Influence of reusing glass bubbler

	17
	OFF
	Not present
	Not present
	Reused
	Reused
	Reused
	Influence of reusing a sample boat 

	18
	OFF
	Not present
	Not present
	Reused
	No sample boat
	Reused
	Influence of removing the sample boat

	Spiked experiment using the conditions from experiment 17

	19
	OFF
	Not present
	Not present
	Reused
	Reused
	Reused
	Influence of reusing a sample boat

	20
	OFF
	Not present
	Not present
	Reused
	No sample boat
	Reused
	Influence of removing the sample boat

	21
	OFF
	Not present
	Not present
	Reused
	Reused
	Reused
	Influence of reusing the tube 

	22
	OFF
	Not present
	Not present
	Reused
	No sample boat
	Reused
	Influence of reusing the tube

	Spiked experiment using the conditions from experiment 21 and after 150 times reusing the furnace tube

	23
	OFF
	Not present
	Not present
	Reused
	Reused
	Reused
	Influence of reusing the tube > 150 times

	Spiked experiment using the conditions from experiment 22 and changing the quartz tube

	24
	OFF
	Not present
	Not present
	Reused
	No sample boat
	New
	Influence of renewing the quartz tube

	25
	OFF
	Not present
	Not present
	Reused
	Reused
	New
	Influence of reusing a relatively new tube


Results and discussion

Before the actual testing, 36Cl count rates in 10 procedural blank samples (both pyrolysis and radiochemical separation applied to each) were measured to determine an average background value (i.e. inner quartz tube, new sample boat and bubbler, non-spiked sample processed subsequently 10 times). The value obtained when using 30 mL of 6 mM Na2CO3 as a trapping solution and measuring the 5 mL of the pure chlorine fraction eluted from the Cl-resin was 6.96 ± 1.54 CPM (n=10, 2 s of the average). The following paragraphs discuss each modification of the analysis procedure, each of which was considered as a possible cause of the residual 36Cl signal and was therefore tested by evaluating procedural blank samples. In the graphs below, the average procedural blank value described above is shown as a solid horizontal line and two dotted horizontal lines representing 6.96 and ± 1.54 CPM, respectively. This average background value was used as a reference to compare data from the various tests. The values reported for the first experiments in each of the figures in the different subsections were obtained after analysing a 36Cl-spiked sample, thus, any higher count rate for the procedural blank sample reflects a memory effect from the previous analysis of the 36Cl-spiked sample. The experimental results shown in this section refer only to one individual test (no replicates were performed). Thereby, the results were compared between the different conditions evaluated considering counting statistics with a coverage factor of k=2 to investigate the effect of changing different parameters.
36Cl cross-contamination during radiochemical separation 
The count rates of the procedural blanks when processed in different vacuum boxes are given in Fig. 3 (i.e. individual blank in vacuum box 1 and blank farther away from spiked sample and next to the spiked sample in vacuum box 2). At a coverage factor k=2, there was no difference between these results. Therefore, it was not possible to find evidence of cross-contamination in the vacuum box. As the radiochemical separation is primarily a chromatographic separation operated at room temperature, unless sample solution is splashed or contaminated chromatographic column or material is reused, there is unlikely to be cross-contamination during the operation. We believe that, with careful handling of samples and eluates and single-use resin cartridges, the cross-contamination effect of 36Cl in the radiochemical separation step can be avoided.  
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Fig. 3 Counts per minute (CPM) depending on the vacuum box used (individual blank tested in vacuum box 1) and (2 blanks treated simultaneously with a spiked sample in vacuum box 2, points 2 and 3). The error bars represent counting statistics with a coverage factor of k=2. 
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Fig. 4 Counts per minute (CPM) before and after removing the moisture. Dashed vertical lines represent the analysis of a 36Cl-containing sample. The error bars represent counting statistics with a coverage factor of k=2.
The experimental data presented in Fig. 4 was obtained using the same sample boats, bubblers, pyrolysis tubes, and vacuum box throughout. The first result (experiment 4) in Fig. 4 represents the count rate of a procedural blank sample measured after running a spiked sample with moist air flowing through the pyrolyser system. As can be seen, the count rate is higher than the reference background value (6.96 ± 1.54 CPM 2s). In the fifth experiment, the count rate is that of the procedural blank once the moist air carrier gas option had been removed from the pyrolyser system. As can be observed, the count rate is still higher than the average background value (solid line) and comparable with the first result. A spiked concrete sample was prepared (dashed vertical line in Fig. 4 between experiment 5 and 6) and after being analysed a procedural blank sample (no moist air carrier gas included) was measured (experiment 6). Raw concrete (non-spiked concrete) was used as sample material for procedural blanks. As can be seen, the count rate of the third blank was even higher than that of the previous experiments. Based upon these results, we believe that the moist air is likely not contributing to the memory effect. Although the moist air carrier gas had little effect on the 36Cl memory effect, the moisture was no further used to avoid any further issues with residual 36Cl because of moisture in the system. 
The use of quartz beads or metal oxidant in the pyrolysis process
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Fig. 5 Counts per minute (CPM) of the procedural blank before and after removing quartz beads and quartz wool (respectively experiments 7, 8 and 9). The error bars represent counting statistics with a coverage factor of k=2. Dashed vertical lines represent the analysis of a 36Cl-containing sample.

The results in the Fig. 5 show how the count rate of the blank (experiment 8) decreased slightly after removal of the quartz beads or wool from the system. However, after analysing a concrete spiked sample (dashed vertical line between experiment 8 and 9), the procedural blank sample (experiment 9) showed no difference (uncertainty coverage factor k=2) from the background before removing the quartz beads or wool from the system. Hence, one can conclude that the quartz beads and wool do not cause the 36Cl memory effect. 
Fig. 6 shows the results of the procedural blanks when pyrolysed with and without a CuO oxidant present. The high count rate of the procedural blank sample from experiment 10 (see Fig. 6) was obtained after pyrolysing a sample spiked with 200 Bq 14C, 200 Bq 3H and 4 Bq 36Cl, and including the CuO oxidant in the furnace set-up. Afterwards, the oxidant was removed and a procedural blank sample was measured yielding the experiment 11 result in Fig. 6. As can be observed, the count rate of experiment 11 was much lower and reached the reference background level (solid line). Even after processing a 36Cl-spiked sample (dashed vertical line in Fig. 6 between experiment 11 and 12), the count rate of a new procedural blank (experiment 12 Fig. 6) was still very low compared with that of the blank from the first experiment, but was higher than experiment 11. This leads to the conclusion that the CuO is responsible for the high count rate of the blank sample from experiment 10. 
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Fig. 6 Counts per minute (CPM) in a procedural blank before (experiment 10) and after (experiment 11 and 12) removing CuO oxidant from the pyrolyser. The error bars represent counting statistics with a coverage factor of k=2. Dashed vertical lines represent the analysis of a 36Cl containing sample.
The outcome of the complementary test (i.e. measuring the leachate of oxidant already used several times to pyrolyse a 36Cl-spiked sample) can be seen in Fig. 7. The spectrum of 36Cl was clearly visible for the fraction leached from the CuO oxidant, confirming our hypothesis that the oxidant retains some 36Cl that is then gradually released during subsequent sample pyrolysis i.e. also into the procedural blank samples.
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Fig. 7 Spectra of leaching fractions of the CuO oxidant used after spiking concrete with 36Cl (black) and the CuO blank oxidant spiked directly once with 36Cl tracer (grey).
Impact of glass bubblers
An overview of the results obtained during the investigation of the bubblers as a possible source of memory effect is given in Fig. 8. A higher count rate of a procedural blank sample compared to the average value was obtained after pyrolysing a spiked sample (experiment 13 Fig. 8). After replacing the bubbler with a previously unused one, and removing the sample boat (experiment 14 Fig. 8), the procedural blank sample count rate was observed to have decreased. Subsequently, a spiked sample (dashed vertical line in Fig. 8 between experiment 14 and 15) and then a procedural blank sample (experiment 15 Fig. 8) were measured whilst reusing the bubbler and sample boat used in experiment 13. The 36Cl count rate of this procedural blank sample (experiment 15) was greater than that of experiment 14. Therefore, the bubbler 1 was used again and the sample boat was replaced by a new one (experiment 16 Fig. 8), yielding a lower background level. In conclusion, the hypothesis that the glassware materials used contributed to the 36Cl memory effect was confirmed, although the decrease in the background of the last experiment (experiment 16) indicated that the bubbler was not the only contributor (changing the sample boat also reduced the background level). 
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Fig. 8 Counts per minute (CPM) in a procedural blank sample before (experiments 13 and 15) and after (experiments 14 and 16) renewing the bubblers. The error bars represent counting statistics with a coverage factor of k=2. Dashed vertical lines represent the analysis of a 36Cl containing sample.
Effect of quartz sample boats and tubes
As indicated in Fig. 9, once a procedural blank sample (experiment 17 Fig. 9) had been  analysed, the sample boat was removed, and 36Cl was not detected in the subsequent procedural blank sample (experiment 18 Fig. 9). Thereafter, a spiked sample (dashed vertical line in Fig. 9 between experiment 18 and 19) and a procedural blank sample were analysed to check if the residual 36Cl carryover was due to reusing the sample boat. It is clear from Fig. 9 that, once again, some residual 36Cl could be detected in the procedural blank sample (experiment 19). A reduction in the count rate of the procedural blank sample was obtained after removing the sample boat (experiment 20 Fig. 9). The outcome was that removing the sample boat from the pyrolysis set-up lead to a reduction in the measured count rate of the procedural blank sample.
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Fig. 9 Counts per minute (CPM) of the procedural blank samples before (experiments 17 and 19) and after (experiments 18 and 20) removing sample boats. The error bars represent counting statistics with a coverage factor of k=2. Dashed vertical lines represent the analysis of a 36Cl containing sample.
Fig. 10 shows the results when reusing the same sample boat for processing 36Cl-spiked samples and procedural blank samples. From this it could be concluded that a sample boat can be reused around 20 times without further issues from any residual 36Cl signal (an opaque white surface, instead of a transparent one, was also observed after reusing the sample boat over more than 20 times). 
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Fig. 10 Variation of the procedural blank count rate when systematically reusing a sample boat before and after running 36Cl-spiked samples (tests with experiment number over 20). The error bars represent counting statistics with a coverage factor of k=2. 
Fig. 11 shows the differences between procedural blank samples when a new furnace tube was used (experiments 21, 22), when a tube was reused more than 150 times (experiment 23), and when a reused tube was exchanged for a new one (experiments 24 and 25). These results indicate that the furnace tubes were not relevant for the residual 36Cl signal when using new tubes. However, residual 36Cl began to be detected in the procedural blank samples once a tube had been used more than 150 times. Experiments 24 and 25 indicated no residual 36Cl signal from the furnace tube when the tube was exchanged for a new one. 
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Fig. 11 Counts per minute (CPM) of procedural blank while reusing the furnace tube (experiments 21, 22 and 23) and changing the tube for a new one (experiments 24 and 25). The error bars represent counting statistics with a coverage factor of k=2. Dashed vertical lines represent the analysis of a 36Cl containing sample.

In conclusion, all the tests performed and discussed in the section above were used to confirm the hypothesis of measuring residual 36Cl in procedural blank samples being due to the adsorption or interaction of chlorine on the different surfaces comprising the pyrolysis system. The influence or contribution of the different parameters involved in the pyrolysis step indicates that some of these have a minor impact (e.g. moisture or quartz beads), since it was possible to remove them from the system, whilst others have a more substantial effect (e.g. sample boats). 
Conclusions

36Cl contamination of the pyrolyser furnace components after pyrolysis of a sample containing 36Cl and release of 36Cl in the subsequent pyrolysis induces a memory effect that is not easily removed or dealt with. The 36Cl background in the procedural blank samples ranged from 6 to 30 counts per minute (i.e. between 0.1 and 0.5 Bq) when samples typically spiked with 4 Bq 36Cl were heated in the pyrolyser. In this study, 36Cl detected in the procedural blank samples indicate that moist air, quartz beads, quartz wool and glass bubblers had negligible impact on the memory effect. The major source of 36Cl in the procedural blanks was the quartz sample boat, especially when it is reused over more than 20 times. The different cleaning steps (i.e. 0.1 M HNO3 and 25% NH3) performed after running active samples helped to reduce the 36Cl signal in the procedural blank samples, although it was not possible to eliminate completely the 36Cl memory effect. The 36Cl memory effect was considered to be random in its nature (i.e. neither predictable nor quantifiable), and as such cannot be controlled or entirely removed. Alternatively, as suggested in our earlier work [16], the potential 36Cl carryover in subsequent measurements can be corrected for if procedural blank samples are monitored before and after each 36Cl-containing sample is analysed. Unfortunately, the 36Cl memory affects the 36Cl detection limit negatively, by increasing laboratory background levels. 
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