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Gamma spectrometry coupled with electrodeposition for *°>Fe determination

in solid samples containing significant amount of total iron

Katja Magdi¢ Kogicek!, Ljudmila Benedik? Marijan Nec¢emer?, Branko Vodenik?, Benjamin
Zorko?, Zeljko Grahek?, Ivana Tucakovi¢'®

! Ruder Boskovi¢ Institute, Bijenicka cesta 54, 10 000 Zagreb, Croatia

2 Jozef Stefan Institute, Jamova 39, SI-1000 Ljubljana, Slovenia

Abstract

This study demonstrates the potential of gamma spectrometry coupled with electrodeposition as
a sample preparation technique for determination of *Fe in complex solid samples with high
iron content. Electrodeposition has proven to be a reliable method for obtaining thin,
homogeneous films containing up to 50mg of total iron. In contrast, ammonium
pyrrolidinedithiocarbamate precipitation method shows inhomogeneity and significant film
thickness at 0.5mg of iron. The efficiency correction function for gamma-spectrometric

measurements based on the total iron content was introduced.

Keywords

%Fe, y-ray spectrometry, electrodeposition, APDC precipitation, solid samples, radioactive

waste
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Introduction

Nuclear power plants contribute to 10 % of global electricity production, emphasising
their significant role in the energy sector [1]. However, around 70 % of nuclear reactors have
been in operation for more than 30 years and according to International Atomic Energy Agency
(IAEA), around 200 reactors will have to be decommissioned in the next 20 years [2].
Decommissioning generates significant amounts of radioactive waste that must be thoroughly
characterized and managed [3].

Radiological characterization is essential in order to precisely identify and quantify the
radionuclides present in the waste. This includes measuring the content of various radionuclides
in materials such as radioactive waste, construction materials, soil, sediments, water and plants.
The results obtained are crucial for estimating the total radioactivity imposed into the
environment. The radioactivity in these materials comes mainly from activation and fission
products, including isotopes like 3H, '4C, %Cl, *Ca, ®Co, *Fe, ®Ni, 0Sr, 12| 13pg,
137Cs,152Ey,Y*Eu and certain transuranics [4].

Among these radionuclides, *°Fe is of particular importance due to its effects on the
environment and health. When ingested (either by inhalation, ingestion or skin contact), as much
as 80 % of *°Fe is absorbed by the liver and 1.3 % by the spleen. The remainder is distributed to
other organs and tissues and has a dangerous effect on human health [5]. In steels, >°Fe together
with 8°Co is the predominant radionuclide in the first 10 to 20 years after the shutdown of a
nuclear reactor. >°Fe (half-life, ti2= 2.7 years) is produced in nuclear power plants by neutron
(n,y) activation of %*Fe and (n, 2n) activation of 5®Fe, and emits X-rays (5.9 keV) during the
decay by electron capture (EC). From an analytical point of view, *°Fe is a difficult to measure

(DTM) radionuclide that cannot be characterized by direct measurements. The analytical



67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

procedure for >°Fe determination usually involves several steps, including decomposition of the
real sample material, separation of the iron from the matrix elements and other radionuclides and
final preparation of the ®>Fe source sample into a form suitable for liquid scintillation counting
(LSC) and/or X-ray spectrometry. Both LSC and gamma ray spectrometry have been used for
measurements of >°Fe and compared in the literature [6 - 12].

LSC offers high sensitivity, enabling accurate measurements even at low iron
concentrations, efficient detection of *°Fe without complex sample preparation, determination of
%Fe from different sample types, etc. However, when analyzing samples with high total iron
content, such as decommissioning materials, LSC encounters significant challenges. The
presence of large amounts of iron leads to colour quenching that reduce detection efficiency.
Another challenge in the determination of *>Fe with LSC is the background radiation. The low
energy emission of *°Fe can overlap with background radiation and other low energy events in

the scintillation cocktail, making it difficult to distinguish >>Fe counts from background noise.

Gamma ray spectrometry offers a possible solution to these problems. It is also a widely used
technique, as laboratories specialized in the measurements and monitoring of environmental
radioactivity in different types of samples are regularly equipped with gamma-ray spectrometers.
The golden standard for gamma-spectrometry today are high purity germanium detectors (HPGe)
with high resolution. Although *°Fe has low emission energy of 5.9 keV, which makes it difficult
to detect by gamma spectrometry, the use of an HPGe detector with thin windows that allow the
detection of photons across a wide energy range (3 keV — 3 MeV) can solve this problem.
However, despite this improvement, reports on the determination of °Fe in real samples by
gamma ray spectrometry are still scarce. This is mainly due to the problem of attenuation, which

requires the sample to be in the form of a thin and homogeneous film, making sample
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preparation a critical but challenging task. The high attenuation of low-energy photons in the
material is a key problem for this type of measurement, as the detection efficiency is highly
dependent on the thickness of the prepared sample. In addition, the low energy region of the
spectrum can be populated by interfering lines from other radionuclides present and by the
Compton background. Consequently, the formation of very thin, homogeneous iron films
isolated from the sample material is essential for obtaining accurate and reproducible results. The
electrodeposition (ED) method is advantageous for this purpose, especially when low detection
limits are required. Although there are numerous studies on the electrodeposition of iron [13 —
20], researches focused on preparation of thin, homogeneous *°Fe films for gamma-ray
spectrometry analysis are quite limited [21 - 24]. The main objective of this study is therefore to
develop and optimise the electrodeposition method for preparation of thin iron films as solid iron
sources for gamma ray spectrometric measurement of low *°Fe activities in solid samples, such
as concrete and other radioactive waste materials, using high purity germanium detectors. In
addition to ED, iron is also precipitated using ammonium pyrrolidinedithiocarbamate (APDC).
Dithiocarbamates are known to selectively and strongly bind various metal ions and form stable
metal complexes [25 - 27] which favors their application in many different fields [28]. In this
study the APDC precipitation method on cellulose filters which results in thin and homogeneous

iron complex films [29,30] was performed and compared with electrodeposition.

Materials and methods
Four stages of analytical procedure used for the preparation of thin solid film *>Fe source

samples from real concrete samples are schematically shown in the Fig. 1:
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 |prayspectrometry |

Fig. 1 Schematic representation of the experimental procedure for the preparation of thin

films for gamma ray spectrometry for the determination of >>Fe in concrete
Sample (concrete) preparation and decomposition

Prior to electrodeposition, the concrete was dissolved by fusion with lithium metaborates.
In this procedure, a known activity of the >°Fe standard solution (A = 812 Bg/g) was added to a
weighed amount of pulverized concrete (0.2 to 1 g). The fusion process was carried out in a
Claisse LeNeo furnace at 1050 °C for 23 minutes. Immediately after fusion, the melted sample
was poured into stirred Milli-Q water in a Teflon beaker. The detailed procedure for dissolution
by fusion is described in Trdin and Benedik (2017) [31].
Once the sample was completely dissolved, 1 ml of 0.2 M polyethylene glycol was added

dropwise to the solution to form silicates. The beaker was then covered and left overnight to
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allow the silicates precipitate to form and settle. The resulting solution was centrifuged, filtered
through a Sartorius cellulose nitrate filter (radius of 46 mm and pore size of 0.45 um), and then

subjected to further analysis steps.

Radiochemical separation - separation of iron on TRU resin by HCI elution

In order to prepare concrete samples for electrodeposition, the iron had to be separated
from other interfering elements in the sample. TRU resin (2 g) was used for this purpose as it has
a high capacity for iron and the separation process is simple and fast. The concrete sample,
which already contained the added >°Fe standard solution, was diluted and evaporated before the
addition of 20 ml of 6 M HCI.

This prepared sample was then passed through a column containing TRU resin (preconditioned
with 20 ml of 6 M HCI) at a flow rate of 1 ml/min. The iron was strongly adsorbed onto the
resin, while other components were washed out with 20 ml of 4 M HCI followed by 10 ml of
2 M HCI. Finally, the iron was eluted with 20 ml distilled water.

The sample prepared in this way was ready for electrodeposition. When using the APDC

method, this step was skipped.

Preparation of thin and homogeneous films

Two different methods were used: APDC precipitation and electrodeposition. In both
cases, the aim was to obtain thin, homogeneous, and reproducible films suitable for >°Fe

detection by gamma ray spectrometry.
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APDC precipitation of iron from real concrete samples

A freshly prepared APDC solution was made by dissolving 0.01 g of APDC in 2 ml of
distilled water and then added to the concrete solution as described in Sample (concrete)
preparation and decomposition section. The resulting mixture was stirred for 30 minutes and
then filtered through a Sartorius cellulose nitrate filter (radius of 46 mm and pore size of
0.45 um) using a Millipore filtration system. Finally, the precipitate deposited on the filter was

dried in air [29].

To investigate the correlation between the amount of iron present in the samples and the
accuracy of determining the exact activity of *°Fe by gamma spectrometry, concrete samples
with different amounts of total iron were used. Also, to additionally validate the results obtained,
the measurements of >°Fe activity were taken at two different laboratories - Ruder Boskovié

Institute (IRB), Zagreb and at Jozef Stefan Institute (1JS), Ljubljana.

Electrodeposition of iron

The electrodeposition was performed using a custom-built, two-electrode electrochemical
cell made of Teflon. The cell consisted of a hollow Teflon tube with a movable lid to which the
platinum disc anode was attached. The stainless steel (SS) cathode was positioned in a metal jar,
with 3.14 cm? of its geometric surface exposed to the electrolyte. The lower part of the Teflon
tube was screwed onto the metal jar, maintaining the same geometry and a distance of 1 cm
between the electrodes.

All samples were electrodeposited under conditions written below:
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o Temperature of (25 + 2) °C; This temperature was chosen because a few experiments

carried out with a cooling system at 15 °C, led to oxalate crystallization and lack of iron
film electrodeposition.

Electrolyte: ammonium oxalate monohydrate (5.7 % w/v, Merck) and 0.5 ml
hydrochloric acid (6 M, Kemika). Ammonium oxalate has been selected for its ability to
form stable complexes with metal ions, including iron ions, which favor the formation of
smooth and uniform deposits. These are of utmost importance in case of >°Fe
determination by gamma-spectrometry, to obtain an iron film that is thin and
homogeneous, to overcome the attenuation problem due to the low energy X-ray
emission of 5.9 keV. The properties of the film should be similar to the properties of
actinides obtained under the same conditions as described in actinide electrodeposition
optimization studies [32 - 35]. Hydrochloric acid, on the other hand, provides a strongly
acidic environment that improves conductivity and facilitates electrodeposition [36, 37].
Volume of the solution: 10 ml, as the electrodeposition of actinides carried out in this cell
has shown that the distances below 5 mm and above 10 mm have a negative influence on
the source preparation. As the same cell with the same electrolyte is used for the iron film
preparation, a similar behavior is to be expected [34].

Current density of 0.190 A/cm? was applied. In view of previous studies [35] in which
current parameters were investigated, several experiments were performed with current
density of 0.75 A/cm?. However, an obvious dissolution of Pt was observed resulting in a
dark film on the cathode surface in about 10 minutes after the start of electrodeposition,
thus preventing further electrodeposition. In view of this fact, further studies were carried

with a current of 0.190 A/cm? [34]. Since the results obtained under these conditions led



192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

to high electrodeposition yields in 90 minutes or less (depending on the amount of total
iron present), further studies, including variation of the applied current density, were not

conducted.

Optimization of time of electrodeposition using test solutions

In order to optimize the yield of iron electrodeposition, a series of experiments were
carried out with test solutions. These solutions contained an iron carrier (10 mg to 50 mg) and a
%Fe standard solution (70 Bg/sample) in an electrolyte solution. The main objective was to
determine the ratio between the electrodeposited iron and the original iron content in the
electrolyte solution. It was determined by measuring the mass difference of the stainless steel
(SS) discs before and after the electrodeposition. This mass difference represented the yield of
the electrodeposition process.

The addition of the >°Fe standard solution was intended to investigate whether the gamma
spectrometry results correspond to the yield of electrodeposited iron. The mass of the added *°Fe
standard solution was negligible; it therefore had no influence on the mass of the iron deposited
on the SS discs or on the results of the ED yield.

In these experiments, the electrodeposition time (60, 90, and 180 minutes) and the amount of
iron carrier (10 mg to 50 mg) were varied, while the current density of 0.190 A/cm? remained
constant. In this way, the relationship between the ratio of electrodeposited iron and the original
iron content and the time of ED was investigated. To stop the electrodeposition process, 1 ml of
concentrated ammonium hydroxide was added to the electrochemical cell at the end of each
experiment. The electrolyte solution was then removed from the cell, and the SS disc was
washed with distilled water and ethanol, dried, and weighed. The thickness of the

electrodeposited film for prepared samples was then calculated. For this purpose, the surface area

10



215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

of the electrode, the yield of the electrodeposited film and the density value for Fe(OH)s, i.e.
4.25 g/cm? were taken into account. The literature indicates that iron in the form of Fe(OH)s
predominates in the deposited films, as the cathodic reduction increases the local pH near the
electrode and leads to the deposition of metal hydroxides [38 - 42]. The activity of *°Fe was then
determined by gamma spectrometry. The efficiency was determined by measuring the activity of
these test solutions prepared by ED on the SS disc which showed direct correlation between the
film thickness and the gamma spectrometry results. This was done for the additional check of
determination of the activity of >°Fe in the samples by gamma spectrometry. The ED of iron was
performed with two samples containing only 0.25 mg and 0.5 mg of iron, respectively, together
with a *Fe standard solution (70 Bg/sample) in electrolyte solution. That way, the sample
thickness could be neglected, so that no effects on the gamma detection efficiency were to be

expected.

Electrodeposition of iron from real concrete samples

Based on the results obtained with the test solutions the optimum conditions for the
electrodeposition of iron from real concrete samples were determined. The duration of the
electrodeposition was set at 90 minutes at a current density of 0.190 A/cmz2. Concrete samples
containing only iron, after undergoing the fusion process and separation of iron using TRU resin,
were evaporated to dryness. The residue was then dissolved in an electrolyte solution and
transferred to the electrochemical cell. After deposition, the SS cathode with the thin deposited
iron film was washed with distilled water and ethanol, dried in air and the activity of *°Fe was

determined by gamma spectrometry.
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To further validate the method and confirm its applicability to real concrete samples and to
ensure that the determined >°Fe activity is accurate, the standard addition method was applied.
Hence, three concrete samples with unknown activities of >Fe were taken and two aliquots
(Aliquot 1 and Aligquot 2) were prepared from each sample. Aliquot 1 contained the pure sample,
while Aliquot 2 was spiked with an additional known activity of a >°Fe standard solution (about
2 Bg/g). For the method to be considered accurate, the measured activity of Aliquot 2 should be
equal to the sum of the activity of Aliquot 1 and the added >°Fe standard solution activity
(approximately 2 Bg/g). This relationship can be expressed as:

A (aliquot 2) = A (aliquot 1) + A(**Fe)added )

Gamma ray spectrometric measurements

Samples prepared as thin films were placed in the plastic foil to prevent contamination.
For counting, the samples were placed directly above the carbon-epoxy opening window of the
high purity germanium (HPGe) detector, minimizing low energy gamma ray attenuation and
maximizing efficiency. Measurements were conducted using a Canberra’s broad energy planar
HPGe detector with relative efficiency of 48%, a carbon epoxy window and an energy range of 4
to 2000 keV placed in the lead shielding. The DSA-LX Digital Signal Analyser electronic was
used with Genie 2000 software for data acquisition and analyses. The spectrum collection times
for the prepared samples ranged from 10 000 seconds to 200 000 seconds, depending on the
activity, to reach similar counting statistics and comparable measurement uncertainties, when
possible. Background measurements lasting 300 000 seconds were performed and subtracted
from the sample spectra. The combined uncertainty budget of the activity measurement included

the highest contributors, namely the uncertaintiy of determining the net area of the photo peak
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and the efficiency uncertainty. Efficiency calibration was performed mathematically using the
LabSOCS tool and extrapolation to the energy of interest. These calibrations were then checked,
corrected and optimized using a °°Fe point source of known activity. Additionally, samples
prepared by electrodeposition on SS plate and on filters using APDC method, combined with a
SFe standard solution of known activity, were measured to confirm calibration. The obtained
efficiency was used as a starting point for determining the activities in further test measurements
and analysing attenuation as a function of total amount of iron in the sample. The corrections of
the efficiency were obtained experimentally by preparing and measuring the samples by varying

the initial amount of iron.

Results

APDC precipitation of iron from real concrete samples

The results of the measured (Ameasured) Versus target (Awrget) activities for *°Fe in five concrete
samples with different total iron contents are shown in Table 1. The iron content in these samples
ranged from 0.05 mg to 1.00 mg. The comparison between the activities measured by gamma
spectrometry and the target values shows that the discrepancy of gamma measurements is less
than 17% for samples with a total iron content of less than 0.45 mg. However, when the iron
content increases above this threshold, the discrepancy increases and reaches up to 53% for
samples with 1.0 mg of iron.

Table 1 also shows the results of measured activities (Ameasured) for *°Fe obtained with two
different detectors in two different facilities for all five samples. The comparison shows that the
largest difference in °Fe activity between the measurements of IRB and 1JS is 9% for the
Concrete -2- sample. The maximum difference for other samples is 3%. The excellent agreement

of the results between two laboratories, which are within the uncertainties, indicates that the

13
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discrepancy between the measured and targeted activity values comes from sample preparation,

and is not measurement related.

Table 1 Dependence of measured *°Fe activity (measured by gamma ray spectrometry) on total
iron mass in concrete samples prepared by APDC precipitation: a comparative study
between two different laboratories

Sample m(Fe)twtal/mg Atarget/BQ Amle:.IIBBq Am:iqu
Concrete -1- 0.05 5 49+05 49+0.6
Concrete -2- 0.30 10 8.7+0.9 9.6+0.8
Concrete -3- 0.45 15 124+14 12.7+1.1
Concrete -4- 0.90 30 185+2.0 195+1.3
Concrete -5- 1.00 35 17.6 £1.9 16.4+ 3.0

Electrodeposition

Fig. 2 shows the results of the ED for the test samples and illustrates the relationship
between the time of the ED, the yield of the ED and the total iron content in the electrolyte
solution. In order to better follow the obtained results, the measurement data shown by marks in
Fig. 2 are linked by the dashed curves, which however do not present interpolation of yield,
activities or samples masses.

The results can be categorized into three different groups: group one, in which the ED
yield remains the same regardless of whether the ED time is 60 or 90 minutes. This applies to
samples containing 10 mg and 15 mg total iron. Group two, in which the sample contains 25 mg
of total iron. Here, an extension of the ED time to 90 minutes leads to an up to 8 % higher yield
compared to a 60 minutes ED time. Group three, in which the ED yield increases by 30 % when

the ED time is extended to 90 minutes. To investigate the effects of further increasing the ED

14
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303 Fig. 2 Electrodeposition yield, measured activity values regarding the targeted ones and film
304 thickness for test solutions with varying total iron content and electrodeposition times
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306 A similar trend can be observed in the gamma spectrometry results, which are also shown in
307 Fig. 2. As the total iron content increases, the discrepancies in the results become more

308  pronounced, reaching up to 25 % for samples with an original iron content of 50 mg. For these
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high-iron samples, a correction factor should be introduced, even after the yield corrected results.
Fig. 3 illustrates the required correction of the efficiency (%) as a function of the total iron
content and shows a linear dependence within the analysed range of 10 — 50 mg.

The same observation can be made when considering the relationship between the thickness of
electrodeposited film, influencing directly the detection efficiency, and the discrepancy in the
results obtained by gamma spectrometry (Fig. 2).

In addition to the results shown in Fig. 2, the activity of *Fe was determined by gamma
spectrometry in two further samples with 0.25 mg and 0.50 mg total iron. For these samples, the
gamma spectrometric measurements showed excellent agreement with the target value with

maximum discrepancies of only 5 %.
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Fig. 3 Correlation between the total iron content in the sample (mg) and the correction of the

detection efficiency
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The results obtained with the standard addition method, used for real concrete samples, show
excellent consistency between mutual aliquots of all three samples. The deviation of activities

between two aliquots of the same sample was not more than 10 %.

Discussion

Iron precipitation using APDC has previously been used alongside gamma spectrometry,
with known problems such as lack of selectivity in iron complex formation and attenuation. The
aim of this study was to determine the maximum amount of total iron in real concrete samples at
which the exact activity of >Fe, prepared with APDC and measured by gamma spectrometry,
can still be accurately determined. The results for five concrete samples containing different
amounts of total iron are shown in Table 1. As expected, the discrepancy in the gamma
measurements increased with higher total iron content, which directly shows the influence of
attenuation. The significant increase in discrepancy can already be seen for samples with less
than 1.0 mg of total iron, leading to the conclusion that this method can only be considered
reliable for samples with a total iron content of 0.50 mg or less. Along with the thickness, the
nonpredictable possible inhomogeneity of samples prepared in this way could still result in
doubtful results.

On the other hand, for the ED preparation method, the effects of the different amounts of total
iron in the analyzed samples on the ED yield and the measured activity values of >°Fe were
investigated. The duration of the ED was optimized to maximize the yield. The results indicate
that under the specified conditions, such as the size of the electrochemical cell, the diameter of
the cathode, and the volume of electrolyte, the optimal ED duration is 90 minutes. While a

shorter duration of 60 minutes is sufficient to achieve maximum vyield in samples with lower
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total iron content (up to 25 mg), for actual concrete samples with unknown total iron content, 90
minutes is necessary to ensure maximum ED vyield, regardless of the total iron mass. These
optimized ED conditions were applied to real concrete samples to confirm the method's
applicability. The standard addition method was used, and the results from Aliquots 1 and 2 of
the same sample were consistent, with discrepancies under 10%.

When analyzing the gamma spectrometry results, a clear correlation emerged between the total
iron mass and the discrepancy between the measured and target activity values (Fig. 2) as a result
of attenuation. Introduction of correction for the efficiency as a function of total iron content is

thus necessary. The obtained correlation is presented in Fig. 3.

Conclusion

This study emphasizes the potential of gamma spectrometry as the method for the determination
of ®Fe in complex solid samples with high amount of iron such as concrete and metals from
NPP radioactive waste. A key challenge of this method is the low energy of the emitted ray,
which causes significant attenuation. Therefore, the preparation of a thin and homogenous
sample is crucial.

In the study, two sample preparation techniques for gamma measurements were compared:
APDC precipitation method and electrodeposition. The APDC precipitation method has
limitations in accuracy for samples with higher iron content though it remains reliable for
samples with less than 0.50 mg total iron. On the other hand, the ED proved to be reliable for
samples containing up to 50 mg of iron. The duration of the ED was optimized to 90 minutes to

achieve the maximum yield.
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For the activity measurements, an experimental correlation function for the detection
performance of the gamma spectrometry system was introduced as a function of the total iron
content. This function can be used in future measurements.

It is expected that further optimization of the electrochemical cell will increase efficiencies and
lower detection limits. These improvements are of utmost importance for the fast and accurate
determination of *>Fe activity and activities of other radionuclides in samples from NPPs and

accelerators, where precise analysis is essential after decomposition.
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