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Abstract

Radioactive mercury waste constitutes a significant challenge, as no approved disposal concept yet exists for such waste in
Germany. This work describes a decontamination and measurement procedure for a possible clearance of mercury from
nuclear facilities and release into reuse or conventional hazardous waste disposal to reduce the amount of mercury in a
nuclear repository. The measurement setup and procedure were developed and evaluated including Monte-Carlo N-Particle®
Transport Code (MCNP® and Monte Carlo N-Particle® are registered trademarks owned by Los Alamos National Secu-
rity, LLC, manager and operator of Los Alamos National Laboratory, (Werner 2018, Werner 2017)), simulations to ensure
conservative assumptions during the measurements. Results from decontaminated mercury samples show that a clearance

pursuant to the German regulations would be feasible.
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Introduction

During the decommissioning of nuclear facilities, different
“problematic” nuclear waste streams can occur for which no
disposal path has yet been developed. This includes waste
with a high chemical toxicity and/or a high mobility in the
environment (e.g. a high solubility), for example toxic met-
als like beryllium, cadmium or mercury, that cannot be dis-
posed of (directly) in a nuclear repository [3-7].

No approved disposal concept for contaminated mercury
waste from nuclear facilities yet exists in Germany because
the disposal comprises significant problems. The high toxic-
ity and mobility of most mercury compounds, for example,
leads to a limited acceptance of radioactive mercury waste
in “Schacht Konrad”, the German repository for nuclear
waste with negligible heat generation, due to groundwater

P< Giuseppe Modolo
g.modolo@fz-juelich.de

Forschungszentrum Jiilich GmbH, Institut Fiir Energie-
Und Klimaforschung - Nukleare Entsorgung Und
Reaktorsicherheit IEK-6), Wilhelm-Johnen Strafe 1,
52425 Jiilich, Germany

Aachen Institute for Nuclear Training GmbH, Cockerillstralle
100, 52222 Stolberg (Rhld.), Germany

regulations [8, 9]. Furthermore, the liquid state of elemen-
tal mercury precludes a direct disposal but requires a prior
solidification before disposal in the nuclear repository. An
approved disposal concept for larger amounts of mercury
waste from nuclear facilities in Germany has not yet been
reported [3, 4].

Mercury has been applied in different nuclear facilities
all around the world, e.g. as cooling and shielding material,
as it offers several advantages being the only liquid metal
at room temperature and having a very high density that
causes good shielding properties. Despite these promising
properties, little to no information can be found about the
disposal of historic radioactive mercury wastes or about
specific future disposal concepts for radioactive mercury
wastes. Most current literature about mercury focuses on
mercury in the environment and on environmental applica-
tions, especially measurement and decontamination, e.g. of
mercury-contaminated soils or waters [10-14].

In the 1950’s mercury was applied as cooling medium
in the “Clementine” reactor, the first fast neutron reactor
in Los Alamos National Laboratory, New Mexico, and was
contaminated with different radionuclides, e.g. plutonium,
during reactor operation. Mercury was also used as cool-
ant in the BR-I/ BR-II fast breeder reactors in the former
Soviet Union. Liquid sodium then soon replaced mercury as
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primary coolant for the next generation of fast reactor types
and no detailed information is available about the mercury
disposal after the dismantling of the reactors [15-18].

Another large-scale application of mercury is its use in
different separation processes, e.g. as a solvent for the sepa-
ration of uranium from used nuclear fuel elements in the
HERMEX process. Uranium is dissolved in mercury during
this process forming an amalgam that is then separated from
other impurities and the mercury can afterwards be removed
thermally. The exact amount of mercury that has been used
in this process and the resulting amount of radioactive mer-
cury waste is not known [19, 20]. Smaller applications gen-
erally included the use of mercury as sealing and shielding
material in different nuclear facilities, some of which are still
in use, in decommissioning or dismantling [3]. Mercury was
used in rotating shielding plugs in the Prototype Fast Reactor
(PFR), for example, and in the Dounreay Fast Reactor (DFR)
in Scotland [21].

Nowadays the use of mercury in nuclear facilities is
mainly still of interest for nuclear fusion and spallation
facilities. It is used in the separation of Li from ’Li, the
former of which is essential for nuclear fusion applications
in the production of tritium [3, 22-24]. In nuclear fusion
mercury is also highly suitable as working fluid in the pump-
ing of tritium. These pumps require a pumping fluid without
any hydrogen atoms, thus excluding the application of most
materials except metallic and ceramic ones [25-27].

In spallation sources, mercury is advantageous as target
material due to its liquid state. A liquid material can easily
be mixed and thus ensures a good heat distribution, while at
the same time an embrittlement of the target material (as in
solid materials) is avoided. Mercury is thus used in spalla-
tion targets in the Japan Spallation Neutron Source (JSNS),
Tokai, Japan, and in the Spallation Neutron Source (SNS),
Oak Ridge, Tennessee [28—35]. To the best of our knowl-
edge, no final disposal route for the mercury from this pro-
cess has been approved.

In Germany, mercury-containing radioactive wastes are
mainly expected from research facilities, the exact amount
however is unclear. A smaller experimental spallation facil-
ity was installed at the Cooler Synchrotron (COSY), the
Jiilich Experimental Spallation target Set-up in COSY Area
(JESSICA) facility in Jiilich that contains about 470 kg of
elemental mercury [36-38]. Simulations have been per-
formed to determine possible activation products that could
be formed in this spallation target and lead to a variety of
different radionuclides, including, next to radioactive iso-
topes of platinum, gold, iodine, etc., the formation of radio-
active mercury isotopes that could not be separated from
the bulk of the elemental mercury in the target. This for-
mation of radionuclides that cannot be separated from the
mercury leads to the possibility that the whole mercury from
this facility needs to be disposed of as radioactive waste
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as a decontamination of the mercury might not be possible
[31-33].

In Jiilich, about 600 kg of mercury were further used as
shielding material in a hot cell facility and were contami-
nated with different (radioactive) materials. This mercury
was removed and collected during decommissioning of the
hot cell facility. At the moment there is no disposal path and
therefore different options are discussed. Some radioactively
contaminated mercury samples originating from this facility
have been examined to develop a possible disposal concept
[4, 6, 39]. Further mercury-containing wastes from nuclear
facilities in Germany are expected, most of them with com-
parably small volumes. However, these wastes still have to
be dealt with.

Such a disposal concept first foresees the decontamina-
tion of elemental mercury (e.g. by vacuum distillation and
washing) and then a possible clearance of large parts of this
material—with the possibilities of reuse or conventional
hazardous waste disposal—according to the German radia-
tion protection ordinance [40]. The amount of mercury waste
that needs to be disposed of in a deep geological repository
for radioactive waste would be minimised with this concept.

To the best of our knowledge, there is no literature avail-
able describing the radiological measurement and a setup
or procedure for decontamination and clearance of mercury
from nuclear applications. The radiological characterisation/
measurement of radioactive mercury is challenging due to
the high density (13.5 kg L™") and shielding effects of mer-
cury. Furthermore, radioactive contamination might be dis-
tributed inhomogeneously in the mercury and a direct activ-
ity determination by gamma spectrometry is not possible due
to the lack of an adequate efficiency calibration for radioac-
tive mercury samples. The gamma-spectrometric measure-
ment setup is thus simulated with MCNP® to determine the
photo peak efficiencies for the measurement of radioactively
contaminated mercury samples under conservative assump-
tions. Such conservative conditions are mandatory for possi-
ble clearance measurements to preclude an underestimation
of the activity in the sample. This concept is described here
including results from the measurements of real decontam-
inated mercury samples and evaluating the possibility of
their clearance [6, 39]. In a first step, contaminated mercury
samples were radiologically characterised using a new wet-
chemical characterisation approach. The decontamination
of contaminated mercury is demonstrated by vacuum dis-
tillation or washing, e.g. with nitric acid, and was found
to be suitable for the waste from Jiilich. This approach is
briefly described here and the possibility of a clearance for
such decontaminated mercury samples with the developed
gamma-spectrometric measurement procedure is assessed.

To our knowledge, while there are several (historic
and current) applications for mercury in nuclear facilities,
there is no comparable study on the decontamination and
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Fig.1 Top left: HPGe detector setup without shielding, Top right: detector setup with lead shielding to reduce background radiation, Bottom:
setup for measurement of point sources at different angles from the detectors

radiological measurement of mercury from nuclear applica-
tions. We have therefore developed a comprehensive concept
for radiological measurements of mercury, its decontamina-
tion and potential clearance applying established modelling
tools. While the method for efficiency calibration might be
similar to other works, this work combines the theoretical
approach with the practical applicability of decontamination
and measurement of different waste samples from Jiilich.
This manuscript therefore shows that the combination of
wet-chemical radiological characterisation and decontami-
nation followed by gamma-spectrometric measurement
allows a clearance of large parts of these radioactively con-
taminated mercury wastes. Especially the measurement of
radioactive contaminations in elemental mercury poses a
challenge in wet-chemical radiological characterisation as
well as in non-destructive clearance measurements, that can
be solved with our approach.

Experimental

The gamma-spectrometric setup used for decision-making
measurements to evaluate the possibility of a clearance
consisted of two coaxial semi-planar P-type HPGe detec-
tors from Ortec® Ametek® GmbH (Meerbusch, Germany)
with relative efficiencies of 22% (detector 1) and 25%
(detector 2). The detectors were mounted on a slide facing
each other so that a sample could be placed in between and
measured from opposite sides to increase the sensitivity of
the measurement and to detect potential inhomogeneous
activity distribution by comparison of the two simultane-
ous measurements (Fig. 1). The detectors were carefully
aligned along the z-axis and fixed in their positions on the
slide. The detectors were positioned within +0.1 mm from
the indicated positions. The distance between both detec-
tors can be varied by moving the detectors on the slide

@ Springer
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Fig.2 Flasks for the measurement of decontaminated mercury sam-
ples, left: geometry-optimised cylindrical sample flask, right: com-
mercially available cell culture flask

simultaneously in opposite directions. Measured spectra
were evaluated by GammaVision version 5.20 and LabVi-
sion (LVis) version 1.0.

Point sources (152Eu, 21 Am, 9Co, 137+Csl) used to evalu-
ate the MCNP® detector models were all purchased from
Amersham plc., Amersham, Great Britain. Point sources
were measured at different distances from the detectors (5,
10, 20, 25 and 40 cm) and at different angles (0°, 15°, 30°,
45°, compare Fig. 1) to evaluate the quality of the MCNP®
detector model. Two different sample flasks were used for
the measurement of mercury samples and are compared in
this work: an in-house custom-made cylindrical glass flask
with an optimised geometry (Fig. 2 left) as well as a com-
mercially available polystyrene cell culture flask (cell cul-
ture flask from Falcon® with a nominal volume of 25 mL,
Fig. 2 right). The cylindrical flask had an inner diameter
of 5.56 cm, a sample thickness of 1.01 cm and a volume
of 24.5 mL. The irregularly shaped cell culture flask had a
sample thickness of 2.16 cm, comprising an average sample
volume of 25 mL and a maximum volume of 30 mL.

For decision-making measurements for clearance both
flasks were filled with decontaminated mercury samples
and measured at a distance d between each detector and the
middle of the sample of d=35 cm. The measurement time
was varied for different measurements. Dead time correction
was performed automatically by the measurement software.

! The use of the+sign, e.g. in '3"*Cs, follows the nomenclature used
in the German Radiation Protection Ordinance. [40] The + character
on the mother nuclide indicates that the exposition from the daugh-
ter nuclides listed in table 2 of the German radiation protection ordi-
nance is included in the clearance values of the mother nuclides. For
137+Cs for example, this includes the daughter nuclide '*’™Ba (which
is responsible for the emission at 661.67 keV that is mainly evaluated
in the context of this work), for ***Sr it includes the daughter Ny,
As the assessment of a possible clearance is based on the regulations
from the German radiation protection ordinance, the nomenclature
was followed throughout this manuscript.
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Dead times were below 3% for all measurements, and sig-
nificantly below 1% for all measurements of samples that
were considered for a clearance procedure.

Only the net peak area of the 661.67 keV emission line of
137+Cs was evaluated for the gamma-spectrometric activity
determination in the measurement of the mercury samples.
In prior radiochemical analyses, 1*”*Cs had been determined
as the main radionuclide in the samples as discussed in the
following chapter. As the 661.67 keV emission line shows
a comparably high photo peak efficiency even inside the
mercury matrix, '37*Cs was used here as reference nuclide.
The activities of the other radionuclides were determined
according to their relative share in the samples as deter-
mined experimentally (see chapter “Characterisation and
decontamination of mercury samples”).

Decision threshold (allowing a conclusion whether the
nuclide is present in the sample) and detection limit (the
smallest amount of the nuclide that can be quantified) of
the measurements were determined according to DIN ISO
11929 [41]. The sum formula for clearance was calculated as
Y (C,/FG;) with C; as the activity of a nuclide in the sample
and FG; as the clearance value for the respective nuclide
given in the German radiation protection ordinance [40].

A commercially available TRU resin from Triskem was
used for the radiochemical separation of the mercury-con-
taining residues. The TRU column was first conditioned with
5 mL of 4 mol L™! nitric acid. The column was then loaded
with 5 mL of the dissolved mercury aliquot in 4 mol L~}
nitric acid. Afterwards, the column was eluted with different
solvents: 4 mol L™! nitric acid (5 mL), 4 mol L™ hydrochlo-
ric acid (10 mL) and 0.1 mol L™ oxalic acid (10 mL). Dif-
ferent fractions were collected after elution from the column.
The 5 mL from the conditioning of the column were dis-
carded. Afterwards, the following fractions were collected:
3x5mL, 10x1 mL and 1 x5 mL. All fractions were ana-
lysed by inductively coupled plasma—mass spectrometry
(ICP-MS) for mercury content, by alpha and gamma spec-
trometry and liquid scintillation counting (LSC).

Results and discussion

Measurement setup and procedure for a clearance
concept

The gamma-spectrometric measurement concept was devel-
oped for potential clearance measurements of mercury sam-
ples from nuclear facilities. It is based on the measurement
of 37*Cs as a reference nuclide with a relatively high photo
peak efficiency inside the mercury matrix.

It was not possible to determine an experimental photo
peak efficiency calibration for the measurement of mercury
samples, due to the high density of mercury and de-mixing
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Fig.3 MCNP® model of
the detector setup (geometric

Aluminium end caps

dimensions see Table 1)

Detector 2

Dead

" layer Detector 1

\ /
HPGe detector crystals

Table 1 Geometric dimensions
of the MCNP® detector models

Detector 2 (e,=25%)

Detector 1 (e,=22%)

before and after experimental
validation and adaption

Before valida-
tion

Before valida-  After validation

tion

After validation

Crystal diameter (mm) 58.5
Crystal length (mm) 39.6
Dead layer (mm) 0.7

56.0 59.0 59.0
39.6 374 36.0
0.4 0.7 1.0

with aqueous standard solutions. Therefore, a simulation
study was performed using MCNP® to determine the photo
peak efficiency under the most conservative assumptions.
Both detectors were modelled in MCNP® and the models
were evaluated by the measurement of point sources at dif-
ferent distances and different angles to the detectors. The
measured photo peak efficiencies were then compared with
the simulated ones and the MCNP® detector models were
adapted to ensure that the real sample activities were never
underestimated. Two different sample flasks were evalu-
ated and compared, a geometry-optimized glass flask, and
a commercially available cell culture flask. The geometry-
optimized glass flask was used to generate and validate the
MCNP® model, while the commercially available cell cul-
ture flask was used predominantly for the measurement of
real mercury samples. The cell culture flasks were used for
real mercury samples preferentially, as they are easier to
handle and much cheaper than the custom-made glass flask.

Simulation and evaluation of HPGe detector models

The detectors were modelled by MCNP® and validated
experimentally before simulating photo peak efficiencies
of the measurement of mercury samples that could not be
determined experimentally. The geometry of the HPGe
detector setup was first mapped in MCNP® using the geo-
metric specifications provided by the manufacturer. The
resulting MCNP® model is displayed in Fig. 3. Both detec-
tors consist of the HPGe detector crystal with an outer dead
layer, a hole for the copper cooling rod and two evacuated
aluminium end caps.

The detector model was experimentally evaluated by
measuring point sources of 152Ey, 241 Am, °Co and ¥7+Cs
at different angles (0, 15, 30, 45°) and distances (5, 10, 20,
25, 40 cm) to the detectors and comparison of the photo peak
efficiencies of the measured spectra with the corresponding
simulation results (all results of this comparison are included
in the Supplementary Information, SI). Then the detector
model was optimised to ensure as realistic as possible but
still conservative conditions in the following activity deter-
minations. For such, the simulated photo peak efficiency
must be smaller than the real photo peak efficiency, i.e. the
following condition must be met:

Smodel/ € measurement < 1.

This €046/ € measurement 1210 Was determined for the meas-
urement of the different point sources with different emis-
sion energies at different distances and angles (cf. SI). It was
found to be partly above one and thus too high and could
result in an underestimation of the sample activity, which
has to be avoided. Furthermore, the results showed an energy
dependency of the € 4e1/€measurement Fati0, probably caused
by some deviation of the crystal size and dead layer thick-
ness between model and detectors.

The geometric specifications of the detectors were
adapted to fulfill the condition €, 4e1/€ measurement < 1> DY SYs-
tematic variation of crystal size and dead layer thickness
of both detector models. The results of these adaptions are
summarised in Table 1 (the resulting values for the €, 4.,/
€ measurement atio are included in the SI). The model was opti-
mised for a distance d of the detectors to the middle of the
sample of 5 cm and the adaptions resulted in a reduction of
the simulated active detector volume by 5.7% for detector 1

@ Springer
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Detector 2

Detector 1

Detector 2 ’ p

Fig.4 Top: Photo of the cylindrical sample flask placed between
both HPGe detectors, middle: MCNP® model of the cylindrical sam-
ple flask between both HPGe detectors, bottom: positions of a point

and by 6.5% for detector 2. These adapted MCNP® detector
models were used for calculation of the conservative photo-
peak efficiencies in the gamma spectrometric measurements.

Determination of photo peak efficiencies for different
geometries

After the validation and optimisation of the MCNP® detec-
tor model, the photo peak efficiency in a mercury sample
was determined. For a conservative activity estimation in
clearance measurements, the point of the lowest photo peak
efficiency of an infinitesimal point source in the mercury
matrix must be known. Therefore, a series of MCNP®
simulations was performed to determine this point for both
sample flasks.

The cylindrical sample flask filled with 24.5 mL mer-
cury was simulated with a distance d from the middle of the
sample to each detector of 5 cm. A '37*Cs point source was
simulated at 15 different positions inside this mercury-filled
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p " Detector 1

source simulated in the mercury matrix in the cylindrical sample
flask. The dimensions are not to scale, the flask was broadened for a
better visibility

sample flask. The positions of the simulated point source are
shown in Fig. 4.

The simulated photo peak efficiencies of the 661.67 keV
emission line of '37*Cs at the different positions in the mer-
cury sample are illustrated in Fig. 5 and are summarised in
Table 2. For the measurement with just a single detector,
the highest photo peak efficiency is detected in front of the
detector—at position 1 for the measurement with detetor 1
and at position 13 for the measurement with detector 2. The
lowest efficiency is detected at the respective opposite side
of each detector, at the outer periphery of the sample due
to the larger distance to the detector and shielding caused
by the mercury matrix (at position 15 for detector 1 and
position 3 for detector 2). The efficiencies of detector 2 are
generally higher than for detector 1 due to its higher relative
efficiency. For the sum spectrum of both detectors, the point
of lowest photo peak efficiency was found in the middle
between the detectors at the outer periphery of the mercury
sample (position 9). The simulated value of 6.07-107 at that
position was used for conservative activity determination in
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5.56 cm

Detector 2

Detector 1

5.56 cm

Detector 2

Detector 1

5.56 cm

Detector2 4

1

increasing photopeak efficiency

' Detector 1

Fig.5 Simulated photo peak efficiencies at different positions inside the mercury-filled cylindrical sample flask, top: results for detector 1 only,
middle: results for detector 2 only, bottom: results for the simultaneous measurement with both detectors

Table 2 Highest and lowest
simulated photo peak

efficiencies determined for the
661.67 keV '37+Cs emission

line in the cylindrical sample
flask filled with mercury Lowest value for detector 1

Position Photo peak efficiency MCNP Uncertainty*
Highest value for detector 1 1 8.55-107 9.41-10°°
Highest value for detector 2 13 8.87-107 9.76-10°°
15 1.27-107 3.55.10°°
Lowest value for detector 2 3 1.32-1073 3.68-10°°
Highest values for sum spectrum 13 1.04-1072 1.04-107
1.02:10 1.02:107
Lowest value for sum spectrum 9 6.07-107° 7.89-10°°

“This is the statistical uncertainty calculated by MCNP

@ Springer



572

Journal of Radioanalytical and Nuclear Chemistry (2021) 329:565-580

7E-3
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5E-3-
4E-3-
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500 1000
Energy in keV

1500

Fig.6 Simulated photo peak efficiency curves for the sum spectrum
at the point of the lowest photo peak efficiency determined for the
661.67 keV emission line in the cylindrical sample flask, left: effi-

Fig.7 Top: Photo of a mercury
sample filled in a cell culture
flask, placed between both
HPGe detectors, bottom:
MCNP® model positions of a
point source simulated in the
cell culture flask

Detector 2

the evaluation of the measurements of real mercury samples
in the cylindrical flask.

Figure 6 shows the simulated energy-dependent photo
peak efficiency curves at position 9 for the sum spec-
trum using the cylindrical sample flask filled with air
and mercury. The left graph marked in red shows the
energy-dependent efficiency in the mercury matrix with
a maximum around the 661.67 keV emission line, thus
illustrating that '¥7*Cs is well suited as reference nuclide
for these measurements. This efficiency curve for mer-
cury (red squares) is compared to the efficiency for the
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same geometry in air, without mercury (blue circles), in
the right graph. The effect of mercury shielding causes a
vastly reduced photo peak efficiency, especially at emis-
sion energies below 500 keV. Simulated photo peak effi-
ciencies were practically zero for emission energies below
150 keV. These results confirm that a direct gamma-spec-
trometric determination of e.g. 2*' Am is not possible in a
mercury matrix and the given measurement setup.

The point of the lowest photo peak efficiency for the
cell culture flask was determined analogue to the cylin-
drical flask. Due to the irregular shape of the cell culture
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Fig.8 Simulated photo peak
efficiencies of the 661.67 keV
emission line at different [
positions in the mercury-filled [
cell culture flask for the sum £ |
spectrum of both detectors, top: &
point of the maximum photo o
peak efficiency, bottom: point of
the lowest photo peak efficiency -—
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Fig.9 Simulated photo peak efficiency curves for the sum spectrum
at the point of the lowest photo peak efficiency determined for the
661.67 keV emission line in the cell culture flask, left: efficiency

flask, the '*7*Cs point source was simulated in 125 dif-
ferent positions inside the 25 mL mercury sample at a
distance d between each detector and the middle of the
sample of 5 cm, as shown in Fig. 7.

The general trends of the photo peak efficiencies were
similar to the cylindrical sample flask (all values are in the
Supplementary Information). The highest photo peak effi-
ciency for the measurement with a single detector was found
in front of the respective detector while the lowest efficiency
was found at the opposite side of the sample. For the sum

Energy in keV

curve in mercury matrix (red squares, right: comparison of the effi-
ciency curves in mercury (red squares) and air (blue circles)

spectrum of both detectors, however, the highest photo
peak efficiency of 1.15-107 was found at the bottom of the
sample due the low sample thickness and reduced shielding
effects at this point, towards detector 2 which has the higher
relative efficiency of both detectors (compare Fig. 8). The
lowest photo peak efficiency was found inside the mercury
matrix in the middle between both detectors. An efficiency
of 3.20-107 was detected at this point for the 661.67 keV
emission line and was used in the further evaluation of meas-
urements of real mercury samples.
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Fig. 10 Extraction chromatography results. TRU resin from Triskem was used for the separation of mercury from the alpha-emitting radionu-
clides and subsequent separation of plutonium from americium, curium and europium

The energy-dependent photo peak efficiency curves of
the sum spectrum in mercury (red squares) and air (blue
circles) were determined for this point of lowest photo peak
efficiency for the 661.67 keV emission line (Fig. 9). Both
curves show similar trends compared to the cylindrical sam-
ple flask, with only slightly different efficiency values. As
the cell culture flask is thicker than the custom-made cylin-
drical flask, the efficiency is reduced due to higher shielding
effects of mercury.

Characterisation and decontamination of mercury
samples

Contaminated mercury samples from the decommission-
ing of a hot cell facility in Jiilich were first characterised
radiologically with a specially developed wet-chemical char-
acterisation approach. Aliquots from the mercury samples
were first dissolved in nitric acid and radiochemical separa-
tion was then performed by extraction chromatography. The
TRU resin from Triskem was found suitable for the separa-
tion of mercury and the different radionuclides. This resin
is impregnated with a combination of the two extractants
tributyl phosphate (TBP) and octyl(phenyl)-N,N-diisobutyl-
carbamoylmethylphospine oxide (CMPO) [42, 43].

An example of this separation is illustrated in Fig. 10.
The chromatography column was loaded with the sample in
4 mol L™ nitric acid and afterwards eluted with 4 mol L™!
nitric acid, 4 mol L™! hydrochloric acid and 0.1 mol L™}

@ Springer

oxalic acid. Three main fractions were collected: the first
fraction (mainly nitric acid) containing mercury, caesium
and strontium, the second fraction (mainly hydrochloric
acid) containing americium, curium and europium and the
third fraction (mainly oxalic acid) containing plutonium.
This separation enables an adequate characterisation of the
alpha-emitting nuclides after removal of the mercury. Fur-
thermore, the separation between americium and plutonium
is crucial for the subsequent alpha-spectrometric characteri-
sation due to a potential overlap of the respective emission
lines. Radiological analyses were then performed by gamma
and alpha spectrometry as well as LSC measurements.

The radioactive contaminations were mostly detected
in a separate, inhomogeneous phase floating on top of the
bulk mercury in the form of oil, sludge and solid particles.
The elemental mercury itself was found to be significantly
decontaminated by mechanically separating it from the
floating radioactive residues. Well-established decontami-
nation techniques, e.g. vacuum distillation and washing of
mercury, were found to lead to a further purification of the
bulk elemental mercury. Both of these methods have long
been applied even on a technical scale for the purification
of conventional mercury wastes. For the purpose of this
work, mercury was mainly decontaminated by washing,
that is by contacting the elemental mercury with a wash-
ing agent in a separatory funnel and subsequent separation
of the phases. Suitable washing agents were found to be
both nitric acid and hydrochloric acid or even water. The
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Table 3 Characterisation results from radioactive residues of a
radioactively contaminated mercury sample in Jiilich determined by
gamma and alpha spectrometry and LSC measurements

Nuclide Activity in kBq g~ Percentage (%)
137+Cs 50 68.6
0+gr 21 28.8
134y 0.1 0.1
2 Am 0.6 0.8
2391240py 0.3 0.4
24Cm 0.5 0.7
#2Cm 0.4 0.5

This experimentally determined nuclide vector was used in
the following gamma-spectrometric measurements of the
mercury samples.

The mercury samples from the decommissioning of the
hot cell facility in Jiilich were measured on the HPGe detec-
tor setup after decontamination. In a first feasibility study
one sample was decontaminated prior to the measurements
and measured in the cylindrical sample flask. These results
were compared to an analogue measurement with the com-
mercially available cell culture flask for comparison. The
respective decision threshold (allowing a conclusion whether
the nuclide is present in the sample) and detection limit (the
smallest amount of the nuclide that can be quantified) were

Table 4 Experimentally

. . Experimentally
determined nuclide vector of

Clearance value in Bq g7! [40]

determined nuclide

mercury samples in Jiilich and vector of Hg

possible clearance values for

Unrestricted clearance of
solid and liquid materials

Specific clearance of
metal waste for recy-

Specific clearance of solid
materials for disposal on

samples .
mercury samples cling landfills

37+Cs 68.6% 0.1 0.6 10
an 288% 1 9 6

154Eu 0.1% 0.1 0.5 10

M Am 0.8% 0.1 0.3 1
29240py  04% 0.1 0.2 1

24Cm 07% 1 0.5 10
2Cm 0.5% 10 5 80

successful decontamination was confirmed by destructive
radiological analysis of mercury samples. Samples were
therefore analysed radiologically after decontamination by
partial dissolution and subsequent low-level LSC measure-
ment as well as gamma spectrometry. The results proved
that large parts of the mercury could potentially be released
into reuse or conventional hazardous waste disposal after
an adequate decontamination and clearance procedure. The
decontamination and subsequent analysis proved that the
radioactive contaminations were not distributed in the ele-
mental mercury itself but were located in the floating (oily
and solid) residues as well as the phase boundary between
both phases. A decontamination of the elemental mercury
thus proved to be straightforward and very effective. These
promising results of the decontaminated mercury samples
were afterwards examined with our gamma spectrometry
setup to prove the suitability of our approach for the meas-
urement of elemental mercury samples without the need for
a wet-chemical analysis, thus avoiding the dissolution of
large amounts of mercury and the production of substantial
amounts of secondary wastes.

The characterisation results of the residues from one
mercury sample are summarised in Table 3. In the analysed
samples, '*7*Cs was found to be the main radionuclide, fol-
lowed by ***Sr, and lower amounts of '>*Eu and actinides.

determined for each measurement according to DIN ISO
11929 [41] to evaluate the sensitivity of the measurement
procedure. The activity of *’*Cs was determined for each
sample with the photo peak efficiency that was determined
by MCNP® simulations as described above. The activities
of the other radionuclides in the mercury samples (°***Sr,
54y, 21 Am, 23%240py, 24Cm, 2*2Cm) were calculated by
their experimentally determined ratios in the mercury sam-
ples, as given in Table 4. The sum formula for clearance
(calculated as Y (C,/FG;) with C; as the activity of a nuclide
in the sample and FG; as the clearance value for the respec-
tive nuclide given in the German radiation protection ordi-
nance [40]) was considered for each sample and all activities
were reviewed in the context of a possible clearance of the
samples.

Possible clearance values for mercury from the German
radiation protection ordinance are included in Table 4 [40].
As it is not yet clear which values would be applicable for
the clearance of mercury, the lowest value, i.e. the value for
unrestricted clearance, is considered here for the evaluation
of the results.

The measurement results of two mercury samples, one
in the cylindrical flask and one in the cell culture flask,
are compared in Table 5. Both samples were prepared in a

@ Springer



576

Journal of Radioanalytical and Nuclear Chemistry (2021) 329:565-580

Table 5 Measurement results of
two similarly decontaminated

Cylindrical flask Cell culture flask

mercury samples in the Mercury sample identifier Hg 31.1 Hg31.2

cylindrical flask and the cell 137+Cs photo peak efficiency 6.07-1073 3.20-107

culture flask for d=5 cm and a

live time of 80,000 s 137+Cs decision threshold in Bq g~ 8.43-107* 2.03-107
137+Cs detection limit in Bq g~ 1.74-1073 4.19-1073
Best estimate of '37*Cs activity in Bq g~ <1.74-1073 <4.19-1073
Uncertainty of '¥7*Cs activity +1.08-107* +2.04-107
Sum formula for clearance Y (C/FG;) 1.97-1072 4.75-1072
Sufficient sensitivity? Yes Yes
Activities < clearance values ? Yes Yes
> (C/FG)<1? Yes Yes

similar way: they were taken from a mercury waste quota in
Jiilich by mechanical separation of the mercury from impu-
rities and filled into the respective sample flask for meas-
urement. The measurements were performed on the HPGe
detector setup at a distance d between detector and the mid-
dle of the sample of 5 cm and a live time of 80,000 s. The
net peak area of the 661.67 keV emission line of '*7*Cs
from the sum spectrum of both detectors was evaluated and
the results are displayed in Table 5. The uncertainty of the
137+Cs activity was calculated by Gaussian error propagation
considering the uncertainties of the measured count rate, of
the simulated photo peak efficiency and the uncertainty of
the emission probability of the '*’+*Cs decay. For the very
low activities, these uncertainties are very significant due to
the high uncertainty of the measured count rates.

For both sample flasks, the decision threshold and the
detection limit for '*’*Cs are sufficiently low for an ade-
quate determination of '*’*Cs in the context of a clearance
measurement. The value for unrestricted clearance of solid
and liquid material for *7*Cs is 0.1 Bq g~!. The achieved
detection limits for '*"+Cs of 1.74-10 and 4.19-10 Bq g/,
respectively, are well below 10% of the clearance value and
thus the measurement procedure can be considered suffi-
ciently sensitive for this measurement purpose. No '*7*Cs
activity above the detection limit was found in the samples.
The best estimate for the '*’*Cs activity and the derived
activities of the other nuclides were all well below the val-
ues for unrestricted clearance. The conditions of the sum
formula for clearance were also met and therefore a clear-
ance of these samples is considered possible under these
conditions.

The necessary efficiency can be achieved with both sam-
ple flasks in spite of the shielding properties of the mercury
sample. Although the thicker mercury layer in the cell cul-
ture flask compared to the geometry-optimised cylindrical
flask leads to a significantly reduced photo peak efficiency,
the sensitivity of both measurements was sufficient and
allowed an assessment on the possibility of a clearance of
these samples. Both samples were found to be sufficiently

@ Springer

decontaminated and should be suitable for a clearance proce-
dure of the mercury. The commercially available cell culture
flask was chosen for further decision-making measurements
of decontaminated mercury samples due to better availabil-
ity as well as easier and safer handling.

A larger number of mercury waste quotas were decontam-
inated to show the feasibility and practical applicability of
this concept for a variety of samples. Well-known techniques
for the purification of conventional mercury are vacuum
distillation as well as washing procedures. Both methods,
always in combination with a mechanical separation of the
impurities, were also applied in this work and were found
to be suitable for the decontamination of radioactively con-
taminated mercury samples.

Due to the nature of the contaminations that were mostly
floating on top of the bulk elemental mercury, the most sig-
nificant decontamination was already achieved by mechani-
cal separation of the bulk elemental mercury. Further purifi-
cation, if necessary, was then mainly performed by washing
with water, nitric acid or hydrochloric acid. Although the
general feasibility of mercury decontamination by vacuum
distillation (at pressures of around 4 mbar and temperatures
of around 200 °C) had been shown, this method was not
applied here on a larger number of samples as it is more
time-consuming and therefore less efficient than the wash-
ing techniques.

The results of decontamination and decision-making
measurements for clearance are summarised in Table 6. All
samples were measured at a distance d between detector and
the middle of the sample of 5 cm in the aforementioned cell
culture flasks (except for the sample no. Hg 31.2, which was
filled into the cylindrical flask and is discussed here for com-
parison). The decision threshold and detection limit were
determined from each measurement as well as the maximum
activity of '*”*Cs and the other nuclides from the experimen-
tally determined nuclide vector of the samples, including the
result of the sum formula for clearance (cf. Table 6).

The conservative value of the photo peak efficiency of
3.20-107 for '37*Cs that was determined by MCNP was
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applied for all measurements that are discussed here (except
for sample no. Hg 31.2, which was measured in the cylin-
drical flask). This efficiency was determined for 25 mL of
mercury. The measurements listed in Table 6, however,
comprise different samples with varying volumes of mer-
cury as well as different measurement times and different
decontamination approaches. A variety of different samples
and conditions was applied for the measurements to analyse
the influence on the measurement results. Important param-
eters for such measurements especially include the sample
mass and measurement time necessary to achieve a suffi-
cient sensitivity (i.e. sufficiently low detection limits) of the
measurements. These experimental conditions for potential
clearance measurements were determined by this systematic
parameter variation.

The first measurements displayed in Table 6, sample no.
Hg 31.1 and Hg 31.2, are the already discussed mercury
aliquots that were mechanically separated from a mercury
sample and filled into a cylindrical sample flask and a cell
culture flask, respectively. Both fulfilled all conditions
necessary for a clearance of these samples as already dis-
cussed in the previous section. For the sample no. 31.2, the
standard measurement time of 80,000 s was varied to deter-
mine its influence on the sensitivity of the measurement.
The measurement time of only 10,800 s, however, led to a
significantly reduced sensitivity—as well as the measure-
ments of the following two samples no. 31.3 and 31.4 with
reduced sample masses (147.74 and 76.34 g of mercury),
that also led to a reduced sensitivity of the measurement.
The determined photopeak efficiency for the measurement
of 3.20-107 for 137*Cs is extremely conservative for these
two measurements, as the sample mass is much lower than
for the calibration. The aim of these measurements is not
an adequate activity determination, yet a variation of the
measured sample mass to evaluate the appropriate measure-
ment conditions. From these results, a measurement time
of 80,000 s and a sample mass of around 320 — 390 g of
mercury were found to be appropriate for this specific meas-
urement geometry and yield an adequate sensitivity for a
potential clearance procedure.

Further mercury aliquots that could be sufficiently decon-
taminated just by mechanical separation of the elemental
mercury from the radioactive contaminations were the sam-
ples Hg 31.5, 31.6, 18.4, 18.5 and 27.1. They originate from
different mercury waste quotas from the decommissioning of
hot cell facilities in Jiilich but were all easily decontaminated
and considered suitable for a clearance procedure (compare
measurement results in Table 6).

The remaining aliquots from mercury waste in Jiilich (Hg
31.7, 18.1, 18.2, 18.3 and 18.6, 18.7 and 27.2) could not
be sufficiently decontaminated by mechanical separation,
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illustrating the need for a subsequent decontamination step.
These samples were mainly removed from the surface of
mercury waste quotas and thus contained more radioactive
contaminations than the bulk mercury. For samples 18.7 and
27.2, the results of a second decontamination technique, i.e.
washing of the samples with nitric acid (Hg 18.7) and water
(Hg 27.2) are displayed in Table 6. The decontaminated
samples are considered suitable for a clearance procedure, as
no activity of *’+Cs above the detection limit of the meas-
urement was detected after the decontamination by washing
of the samples.

Overall, the general (theoretical) feasibility of clearance
measurements for mercury for two different measurement
geometries as well as the practical applicability on a range of
different decontaminated waste samples from nuclear facili-
ties in Jiilich was demonstrated within this work.

Conclusions

In this work, a new concept for the decontamination and
possible clearance of mercury from nuclear facilities was
developed as part of a disposal concept for radioactively
contaminated mercury waste. A gamma-spectrometric meas-
urement setup was developed and simulated by MCNP® to
determine the photo peak efficiency in the measurement of
mercury samples under conservative assumptions. Decision-
making measurements were performed with decontaminated
mercury samples from the decommissioning of a hot cell
facility in Jiilich to evaluate the suitability of the clearance
procedure in accordance with the German radiation protec-
tion ordinance. It was shown that the necessary sensitivity
for clearance measurements was achieved with this setup
and the measured radionuclide inventory was below the most
conservative clearance values. The measurement procedure
is therefore considered suitable and the clearance of large
parts of the decontaminated mercury could be possible. The
easy gamma-spectrometric measurement avoids the need for
a wet-chemical analysis, thus avoiding the dissolution of
large amounts of mercury and the production of substantial
amounts of secondary wastes.
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