:' frontiers ‘ Frontiers in Nuclear Engineering

’ @ Check for updates

OPEN ACCESS

Michael Ojovan,
Imperial College London, United Kingdom

Charles M. Folden,

Texas A and M University, United States
Dmitry Marinin,

Institute of Chemistry (RAS), Russia

Mathurin Robin,
robin@subatech.in2p3.fr

06 March 2024
21 May 2024
17 June 2024

Robin M, Rivonkar A, Suzuki-Muresan T,
Abdelouas A and Mokili M (2024), Optimized
precipitation process for the treatment of
radioactive effluents from Ni-alloy
decontamination using a chemical oxidation
reduction process.

Front. Nucl. Eng. 3:1396821.

doi: 10.3389/fnuen.2024.1396821

© 2024 Robin, Rivonkar, Suzuki-Muresan,
Abdelouas and Mokili. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Nuclear Engineering

Original Research
17 June 2024
10.3389/fnuen.2024.1396821

Optimized precipitation process
for the treatment of radioactive
effluents from Ni-alloy
decontamination using a
chemical oxidation

reduction process

Mathurin Robin*, Aditya Rivonkar, Tomo Suzuki-Muresan,
Abdesselam Abdelouas and Marcel Mokili
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Nuclear power plays a major role in the generation of electricity with low carbon
emissions. However, it generates significant amounts of radioactive waste, mainly
from contaminated metallic components such as steam generators.
Decontamination is essential for the safe handling and eventual recycling or
disposal of these materials. Various decontamination techniques can be utilized
but chemical processes are recommended for complex geometries such as the
tubular parts of steam generators. COREMIX (Chemical Oxidation REduction
using nitric permanganate and oxalic acid MIXture) is a process that is similar to
the CORD (Chemical Oxidation Reduction Decontamination) process currently
utilized in the industry which involves dissolving the contaminated oxide layers
from metallic surfaces. This process generates a large quantity of radioactive
effluent that requires appropriate treatment. The objective is to reduce metallic
concentration and the radioactivity by precipitating metals in solution as
hydroxides M™™(OH), (with m the oxidation number of the metal M). The
optimization of a two-step precipitation protocol is presented here, with a
study of the contact time (1-24 h) and the reagents used (NaOH and KOH).
The resulting precipitates from this process are characterized using several
techniques (FTIR, TGA and XRD). Tests were conducted on surrogate samples
to demonstrate the viability of the process on more complex samples. Finally, the
optimized protocols were implemented on radioactive Ni-alloy samples.
Decontamination factors were calculated portraying the efficiency of both the
COREMIX and the subsequent two-stage precipitation process. Characterization
of the sludge produced during the process shows that the precipitate obtained at
pH 8.5 consists mainly of iron (lll) oxide-hydroxides, whereas the precipitate
obtained at pH 12 is mainly composed of manganese (ILIll) oxide. The
optimization steps show that the contact time during the first precipitation
and the choice of precipitants does not influence the efficiency of the
protocol while the destruction of oxalic acid proves to be critical to
quantitatively precipitate chromium. Ultimately, the COREMIX process can
effectively decontaminate contaminated Ni-alloy samples, removing between
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12% and 14% of the contamination in each cycle. Decontamination of effluent using
the precipitation protocol results in a very high decontamination factor of between

3000 and 6000.

decontamination technology, metallic radioactive waste, COREMIX, liquid effluent,

precipitation

1 Introduction

Nuclear power generation is widely used as an energy source in
many countries. However, a significant proportion of the existing
nuclear capacity, more than 60%, is over 25 years old. In Europe, the
situation is particularly pressing, as 90% of all nuclear reactors are
set to be shut down by 2030 unless their operational lifespan is
extended (Volk et al., 2018; European Commission, 2016). This
upcoming decommissioning  process

necessitates  effective

decontamination  technologies to minimize occupational
exposures, reduce potential releases of radioactive materials, and
enable component reuse or recycle (Hirose and McCauley, 2022; Hu
et al,, 2018; Baja et al., 2009; Murray, 1986).

Decontamination  plays a crucial role in nuclear
decommissioning activities, with the aim of mitigating radiation
risks and optimizing the management of radioactive wastes. Various
decontamination technologies have been developed and
implemented to address these challenges. These technologies not
only enhance workplace safety but also have implications for
radioactive waste management by minimizing the generation of
secondary waste and allowing for further processing (Valencia, 2012;
Deng et al., 2020; Shelenkova and Kulagina, 2021). As a result of
decontamination efforts, a wide range and significant quantities of
secondary radioactive waste can be generated. Therefore, optimizing
decontamination technologies is essential not only for radiation
protection but also for efficient radioactive waste management while
keeping in mind environmental and economic requirements. It is
crucial to reduce the volumes of secondary waste generated and
explore opportunities for further processing or disposal.

In industries and nuclear facilities, effective management and
treatment of radioactive liquid effluents are vital to protect the
environment and ensure worker safety. The Chemical Oxidation
REduction using nitric permanganate and oxalic acid MIXture
(COREMIX) process involves a series of alternating steps to
achieve decontamination. It is derived from the existing CORD
(Chemical Oxidation Reduction Decontamination) process which
has emerged as a promising technique for the decontamination of
radioactive metals surfaces. In the first step of this process,
permanganate ijons (MnO, ) are employed to oxidize the
chromium oxide layer, resulting in the release of chromate ions.
Potassium permanganate can be used as the source of permanganate
ions, either in nitric acid media (referred to as nitric permanganate
(NP) CORD) or in alkaline media with potassium hydroxide
(referred to as alkaline permanganate (AP) CORD) (Rad¢ et al,
2004; Wille et al., 1997; Tian et al., 2019). Another variation of the
CORD process, known as HP CORD is typically used and involves
the utilization of UV source and permanganic acid prepared from
potassium permanganate using a strong acid cation resin (Demmer,

1994; Ocken, 1999). In the subsequent step, oxalic acid is introduced
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to reduce the permanganate ions to aqueous Mn®" ions and dissolve
the iron (Fe) and nickel (Ni) from enriched oxide layer of the alloy
surfaces. This multi-step process is repeated several times to ensure
thorough decontamination (Tian et al., 2019; Ocken, 1999).

To highlight the differences between COREMIX and the CORD
process, the COREMIX begins with NP oxidation instead of the use
of HP and does not require use an UV source. Further, COREMIX
leaves room for destruction of oxalic acid using hydrogen peroxide,
referring to COREMIX-H process. It is possible to follow this oxalic
acid destruction with the use of resins or by precipitation protocol
(named as COREMIX-HP process) for trapping the radionuclides.

However, a significant challenge arises from the generation of
liquid effluents during the COREMIX process, which involves
various range of concentrations of radioactive metallic ions.
Effective treatment methods are crucial to meet regulatory
standards and prevent potential adverse impacts on human
health and the environment. In order to reduce the volume of
these effluents and limit the quantity of resin needed for their
purification, a pre-treatment step involving the precipitation and
co-precipitation of metal cations has been optimized in pH as
described in a previous work (Rivonkar et al., 2022).

There are many techniques currently available for separating
and purifying liquid waste such as evaporation, filtration,
chromatographic resin, precipitation and more. Nowadays,
extraction by chromatographic resin is mainly used thanks to its
high separation efficiency for a wide range of elements and
complexes (Qi, 2018). However, this technique is relatively
expensive because of the specificity and complexity of the resins
used. One of the ways to reduce the amount of resins, and therefore
the cost of treatment, is to pre-treat liquid waste upstream with, for
example, a precipitation step.

The physico-chemical precipitation process is widely utilized for
the treatment of metallic effluents, especially in the metallurgical and
coal mine industries (Mishra and Das, 1992; Cravotta, 2008). In this
method, a precipitant is introduced into the effluent solution,
resulting in the formation of non-soluble metal precipitates. One
method involves the addition of sodium hydroxide (NaOH) in
multiple steps to precipitate the metals as hydroxides M™™
(OH), (with m the oxidation number of the metal M). After
separating the liquid phase from the solid precipitate, the
precipitate can be incorporated in a suitable matrix, while the
remaining solution can be treated using ion exchange resins
(TAEA, 1992; Fu and Wang, 2011; Oncel et al, 2013). The
hydroxide precipitation process holds numerous advantages when
applied to the treatment of liquid effluents generated by the
COREMIX process. Firstly, it offers a cost-effective approach to
the removal of radioactive metals, taking advantage of its proven
efficiency in removing metals from a wide range of industrial
effluents. Moreover, this process demonstrates a high level of

frontiersin.org


https://www.frontiersin.org/journals/nuclear-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fnuen.2024.1396821

Robin et al.

selectivity, enabling the targeted removal of specific metal ions while
minimizing the interference caused by other non-radioactive
contaminants.

This article explores the fundamental principles of the
hydroxide precipitation technique, focusing on factors that
affect precipitation efficiency, such as pH, contact time and
reactant concentrations. This study also focuses on the
characterisation of the precipitates produced in order to better
design the best possible conditioning matrix. In addition to
discussing the theoretical aspects, this work addresses practical
considerations related to implementing hydroxide precipitation
for treating the effluent of the optimized and modified NP CORD
process (Rivonkar et al., 2022), now known as COREMIX. This
includes an examination of potential challenges arising from the
presence of complexing agents and competing ions, along with
strategies to overcome these obstacles. Finally, the process will be
applied to radioactive Ni-alloy samples decontaminated by the
COREMIX process. Indeed, this process is particularly suitable
for decontaminating metals with complex geometries, such as the
tubular part of steam generators, made of stainless steel or Ni-
alloy. This is why these metals were chosen as surrogate and
radioactive samples for this study.

The findings of this study are expected to provide valuable
insights into the efficiency of the hydroxide precipitation process for
treating liquid effluents contaminated with radioactive metals from
the COREMIX process. The result will contribute to the
development of efficient and sustainable strategies for managing
radioactive waste, particularly within the nuclear industry.
Ultimately, this research aims to enhance the environmental
sustainability and safety of nuclear waste treatment practices
while reducing costs and therefore, further advancing the goal of
responsible nuclear waste management. This includes incorporating
the Life Cycle Assessment (LCA) (Muralikrishna and Manickam,
2017; Sphera, 2020; Guidi et al., 2010) and Life Cycle Costing (LCC)
(Giorgi et al.,, 2019; European Commission, 2014) into analytical
development in compliance with the Waste Acceptance Criteria
(WAC) set by the European Union (IAEA, 1983; EURAD, 2020) and
therefore promoting the concept of a circular economy (Ellen
MacArthur Foundation, 2020; Geissdoerfer et al., 2020).

2 Materials and methods
2.1 Materials

2.1.1 Metallic samples

The stainless steel surrogates samples mentioned in this article
were the subject of a previous publication on the optimization of the
COREMIX process (Rivonkar et al., 2022). As a reminder, these
samples are 1 cm” 316Ti stainless steel specimens that were pre-
oxidized using water and boric acid vapor by SORC (Hungary), in
order to simulate the corrosion produced in steam generator pipes.
The previous characterisation of these samples provides a better
understanding of the composition of the surrogate effluents used in
this study.

The two radioactive samples are metal parts made of Ni-alloy
600. Their dimensions were measured using a vernier caliper and set
to 7.7 mm x 5.2 mm x 2.1 mm (length x width x thickness) for the
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first sample (named M1) and 7.5 mm x 5.8 mm x 2.1 mm for the
second one (named M2). The initial masses of these samples are
431 and 489mg respectively. The initial radiological
characterization of the Ni-alloy 600 M1 is detailed in Table 1.

The chemical composition of the stainless steel and Ni-alloy
samples are given in Table 2.

2.1.2 Liquid effluents

In this study, three types of effluents were used to develop and
optimized the precipitation process involved after the COREMIX
process: synthetic, surrogate and radioactive. Details of the effluents
used in this study are given in Table 3. This includes the name of
each sample, its type, chemical composition and volume.

The synthetic solution used in the optimisation part were
prepared by dissolving metallic salts in 400 mL of water. This
solution was previously acidified with 70% HNO; in order to
obtain an acid solution, close to the final pH obtained after
decontamination by the COREMIX process. Synthetic sample
S1 was prepared by dissolving 480 mg of manganese dichloride
(dihydrate, 99%, Merck); 740 mg of nickel nitrate (hexahydrate,
99%, Merck); 3.5 mg of cobalt (II) chloride (hexahydrate, 98%,
Sigma-Aldrich); 100 mg of iron (III) chloride (hexahydrate, 98%-
102%, Sigma-Aldrich); (III)  nitrate
(nonahydrate, 99%, Acros Organics) and 170 ug of cerium (III)
nitrate (hexahydrate, 99%, Sigma-Aldrich). For zinc, 2.5 mg/L is
added using a standard solution for ICP-MS analysis (1,000 pg/mL,
99.99+%, SCP Science). The final concentrations of metals were

160 mg of chromium

selected to depict their concentrations as if 1g of metal was
completely dissolved into the solution, whereas the amount of
manganese arises from that added during the COREMIX process.
After dissolution, the 400 mL solution was divided into two identical
200 mL samples named S1 and S2.

As for the surrogate effluents, they were generated during the
treatment of oxidized stainless steel samples by the COREMIX
process. They are mainly composed of nickel, iron and
chromium from the steel dissolution. A significant amount of
manganese is also present due to the use of KMnO, in the
COREMIX process. Three different solutions named G1, G2 and
G3 were used to optimized the oxalic acid destruction step (G1 and
G2) and to study the influence of the precipitant used during the
precipitation (G2 and G3).

The last type of effluent (radioactive) came from the
decontamination of a radioactive Ni-alloy 600 sample by the
COREMIX process. The
precipitation process was
sample, R1 and R2.

decontamination factor of the

estimated using two radioactive

2.2 Characterization

2.2.1 Liquid characterization

The efficiency of the processes, specifically the dissolution of the
oxide layer using the COREMIX process and the removal efficiency
of metallic ions through the precipitation process, was evaluated by
measuring the concentrations of dissolved metals using Inductively
Coupled Plasma Mass spectroscopy (X-Series I, Thermo Electron).
Analytical uncertainties are estimated to be +10%. **Sc and '“In
were utilized as internal standards. A SCP Science multi-element
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TABLE 1 Gamma radiological characterisation of radioactive Ni-alloy 600 sample M1.

Radionuclide Energy emission Intensity Average activity

keV % (Ba/g)

$Mn 834.85 99.98 150 + 30

¥Co 122.06 85.51 13+8

“Co 1,173.2 99.90 32,000 + 1800
1,332.49 99.98

1255h 427.87 29.55 110 + 40
463.36 10.48
600.6 17.76

Total (Bq/g)

32,300 + 1800

Total (Bq)

TABLE 2 Chemical composition of the metallic samples (wt%).

Type of metal

13,900 + 800

Ni-alloy 600

Stainless Steel 316Ti

6-10 -

Balance 2-2.5

TABLE 3 Chemical composition of the liquid effluents.

Concentration (mg/L) Volume (mL)

Experiment Fe (of.) Ni

Characterization (§3.1) Synthetic S1 136 829 838 2.3 175 2.9 0.8 200
Time of contact (§3.2.1) S2

Oxalic destruction (§3.2.2) Surrogate Gl 0.7 43 7.7 - 04 - - 250

G2 12 412 5.4 - 0.8 - - 250

Precipitant (§3.2.3) G3 2.8 412 12.3 - 3.8 - - 300

Implementation (§3.3.2) Radioactive R1 0.8 413 0.8 - 3.9 - - 350

R2 0.8 322 2.1 - 3.4 - - 350

standard was used to establish the calibration curves before
each analysis.

2.2.2 Solid characterization
2221 FT-IR

Invenio-S Fourier Transform InfraRed spectroscopy (FTIR)
spectrometer (Bruker) was used to characterize the sludge
generated during the effluent treatment process. Measurements
were taken according to the attenuated total reflectance (ATR) of
few milligrams of samples with a diamond crystal at wavelengths
ranging from 400 to 4,000 cm™ in steps of 1.43 cm™.

2.2.2.2 TGA/DSC

Thermogravimetric analysis of the samples were carried out
using Setsys Evolution 16/18 TGA-DSC (SETARAM). TGA/DSC
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measurements were done on 15-20 mg of sample with a linear
temperature increase of 10 °C/min until a temperature of 950°C is
reached. The initial sample temperature is fixed at 25°C before
launching the analysis. The heat flow, the mass of the sample
and the derivative of the mass as a function of time were
monitored during the analyses.

2.2.2.3 XRD

X-ray diffraction analysis was carried out using the D8 Advance,
XRD device (Bruker) under the following conditions: 10°~70° 2theta,
a step size of 0.01°, and a scan speed of 2 s/step. The patterns were
analyzed by Diffrac Eva software (Version 4.3.1.2, Bruker) using the
Crystallography Open Database (Rev 173,445). As the quantity of
sample analyzed is very small, the holder used for the analysis is a
thin glass slide to avoid any pollution of the pattern that might be
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caused by the diffraction of HDPE support. An anti-scatter knife
edge was used to reduce the background scattering at low angles.

2.2.2.4 Mass loss corrosion rate

Estimating the corrosion rate can be achieved by analyzing the
mass loss experienced during the treatment process (Malaret and
Yang, 2022; Kutz, 2005). This parameter can be used to compare the
efficiency of the two processes (CORD and COREMIX) on
radioactive Ni-alloy samples. The average corrosion rate (CR)
can be estimated using the equation:

Mypss
CR=—— 1
pr (1)

The corrosion rate (CR) given by the Eq 1 is expressed in
micrometers per hour (um/h). The mass loss of the metal, denoted as
My, in grams (g), is calculated as the difference between the initial
mass (my) and the final mass (mg) during a specific contact time, t,
measured in hours. The surface area of the material exposed to
corrosion, denoted as A, is measured in square centimeters (cm?®),
while the density of the material, represented by the symbol p, is
measured in grams per cubic centimeter (g/cm?).

2.2.3 Radiological characterization
2.2.3.1 Gamma spectrometry

Gamma spectrometry was conducted using a High Purity
Germanium (HPGe) detector housed in a low-background lead
castle. The GENIE 2000 software was used for spectrum analysis,
while LABSOCS from Mirion-Canberra was used for geometry
modeling. For the solid Ni-alloy samples used in the COREMIX
process, simplified box geometry templates were utilized, and their
dimensions were adjusted to match the sample sizes, disregarding
any curvature resulting from the tubes. The sample was of Ni-alloy
600 with a composition as in Table 2. The theoretical density of Ni-
alloy 600, 8.47 g/cm® was utilized (Special Metals, 2008).

To model the oxide layer on the inner surface of the samples, an
average thickness of 2 um was adopted based on measurements from
surrogate samples. The composition of this oxide layer was assumed
to be a mix of Fe,O; and Fe;O4. As the density of these two
compounds is close (5.24 and 5.17 g/cm’), a rounded value of
5g/cm’® was chosen to model the oxide layer. It was observed
that the density had negligible influence on the results at this
thickness. During the solid characterization, the samples were
placed in plastic Petri dishes included in the LabSOCS model as
a shielding component. The count time for gamma spectrometry
analysis of the solid Ni-alloy samples was set to 30 min.

For the liquid solutions, standard 50 mL HDPE tubes were
employed, and their geometry was pre-defined in the LabSOCS
software. During the permanganate step of the COREMIX process, a
volume of 5 mL of solution was used. This minimal volume was chosen
to ensure that the COREMIX process was not disrupted. In the oxalic
acid stage, a volume of 50 mL of solution was utilized. The count time
for gamma spectrometry analysis of the liquid solutions was set to 2 h.

During the precipitation steps, gamma spectrometry of liquid
solutions was done at each step of the process: initial, after
destruction of oxalic acid, after first precipitation and after
second precipitation. The measurements were done with a
volume of 50 mL in a standard 50 mL HDPE tubes for a count
time of 8h. The count time for the solution after second
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precipitation was increased to 24 h due to its low activity. The
precipitates obtained during the two steps were also subject to
gamma spectrometry after air drying for 3 days. To model the
precipitate produced, a thickness of 0.1 mm was defined and the
density of the first precipitate was set to 3.12 g/cm’, which
corresponds to the density of the main component, Fe(OH)s;
(Haynes, 2006). Likewise for the second precipitate the density
was set to 4.84 g/cm’, i.e., the density of manganese oxide Mn;O,
(Haynes, 2006). The counting time was also identical as the Ni-alloy
sample and set at 30 min.

2.2.3.2 Dose rate detection
The dose rate of the sample was measured using four different
handheld instruments. They were:

1. COLIBRI Survey Meter: Designed to detect and measure
gamma radiation using a ionization chamber for detection.
The COLIBRI used during this project can measure from
10 nSv/h to 1 mSv/h (Mirion Technologies, 2021).

2. 6150 AD-6 Portable Radiometer: Intended for measuring
gamma and X-ray radiations. The average dose rate is
measured and constantly updated during the measurement
phase (Saphymo, 2015).

3. Gamma and X-Ray Probe: The gamma and X-ray dose were
measured using Nal scintillator Gamma and X probes (ICTO
probes,  Carmelec)
(ICTO, Carmelec).

connected to a  poly-radiometer

The decontamination factors were determined using the
reduction in dose rates for each instrument, and an average was
taken to obtain the total decontamination factor.

2.2.3.3 Liquid scintillation

The global radioactivity of the Ni-alloys samples was measured
by liquid scintillation on the Tricarb 3170-TR-SL liquid scintillation
counter (Perkin Elmer). A study of the stability of the scintillating
liquids (cocktails) was carried out prior to the analysis in order to
establish the optimum mixture to use for analysing the active
samples. Two different cocktails were tested, Ultima Gold LLT
and Ultima Gold AB (Perkin Elmer). These were mixed with
aqueous solutions at different pH levels (4, nine and 12) and
their development was monitored visually for up to 30h to
observe the potential appearance of precipitates, phase separation,
colouration or opacity. Ultima Gold AB transformed into white and
fairly opaque solution, making it impossible to use. Ultima Gold LLT
was selected as there was no transformation observed during the
entire duration of observation.

For the measurements, the sample was mixed with Ultima Gold
LLT (1:9 ratio). The acquisition time was set to 1 hour per tube and
divided into three channels: 0-75 keV, 75-300 keV, 300-2000 keV. The
counts detected from the three channels were summed and compared
to deduce the global decontamination factors across solutions.

2.3 COREMIX process

The COREMIX process is based on an optimized 2-step NP
CORD process (now renamed as COREMIX). Details of the process

frontiersin.org


https://www.frontiersin.org/journals/nuclear-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fnuen.2024.1396821

Robin et al.

are found in (Rivonkar, 2023) and the main steps are presented here
in brief. The first step utilized 50 mL of 15 mM of potassium
permanganate (ACS reagent, >99.0%, Merck) solution in the
presence of 3mM of nitric acid (70%, ACS reagent, Fisher
Chemical). This step was applied for 3h at 80°C and was
followed by addition of 50 mL of oxalic acid (dihydrate, ACS
reagent, >95.0%, Alfa Aesar) to give a final concentration of
18.5 mM oxalic acid at 100 mL. This step, lasted for 3 h at 80°C,
is responsible for the decontamination step and the destruction of
MnO, generated (Wang and Stone, 2006; Ocken, 1999).

The process mentioned above was applied to radioactive sample
M1 and M2. Four cycles (KMnO,4 + H,C,0,) were carried out to
decontaminate these samples, estimate the repeatability of the
process and to calculate a decontamination factor. In addition to
this, a fifth cycle was then added to test the influence of different
parameters on the decontamination factor per cycle.

For this purpose, the fifth cycle of sample M1 was performed
with a higher concentration of oxalic acid (27.5 mM instead of
18.5 mM). On the other hand, the fifth cycle of sample M2 was
performed with a longer contact time (6 h instead of 3 h). These tests
were done to assess the effect of concentration and contact time on
the decontamination of the Ni-alloy 600 sample.

2.4 Optimization of effluent precipitation

The precipitation protocol which follow the COREMIX
process was already applied and tested on a synthetic sample
(Rivonkar et al., 2022). This test was carried out after modelling
the solubility of the metal hydroxides of interest using PhreeqC
software. Based on these results, a precipitation protocol was
developed. It includes an initial precipitation at pH 8.5 by adding
IM NaOH (Titrisol, Merck Supelco) to remove Fe, Cr and Zn.
After filtration of the resulting sludge, a second precipitation was
carried out at pH 12 to remove the remaining metals Mn,
Ni and Co.

The various optimization and application tests carried out
subsequently are based on this pH-optimized protocol. Prior to
implementing this protocol on the radioactive active sample of Ni-
alloy 600, different parameters of the protocol were investigated and
a study of the solid generated was performed.

First of all, characterization studies by FTIR, TGA and XRD
were carried out on the sludge generated after the precipitation of
the synthetic sample S1, in order to establish its precise composition
with a view to subsequent appropriate conditioning. For the liquid
part, not all the metal cations precipitate at pH 8.5, which is why the
precipitation kinetics were studied with the aim to determine
whether the stirring time played a role in the efficiency of
this reaction.

Then, the NaOH solution used to adjust the pH provides a large
quantity of sodium salts which must be eliminated at the end of the
effluent purification process. At the same time, the COREMIX
process introduces potassium salts into the effluent due to the
use of potassium permanganate (KMnO,). To reduce the number
of different salts species to be treated by the ion exchange resins, tests
were carried out by replacing sodium hydroxide with potassium
hydroxide in the precipitation process.
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Finally, adjustments had to be made to match the treatment
conditions used by the COREMIX process, in particular by
destroying the oxalic acid present in excess in solution.

2.4.1 Effect of stirring time

To test the precipitation kinetics, a synthetic solution (S2) was
made by dissolving metal salts in 200 mL of acidified water. Once all
the salts have been dissolved, the solution is stirred and the pH is
increased by progressively adding 1 M NaOH with a titration device
(716 DMS titrino, Metrohm) and a pH meter (Solitrode Pt1000,
Metrohm) until the desired pH was reached. When pH 8.5 is
reached, the addition of NaOH is stopped and 5mL of the
solution is taken and filtered with a syringe filter (cellulose
acetate, 0.45 pm, Sartorius) after being left to stir for 1, 2, 4, 6,
8 and 24 h respectively. Each aliquot was stabilized with 10 puL of
70% HNOj to ensure no further precipitation occurs and was placed
inside a refrigerator. The analysis of these aliquots was made with
inductively coupled plasma mass spectroscopy (ICP-MS).

2.4.2 effect of oxalic destruction

Once the protocol had been optimized in pH and contact time,
tests were carried out on two surrogate effluents (Gl and G2). The
effluents are coming from stainless steel 316Ti pieces that were
treated identically using three cycles of the optimized COREMIX
process, and the liquid wastes generated during the process were
collected and mixed for a total of 250 mL each.

Two surrogate samples of stainless steel 316Ti were treated
identically using three cycles of the optimized COREMIX process,
and the liquid wastes generated during the process were collected
and mixed for a total of 300 mL each. One effluent (G1) was treated
by the precipitation protocol using 12.0 mL of 1 M NaOH. The other
effluent (G2) was first heated to 80°C for 48 h with a heating stirring
plate with 30.6 mL of H,O, (30% in water, Thermo Fischer) in order
to destroy the excess oxalic acid. These parameters were found
optimal for destruction of low concentrations of oxalic acid without
the use of UV light (Blenkinsop et al., 2024). Following this pre-
treatment step, the precipitation protocol is applied with a total of
5.3 mL of 1 M NaOH and all the solutions are analyzed by ICP-MS.
The results from the two different effluents are then compared to
observe the influence of excess oxalic acid before the precipitation.

2.4.3 Effect of precipitant

To test the effect of precipitant, 1 M solution of KOH was
prepared using KOH pellets (>85%, Fischer) dissolved in deionized
water. This solution was used to raise the pH of the effluent G3,
produced during the decontamination of a piece of stainless steel by
the COREMIX and acid oxalic destruction process (COREMIX-H).
1.9 mL of KOH were used to raise the pH to 8.5 before adding a
further 0.6 mL to raise the pH to 12. The results of ICP-MS
measurements were compared to those for experiments using
NaOH previously with sample G2.

2.5 Implementation on radioactive samples

Implementation of the full decontamination protocol
(COREMIX-HP) was carried out to evaluate its efficiency
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FIGURE 1

IR transmittance of the two precipitates formed during the
hydroxide precipitation process of sample S1 at pH 8.5 (black) and
pH 12 (red).

(decontamination factor) on radioactive samples (M1 and M2)
made of Ni-alloy 600.

The two steps of the COREMIX process explained in Section 2.3
were conducted in 125 mL heat-resistant glass beakers (Le Parfait
Super Jars). These beakers were chosen for their wide openings,
facilitating easy sample insertion, and secure sealing capabilities to
prevent volume loss at elevated temperatures. The temperature rise
was achieved by placing the jar in a climatic test chamber
INFORS HT)
agitation at speeds of up to 80 rpm. At the end of each step,

(Thermotron, for simultaneous heating and
5 mL aliquot was taken for ICP-MS analysis, therefore leading to
two aliquots taken for each cycle. Each aliquot was acidified by
adding nitric acid to maintain the stability of dissolved metals. A
total of four identical cycles were employed for both the samples.
The fifth cycle was used to test different conditions in order to
improve the decontamination rate. The details of this specific cycle
are given in part 2.3.

For the subsequent precipitation protocol, solutions from
only the first four cycles were utilized. The effluents generated by
the sample M1 were collected in a 1 L glass beaker (Le Parfait
Super Jars) and the resulting 350 mL solution was named R1. The
same thing was done with sample M2 to create the sample R2.
The oxalic acid destruction was performed in the climatic test
chamber set up at 80 °C, 80 rpm for 48 h. The solutions are then
left to cool down before adjusting the pH by adding 1 M KOH.
After reaching pH 8.5, stirring is maintained for 1 h and stopped
to allow the solid phase to settle. This allows for time savings
during filtration by avoiding the clogging of the filter at the start
of filtration. The filtration is made under vacuum (160 mbar)
with a 0.2 um acetate cellulose filter and air-dried afterward. The
second precipitation is followed by adjusting the pH to 12. After
each step of the process, two 5 mL aliquots were taken for ICP-
MS and liquid scintillation measurements. A further aliquot of
50 mL was collected for gamma characterization and returned to
the solution after analysis.
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The results relating to the decontamination of sample R1 are
presented and detailed in this article. Sample R2, which was used to
test the repeatability of the experiment, is described in detail in the
Supplementary Material.

3 Results and discussion
3.1 Characterization of precipitated sludge

3.11FTIR

The FTIR characterization of the two precipitates generated
during the tests on synthetic sample S1 are presented in Figure 1.
The measurements were done according to the transmittance of the
samples. The black line corresponds to the first precipitate obtained
at pH 8.5 whereas the red one refers to the precipitate formed at
pH 12. They were both dried at 40°C for 48 h in an oven
before analysis.

The two spectra are very similar and both show a broad and
weak peak centered around 3400 cm™ which corresponds to the
stretching vibrations of the O-H bonds in the hydroxyl groups on
the surface and hydrogen-bond surface group according to Sechra
etal. (2004), Shahadat et al. (2013). The peak visible at 1,620 cm™ is
in line with this statement as it represents absorbed H,O
(Nasrazadani, 1997).

The last peak at 1,350 cm™, which is visible on both spectra, is
observed by Laversin (Laversin, 2006) as a bending vibration of Fe-
OH bond. As iron is mainly contained in the first precipitate, it is not
expected to be visible in the spectrum of the second precipitate
where manganese should be. One explanation may come from
observations made by Perachiselvi et al. (Perachiselvi et al., 2020)
where a similar peak, defined as O-H bending vibration combined
with Mn atoms was observed when analyzing manganese (Mn;0,)
particles. The authors found two peaks at 480 and 600 cm’,
identified as the vibration modes of tetragonal and octahedral
Mn-O bonds. These two signature peaks of this structure are also
visible in the studies carried out by Durmus et al. (2009),
Chouchaine et al. (2022).

According to the results of the FTIR analysis, the metals
contained in the precipitates appear to have bonded to the
hydroxide ions, causing them to precipitate. The presence of
metal-oxygen bonds and hydrogen bonds suggests that metal
oxides or hydroxides have been formed, as expected. However,
this hypothesis needs to be confirmed by other characterisation
techniques.

3.1.2 TGA/DSC

The two precipitates were also analyzed in TGA/DSC and the
results are seen in Figure 2. Three parameters can be monitored as a
function of sample temperature, the heat flow regarding the energy
consumed or produced in blue, the mass loss in green and its
derivative in time in pink.

The result for the sample analyzed after the precipitation at
pH 8.5 is shown in Figure 2A. The heat flow shows several variations
in energy, including two endothermic peaks at 138°C and 222°C and
an exothermic peak at 520°C. The two lowest energy peaks are
supported by a sudden loss of sample mass of 3.7 g (21%) between
25°C and 300°C. These two effects can be linked with a loss of water
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XRD diffractogram of the (A) first and (B) second precipitate generated during the precipitation process of sample S1, both normalized to the solid

dried at 25°C.

molecules on the surface as it can be seen in the work of
Vichery (2012).

These losses in mass and energy can also be explained by the
appearance Indeed, the
crystallization of iron complexes such as iron (III) hydroxide
Fe(OH); or iron (III) oxide-hydroxide FeO(OH) slowly produce
maghemite (y-Fe,O3) from 25°C to 300°C according to Balek (1995)
and magnetite starting from 70°C to 80°C in alkaline and saline
conditions for Taitel-Goldman (2015).

The last energy variation can be seen at 520°C, this peak is

of a crystallization phenomenon.

characteristic of the structural transformation of maghemite into
hematite (y — a-Fe,03) (Daou, 2007; Miirbe et al., 2008; Mazo-
Zuluaga et al., 2003). This analysis suggests that the iron present
in the solution is precipitated in hydroxyl form, which
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subsequently crystallizes out as iron oxide as the
temperature rises.

The second precipitate in another hand, has no endothermic
peaks at low temperatures meaning that no crystallization takes
place as the temperature of the solid rises. However, mass losses are
still visible from mass derivative at 87°C and 225°C representing the
loss of water molecules on the surface of the sample. The heat flux
then gradually increases, which could be caused by a gradual change

in chemical composition or structure.

3.1.3 XRD

Figure 3 shows the results of the characterization of the two
precipitates by XRD analysis. The analysis was carried out on sludge
dried at room temperature and after calcination of the samples to
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Evolution of metal concentrations as a function of stirring time
after the precipitation at pH 8.5.

200°C, 400°C and 600°C for 3 h, in order to observe the evolution of
their chemical structure as a function of temperature and to validate
the results obtained by TGA/DSC.

The XRD pattern of the first precipitate (Figure 3A) does not
reveal diffraction peaks up to 200°C (except peaks coming from the
knife edge tools), leading to the hypothesis that the solid generated is
either amorphous or nano-crystallized. Few peaks are visible, but
rather indicate diffraction from the sample holder or the beam knife,
as they are present in all spectra and at the same intensity. After
heating the sample to 400 °C, the XRD profile shows various oxides
as Fe,03, Fe;04, Cr,NiO,. The remarkable peaks of some of these
oxides have also been observed in several studies on iron oxides
(Bertolucci et al., 2015; Zainuri, 2017). Given the concentrations
used to prepare the initial solution, iron oxides have been massively
precipitated compared to chromium, nickel and zinc oxides. The
same compounds are also present at 600°C after 3 and 24 h of
calcination. These results are in agreement with those found in the
Section 3.1.2 (TGA/DSC) where the crystallization of a hydroxyl
form of iron appears around 220 °C.

Unlike the first analyzed sample, the second one generated
during the precipitation at pH 12 shows peaks at room
temperature (Figure 3B) similar to those from the study of
Atique Ullah et al. (2017). Manganese (II, III) Mn;O, also
known as MnO-Mn,03, is a major component of this sample but
other oxides can be found like Fe,Os, Fe;0, and Mn,O;. From
600 °C, some peaks of FeMnO, start to appear after 3 h and are really
intense after 24 h of heating.

Substitution of a manganese atom by an iron atom was also
observed by Seifu et al. (2000) for similar temperatures who
synthesized this oxide by mechanically alloying Fe,O; and
Mn,05. These characteristic peaks were also observed by Leontie
etal. (2018). The other elements such as Ni, Ce, Co, Cr, Zn cannot be
seen on this XRD pattern because of their low concentrations.

Regarding all the characterization results, it is possible to
establish the hypothesis that the first precipitate obtained at
pH 8.5 consists mainly of iron oxide-hydroxide (goethite). FTIR
analysis highlights the presence of OH bonds, while the results
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obtained from XRD and TGA/DSC show crystallization of the initial
sample as iron oxide which may occur due to the low
stability of hydrated iron (III) hydroxide
(Cornell et al., 1989). As for the second precipitate generated at

thermodynamic

pH 12, the results obtained using the various measurement
techniques indicate the presence of manganese oxide as the
major component.

3.2 Optimization of effluent precipitation

3.2.1 Effect of stirring time

In order to study the effect of the stirring time of the solution
during precipitation at pH 8.5, a study of the kinetics was carried out
on the synthetic sample S2. The concentrations of the different
metals in solution as a function of stirring time during the first
precipitation of the protocol (pH 8.5) can be seen in Figure 4.

The results of this kinetic analysis show that the concentrations of
metals do not vary significantly for compounds with high
concentrations in the first hours after the pH adjustment. After 8 h
of stirring, an increase in the concentration of Zn and Cr was observed,
probably due to an experimental artifact during the ICP-MS
measurements (contamination). In fact, the concentration of these
two elements decreased between 8 and 24 h, as did that of manganese.

Although the total metal concentration was reduced by more
than 29% (774 mg/L for 1 h compared with 288 mg/L for 24 h), a
second precipitation is still required to eliminate Mn, Ni and Co. A
visual evolution of the solution can be seen in Supplementary Data
S1 in Supplementary Figure S1. The solution darkens over time and
becomes completely black after 24 h of stirring.

One hypothesis is that the solution, being in contact with ambient
oxygen, oxidizes over time, slowly precipitating Mn** into black MnO,,
which would explain the drop in Mn concentration between 8 and 24 h
in Figure 4. This phenomenon was also observed by Wollast et al.
(1979) with the oxidation of Mn?* in natural waters.

With a view to reduce environmental impact and handling costs,
a LCA/LCC (Life Cycle Assessment/Life Cycle Costing) study has
been carried out on this protocol by Clayton (2023) to evaluate the
key parameters. It appears that the energy supplied during the
protocol is the major contributor to the total environmental
impact for a laboratory scale protocol. The contact time during
the first precipitation was kept to 1 h to reduce energy demand as
increased time of contact showed no significant improvements.

3.2.2 Effect of oxalic destruction

The results of the precipitation protocol applied to effluents
Gl from the COREMIX process can be seen in Figure 5A. The
concentrations of the four metals (Cr, Mn, Fe and Ni) present in the
initial solution were measured at each stage of the precipitation
protocol without prior destruction of the oxalic acid. The results
show that Mn, Fe and Ni are removed from the solution at the end of
the protocol with an efficiency of 100% + 12%, 100% + 8% and 100%
+ 7%, respectively. Furthermore, the first precipitation seems to be
effective for Fe, while the second is effective for Mn and Ni.
However, with only 49% * 6% precipitated at the end of the
protocol, chromium did not behave in the same way as in the
tests on synthetic samples in the work of Rivonkar et al. (2022). The
results highlight the impact of oxalic acid on chromium
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precipitation, but also show that it does not interfere with the
precipitation of Mn, Fe and Ni. Two hypotheses have been
investigated. The first one is based on the chemical form of
chromium. It has two stable oxidation states in solution (+III
and +VI). Depending on the pH of the solution, Cr(VI) can be
found in the form of HCrO, (acidic medium) or CrO,* (alkaline
medium) (Zhang and Tian, 2020).

As these compounds are soluble in aqueous media, this could
explain the decrease in solid chromium in the precipitate in the form
of Cr(OH);. However, the oxalic acid present in the solution is a
reducing agent for Cr(VI), transforming it into Cr(III) (Peng and
Guo, 2020) and allowing precipitation. The second hypothesis
therefore focuses on the interaction between chromium and
oxalic acid. Oxalic acid can form stable and soluble Cr(C,0,4) by
reaction with chromium (II) in solution or by dissolution of
chromium oxides and hydroxides, as seen in an US patent
(Banda et al.,, 2009) and described by Garcia Rodenas et al. (1997).

This interaction between oxalate and Cr competes with the
formation of stable chromium hydroxide, Cr(OH)s, preventing its
removal through filtration. According to Remoundaki et al. (2007),
the higher the concentration of oxalate in solution, the higher the
solubility of chromium. This is confirmed in Figure 5B, representing
the effluent G2 which was also generated by the COREMIX process.
The oxalic acid present in this sample was completely destroyed
beforehand by the addition of H,0, at 80 °C for 48 h. In contrast to
Figure 5A, 100% + 6% of the chromium is removed. This confirms
the need of an intermediate step for the destruction or removal of
oxalic acid, prior to raising the pH of the solution for precipitation.
This step although critical, uses significant amounts of energy
required to heat for 48 h. This has a significant environmental
impact at this scale, as seen in the LCA/LCC analysis by Clayton
(Clayton (2023)). The author shows that this impact could vary
based on country of implementation, depending on the origins of
the energy source, i.e., the environmental impact of a country that
produces its electricity from burning coal will be greater than that of
a country that produces its electricity from renewable or
nuclear sources.
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3.2.3 Effect of precipitant

Two precipitants, NaOH and KOH, were tested on surrogate
effluent (respectively G2 and G3) after destruction of the oxalic acid.
The concentration of metals in solution (Cr, Mn, Fe and Ni) was
measured for each sample after each precipitation. The percentage
removal of each metal is summarized in Table 4.

The results show slight variations in precipitation efficiency at
pH 8.5. The precipitation percentages are identical between the use
of KOH and NaOH for elements with low solubility at pH 8.5, with
100% for chromium and iron. However, it appears that slightly more
manganese and nickel were removed from the solution when NaOH
was used, with 46% *+ 6% of Mn and 82% + 6% of Ni in the
precipitate compared to 37% + 6% of Mn and 71% + 4% of Ni when
KOH was used.

With regard to the second precipitation and, more generally, the
total precipitation yield, the results show that the use of NaOH or
KOH produces identical precipitation yields, with 100% for Cr, Mn,
Fe and Ni. These results are in agreement with Kursunoglu and Kaya
(2013) who report similar manganese precipitation efficiencies
between NaOH and KOH with respectively 94% and 96% of Mn
precipitated at pH 10.

As the overall yields are identical, either precipitant can be used
to treat a solution containing metal ions. There are still some
differences to be considered when applying the process on an
industrial scale, such as the cost of reagents and specific storage
conditions because of the carbonation of these compounds by
atmospheric CO, (Jagannathan et al., 2021). Moreover, the effect
of natural *K (0.0117%), which may require radiological
precautions in large quantities, must also be taken into account.

3.3 Implementation on radioactive samples

3.3.1 COREMIX process
3.3.1.1 Metallic dissolution efficiency

The optimized COREMIX protocol was implemented on
radioactive sample MI, resulting in significant metal dissolution
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TABLE 4 Removal efficiency of metals after each precipitation stage using KOH vs. NaOH.

% Of precipitation

pH 85 100 + 6 100 £ 5 46 + 6 37+6 100 + 6 100 + 7 82+ 6 71 + 4

pH 12 100 = 6 100 £ 5 100 £ 7 100 £ 7 100 £ 6 100 £ 7 100* 100 £ 5

*Concentration below quantification limit of ICP-MS, for Ni (0.1 pg/L).

contact time led to a 25% increase in Cr dissolution and a 19%
15 8 5t [ 27 5 increase in Ni dissolution whereas Fe dissolution was not
significantly different, as presented in Supplementary Figure S2

10 000

in the Supplementary Data S1. This increase in Cr and Ni
dissolution can be explained by the increased dissolution of Cr
and Ni enriched oxides such as Cr,NiO,, which acts as a passive
layer protecting the oxide.

A hypothesis can be formulated to explain the absence of a rise
in iron dissolution with prolonged contact time. According to the
properties of Ni-alloy 600, the high Ni and Cr content (72% and 14%
compared to 6% for Fe) are responsible for the corrosion resistance

100

Concentration (ug/L)

of metal. The Ni also provides excellent corrosion resistance in the
L presence of reducing environment, which is the case during the
oxalic acid stage (Newman, 2002). Machet and Voyshnis showed in
their respective works Cr,NiO, grows rapidly on the surface of the

Ni-alloy 600 albeit upon exposure to high temperatures (350 °C).

The authors noticed 1 nm of oxide being formed within 1 min of

exposure, that is just over 40% of the total thickness of oxide formed

FIGURE 6 after 100 h of exposure. 70% of this oxide thickness is the inner oxide

Cr, Fe, Ni concentration measured from COREMIX solutions of consisting of mainly CeriO4 (Machet et al., 2007; Voyshnis et al.,

Ni-alloy 600 piece. 2018). Machet et al. (2007) suggested that in the early stages of

oxidation (0.4-4 min), an ultra-thin layer (~1 nm) of chromium

oxide (Cr,03) with an outer layer of Cr(OH); and Ni(OH), forms

as seen in Figure 6. Across the five cycles, the average dissolution  on the surface. After 4-8 min, both an inner layer (Cr,0;) and outer
values were found to be 920 + 50 pg/L for Cr, 680 * 40 pg/L for Fe,  layer of (Ni(OH),) thicken on the surface.

and 4,160 + 240 pg/L for Ni. Specifically, the first four cycles Due to this corrosion resistance nature of the Ni-alloy-600, the

Ccr Fe Ni

exhibited an average dissolution of 860 + 40 pg/L for Cr, 630 =  protective Cr,NiO, is formed during the treatment process with
40 pg/L for Fe, and 3880 + 210 ug/L for Ni. Notably, the fifth cycle,  oxalic acid, most likely at a slower pace due to the reduced
employing a 50% higher concentration of oxalic acid, led to an  temperature as compared to the works of Machet and Voyshnis.
increase of 12%-14% in the dissolution of Cr, Fe, and Ni compared ~ This layer is also insoluble once the permanganate ion (MnO,") has
to the average dissolution observed in the first four cycles. been reduced. This implies that once a well-defined protective layer

The selectivity of potassium permanganate towards the  is established, oxalic acid is unable to continue dissolving the oxide
dissolution of chromium oxide is clearly demonstrated in  layer and the underlying base metal surface. Any dissolution taking
Figure 6, with minimal additional dissolution observed during  place by oxalic acid likely occurs during the initial stages before a
the oxalic acid stage. The presence of Cr,NiO, oxide on such  protective film is completely formed. This could be the reason for the
samples as found in the works of Machet (2004), McGrady lack in increase in the dissolution of Fe after increased time of
(2017), leads to the simultaneous dissolution of nickel alongside  contact. However, it is important to note that since the entire sample
chromium. Additionally, the preference for iron dissolution by  was placed into the decontamination solution, the internal surface of
oxalic acid is evident. These findings validate the necessity of an  the samples oxidized by primary circuit water, the cut edges of the
oxidative step in the COREMIX process to remove Cr-Ni oxides, as  samples and the external surface of the samples, oxidized by water of
reported in the literature, and a reductive step involving oxalic acid ~ the secondary circuit, were all exposed to the solution, therefore
for Fe-Ni oxides (Rivonkar et al., 2022; Ocken, 1999; Balaji et al,,  potentially reducing the efficiency of the solution as compared to
2018; Wille and Bertholdt, 1998). treatment of only the internal surface.

This was further emphasized when the process was identically In order to compare the efficiency of the two processes (CORD
applied on sample M2, except for the fifth cycle, wherein the time of ~ and COREMIX), the mass loss corrosion rate was calculated for
contact was doubled to 6 h per step. For sample M2, the increased ~ sample M2 according to Eq 1. With a mass loss of 2.3 + 0.1 mg, the
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(A) Percentage decontamination and (B) Residual Activity with Decontamination Factors of radioactive Ni-alloy 600 sample M1 after 30 h of

treatment using the optimized COREMIX process.

theoretical density of Ni-alloy 600, 8.47 g/cm® and the surface area of
the sample M2, 134.3 + 0.6 mm” the mass loss corrosion rate is equal
to 0.056 + 0.002 pm/h. The corrosion rate of alloy 600 in the
optimized COREMIX process is twice as high compared to the
corrosion rate reported by Jung et al. (2015). In their study, the
authors observed a corrosion rate of approximately 0.025 um/h
(0.001 mil/h) in pure 15.8 mM oxalic acid at 90°C. This difference
indicates that the optimized COREMIX process has significantly
improved efficiency for Ni-alloy.

3.3.1.2 Metallic decontamination efficiency

Gamma spectrometry analysis was conducted on sample M1 at
the beginning and at the end of each cycle. The counting conditions
were kept identical for all cycles. After the fifth cycle, sample M1 was
air-dried for a period of 4 days, resulting in a change in sample mass
for the gamma spectrometry model. The initial characterization of
the Ni-alloy 600 sample M1 show the presence of **Mn, *’Co, *’Co
and '**Sb (Table 1) with a total activity of 13,920 + 790 Bq detected,
with over 99% coming from “Co.

The decontamination factor, representing the efficiency of the
COREMIX process, remained constant with an average value of 12%
+ 2% per cycle as seen in Figure 7A. The percentage of total
decontamination between the initial activity and activity after
cycle five reached 60% + 7%, indicating a substantial reduction
in activity in 30 h of treatment. The factor was calculated as 2.5 + 0.2,
highlighting the degree of decontamination achieved after
five cycles.

The residual activity remaining in the sample, as depicted in
Figures 7B, 7is at 39% + 3%. Based on the average decontamination
rate of 12% + 2% per cycle, an additional 3-4 cycles would be
required to eliminate this remaining activity assuming linear
decontamination behaviour for each cycle. The additional cycles
were not performed to limit the dose exposure of the workers as the
dose characterization necessitates near-direct contact with the
sample of this geometry.
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The dose evolution of the sample M1 is presented in Table 5. The
decontamination factors after each cycle were coherent with those
obtained using gamma spectrometry.

3.3.2 Precipitation process
3.3.2.1 Effluent precipitation efficiency

As the precipitation protocol is feasible for surrogate liquid
samples, it was applied to the effluent R1 and R2 from the
contaminated Ni-alloy 600 sample M1 and M2 treated using the
COREMIX process. The results in Figure 8 present Cr, Mn, Fe and
Ni concentrations measured after the COREMIX-H process (initial
sample), after the first precipitation (pH 8.5) and after the second
precipitation (pH 12).

The results obtained are in line with those found on the G2 and
G3 surrogate samples. This correlation proves that the type of metal
being decontaminated does not affect the precipitation protocol,
which works for both 316Ti stainless steel and Ni alloy samples.
These data highlight also the importance of carrying out two
separate precipitations.

The first precipitation at pH 8.5 led to a decrease of 91% * 3% in
Cr, 20% * 6% in Mn, 93% + 7% in Fe and 25% + 7% in Ni. These
values are slightly lower than those found by Fu and Wang (2011),
Yatim et al. (2021) for chromium, with respective removal
efficiencies of 100% at pH 8.7 and pH 10.

This observation can also be made for iron with the results of
Oncel et al. (2013), Balintova and Petrilakova (2011) who found that
100% and 97% of iron was precipitated around pH 8. These authors,
in addition, state that 16% of manganese is removed at a pH of 8.2, a
value close to that found previously. Although the values remain in
the same order of magnitude, different working matrices, pH and
metal concentrations can explain these slight differences between all
the results.

After the second precipitation at pH 12, 99% + 1% of Cr and
100% * 7% of Mn were removed from the solution, as well as 99% +
7% of Fe and 100% + 8% of Ni. Figure 8 clearly demonstrates the
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TABLE 5 Dose evolution of radioactive Ni-alloy 600 sample M1 throughout the process using different detectors.

Colibri (uSv/h)

AD-6 (uSv/h)

Gamma probe (cps) X-ray probe (cps)

Metallic Sample Initial 8 25 1,640 770
After 1st cycle 9 22 1,520 710
After 2nd cycle 8 16 1,290 600
After 3rd cycle 6 15 1,120 500
After 4th cycle 5 11 890 390
After 5th cycle? 4 8 700 310

Effluent® Initial® 160 0 40 6
After 1st precipitation 110 1 25 15

After 2nd precipitation 3 0 2 0

Sludge® 1st precipitate 104 1 23 8
2nd precipitate 2,960 6 497 190

All values taken after stabilization of signal and adjusted for background.
“Cycle 5 with 50% higher oxalic acid.

*Dose evaluation of liquids done using 50 mL aliquot in HDPE, tubes used for gamma spectrometry; measured from the bottom.

“Measured after oxalic acid destruction stage.
“Measured by placing filter paper inside Petri dish, without drying.

1 000 000 [ Initial [ 1t precipitation at pH 8.5 [l 2nd precipitation at pH 12

100 000

10 000

1000

100 A

Concentration (ug/L)

10 4

14

0,1+

Cr Mn Fe Ni
FIGURE 8
Metal concentration in the radioactive effluent R1 at different

stage of the precipitation process.

benefits of raising the pH to 12 to precipitate Ni and Mn. This
observation was also made by Balintova and Petrilakova (2011),
showing that an increase in pH precipitates 90% of Mn at pH 10. Ni
was removed from the solution and precipitated quantitatively, as
demonstrated in the study carried out by Tsai et al. (2020) with
around 100% of removal at pH 12. Liu et al. (2020) found similar
results with 100% of Ni in the solid after precipitation at pH 10 and
11. Similar results were found when the radioactive sample
R2 treated by the same process was analyzed. The concentration
results are presented in Supplementary Figure S3 in the
Supplementary Data S1.

The stable isotope **Co was also measured by ICP-MS but its
concentration was below the quantification limits (0.1 pg/L in **Co)
after accounting for the dilution procedures to limit the total
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FIGURE 9
Decontamination (%) of the effluent R1 after each

precipitation step.

radioactivity level (< 1 Bq) instrument

contamination (internal radioprotection procedure).

and prevent

3.3.2.2 Decontamination efficiency of effluent

As cobalt is present in trace amounts, its precipitation yield is
tracked by its activity in solution after each precipitation. The
efficiency of radioactive effluent decontamination was measured
using gamma spectrometry, liquid scintillation and dose rate
measurements. All the results are shown in Figure 9 and details
of dose rate measurements are shown in Table 5.

At pH 8.5, the radioactivity present in the radioactive effluent
appears to have decreased by 24% + 10% (average calculated using
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TABLE 6 Gamma spectrometry results of the precipitation process for each radionuclide in solution and calculation of the associated decontamination
factor.

Radionuclides Initial specific radioactivity (Bq/L) Final specific radioactivity (Bq/L) Decontamination factor
*Mn 90 + 14 < 147 > 63
“Co 15,800 + 800 541 3290 + 560
125Gk 80 + 30 <45 >19

*Activity below detection limit of gamma spectrometer for’*Mn and'**Sb respectively.

the three techniques). However, when the pH reached 12, 98% +  generated by the COREMIX process was investigated. Tests
16% of the radioactivity appears to be eliminated with the removal of ~ were carried out on synthetic, surrogate and radioactive
the main radioactive emitters present in solution **Mn, ®®Co and  samples to assess the efficiency of the protocol. The
125Sb (Table 1). According to Inam et al. (2019), around 90% of Sbis  precipitation protocol was first optimized and then the solid
expected to precipitate at pH 8.5, while more alkaline conditions are ~ compounds produced were characterized to determine their
required to remove Mn as seen earlier. As the activity of these two ~ composition and chemical form. Finally, the COREMIX-HP
radionuclides (**Mn and '*°Sb) is very low, it is the behavior of ®Co  process was applied to real radioactive Ni-alloy 600 samples to
that has the greatest impact on the decontamination factor. The  measure the decontamination factors of each process.
minimum solubility of Co (II) in the presence of hydroxide ions is at The various solids characterization methods (FTIR, XRD and
pH 11 where it precipitates as Co(OH), as showed by Gaudaire M TGA-DSC) showed that the sludge produced at pH 8.5 during the
(1999). This is experimentally confirmed by Oh et al. (2023) finding  precipitation process is mainly composed of iron oxide-hydroxide,
that 99.4% of Co is removed from the solution between pH 10 and  while the sludge formed during the second step, at pH 12, is
12. These data prove that the significant decontamination factor at ~ composed of manganese oxide Mn;O,4 The influence of the
pH 12 is consistent, but this does not explain why 24% of the activity = contact time during the first precipitation and of the type of
of the initial solution is removed during the first precipitation  reagent used has been studied and it appears that their effects are
pH 85. To understand this, the behavior of cobalt must be insignificant. The use of either KOH or NaOH seems to lead to
studied taking into account the other elements present in  almost total precipitation of metals in solution. Furthermore, it has
the solution. been observed that samples treated by the COREMIX process need
According to Lehto and Hou (2010), Co can be precipitated  to be pre-treated before precipitation. Indeed, the oxalic acid
at a lower pH value in the presence of a carrier and iron  contained in the effluents prevents the efficient precipitation of
hydroxide Fe(OH); which is the main compound of the solid  chromium leading to only 49% of removal instead of 100%, so a
generated at pH 8.5 co-precipitates metals effectively by  heating step with the addition of H,0, is necessary to destroy
adsorption. This explain why some of the cobalt is  oxalic acid.
precipitated during the first pH adjustment, leading to a 24% The efficiency of the previously optimized COREMIX process
reduction in radioactivity. was reproduced onto real radioactive Ni-alloy 600 samples with
The initial and final activity of the various radionuclides in  about 60%-70% decontamination achieved in 30 h of treatment. In
solution R1 are shown in Table 6 as well as their associated  addition, it appears that the efficiency of the COREMIX process has
decontamination factor. At the end of the hydroxide improved compared to the CORD process based on the mass loss
precipitation protocol, the decontamination factor is at least  corrosion rate results. Then, it was seen that the inherit corrosion
63 for **Mn, at least 19 for '*°Sb (as their activities are too low,  resistance property of Ni-alloy 600 hinders the process over time, as
the detection limit of the device is considered) and 3290 + 560 for  the corrosion resistance by forming of a barrier oxide layer, reduces
®Co. Finally, the total decontamination factor (which includes all  the efficiency of oxalic acid as contact time is increased. This
the radionuclides) of the contaminated effluent R1 is 3330 + 560.  suggests the need of using shorter cycle times, with 3 h being
The decontamination factor of the active sample R2 is shown in  sufficient per cycle step, as anything beyond was seen to have
Supplementary Figure S4 in Supplementary Data S1. This liquid  insignificant contribution. This configuration allows for 12%-14%
effluent was decontaminated by the same precipitation process as  decontamination per cycle of the process, suggesting a total of 8-
sample R2 and shows a total decontamination factor of 5,810 £ 410. 9 cycles required for complete decontamination. The effluents
Measurement of beta emitters like *Fe, ®*Ni, *°Sr and *Tc¢, if  generated during the COREMIX process were collected in order
present, is planned in order to quantify them and study their  to test the efficiency of the precipitation protocol on active samples.
behavior during the entire decontamination protocol (including It was observed that the first precipitation stage carried out at
COREMIX process, oxalic acid destruction and precipitation). pH 8.5 was not sufficient to decontaminate the effluents, with
only a 24% drop in total radioactivity. However, the second
precipitation step remarkably improved the decontamination

4 Conclusion factor to several thousands, making the protocol almost
100% effective.
In this study, the process of precipitating metals in the form Further optimization can be done on the scale-up of the

of hydroxides as part of the decontamination of effluents =~ COREMIX-HP process from the current batch process to a more
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dynamic process to better simulate decontamination of a Ni-alloy
600 steam generator in nuclear power plants, where the flow rate of
the solution could play an important role. Further optimization is
also required for the effluent treatment stages. The heating time
required to destroy the oxalic acid still needs to be refined in order to
reduce the energy costs associated with this stage. As for the
precipitation process, different types of precipitants, such as
sulfides, phosphates and electrocoagulation, could be studied in
order to be able to adapt the protocol to effluents from different
materials or decontamination processes. The various metals present
in the effluent continue to remain in trace quantities after the
precipitation protocol. Therefore, a chromatographic resin
purification step must be developed and optimized to meet
radioactive waste acceptance criteria and to be able to treat the
final effluent as conventional waste. Finally, scaling up the
COREMIX-HP process will lead to a significant increase in the
amount of waste generated. Therefore, scale-up trials must also be
carried out on the precipitation stages to ensure that it is effective on

an industrial scale.
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