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ARTICLE INFO ABSTRACT

Keywords: Handling nuclear metallic waste is a crucial issue for the nuclear industry, notably by using
Decontamination adapted decontamination processes. Colloidal gels can be applied by spraying for nuclear
Gel decontamination of large and plane metallic surfaces, such as walls or floors. However, this
Metal . . - . o . .

Nuclear implementation mode limits their use for the decontamination of inaccessible or complex ge-

ometries surfaces. For that purpose, decontamination magnetic gels have been formulated by
incorporating magnetite particles in a pre-synthesized colloidal gel able to decontaminate
stainless steel. Such gels can thus be attracted by a magnet, allowing remote application to sur-
faces with limited access. The presence of magnetite particles does not influence the inherent
decontamination properties of the gel, but plays a significant role on the spreading properties by
increasing the gel viscosity. Then, a linear relationship between the gel thickness and the
decontamination possibilities has been highlighted. Furthermore, as the magnetite particles
dissolve in the gel with time, spreading properties, and consequently the decontamination
properties, are modified. Finally, a formulation compromise has to be found for a long-term
storage of the gels, while maintaining their efficiency.

Ferromagnetic particles

1. Introduction

The decontamination of solid surfaces is an important issue in the nuclear industry. Particularly, decontamination is required to
reduce the activity of certain forms of waste and avoid the generation of large volumes of contaminated final waste. The diversity of the
materials involved makes these operations laborious and specific. Among them, metallic wastes, and particularly stainless steel (SS)
materials, are critical to decontaminate (Hahm et al., 2023). They are widely produced from the contamination of the primary circuit
components within power stations (Rivonkar et al., 2022), processing vessels at reprocessing plants (Barton et al., 2023) or from hot
cell walls and floors for example. Thus, different surface geometries have to be considered such as large and plane walls but also small
items having complex geometries such as pipes, valves or pumps. On SS, radioactive isotopes can be physically adsorbed onto the
surfaces, but also incorporated in an oxide layer due to their contact with strongly corrosive solutions at high temperatures and
pressures (Barton et al., 2023; Kerry et al., 2018; Zhong et al., 2021). Consequently, decontamination operations aim to eliminate
micron-thick layers to release the contamination. Different technologies have thus been developed over the years for that purpose
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(Zhong et al., 2021; Liu et al., 2022), consisting in physical (high pressure water, ultrasonic techniques...) or chemical (use of liquid
reagents, gels/foams, electrochemical techniques...) decontamination processes (Wang et al., 2023; Katona et al., 2022; Rivonkar
et al., 2022; Lv et al., 2023; Yoon et al., 2021, 2013; Grebennikova et al., 2021; Kameo et al., 2003).

One technique facilitating the decontamination of SS and producing only a small amount of secondary solid waste is the “vac-
uumable” gel technology (Gossard et al., 2022). Vacuumable gels are suspension of mineral particles (typically silica or alumina) in a
decontamination solution. Due to their viscoelastic properties, such gels form millimeter layers adhered onto surfaces, which induce a
prolonged contact with the decontamination solution. This solution is specifically chosen to dissolve the contaminated surface down to
few tens of microns to release and absorb the incrusted contamination. Then, the gel dries by evaporation of the solution and fractures
into millimetric solid residues, also called flakes, trapping the contamination. These residues are finally easily removable by brushing
or vacuuming before being conditioned in adapted immobilization matrixes. This process only produces inorganic solid waste at the
end of the operation, meaning that there is no secondary liquid effluent that has to be treated. Vacuumable gels are widely used for the
nuclear decontamination of metallic surfaces (Gossard et al., 2022; Jung et al., 2016), but their formulation can also be modulated for
multiple applications (Gossard et al., 2021; Gossard and Lepeytre, 2017; Lemesre et al., 2019; Lepeytre et al., 2021; Castellani et al.,
2014a, 2014b). Spraying is the most popular application mode for these gels, to treat large and flat surfaces such as the walls or floors.
However, this implementation process is not adapted for the decontamination of small objects with complex geometries such as pipes,
valves or pumps, or for inaccessible surfaces.

This article describes a new process adapted for the decontamination of limited access surfaces inspired from the formulation of
ferrofluids, and particularly ferrogels. Ferrofluids consist in the dispersion of ferromagnetic particles in a liquid solution, forming
stable colloidal suspensions sensitive to magnetic fields and useful for medical or heat transfer applications (Rinaldi et al., 2005;
Campelj, 2023; Hong et al., 2007). In the presence of a cross-linked polymer, such as poly(vinyl alcohol), in the liquid phase, these
fluids are named ferrogels (Zrinyi et al., 1997; Zélis et al., 2013). The polymeric network in the liquid phase provides specific rheo-
logical properties to the ferrogels, making them easily shape-controllable and remotely controlled under a magnetic stimulation,
extending their implementation possibilities (Lopez-Lopez et al., 2006; Ganguly and Margel, 2020; Lawrence and Rao, 2023). Thus, the
addition of ferromagnetic particles in a vacuumable gel leads to a stable dispersion sensitive to magnetic fields and having the specific
rheological properties of the vacuumable gels (Gossard et al., 2022). These properties make the gels easily shape-controllable and
remotely controlled under a magnetic stimulation, extending their implementation possibilities. Particularly, the addition of Fe3O4
magnetite particles in a pre-synthesized vacuumable gel, specifically designed for the decontamination of SS surfaces, was investi-
gated. Then, such gels can be spread by attraction with a magnet, allowing their remote application on limited access surfaces. After
decontamination and drying, the produced secondary solid waste containing the ferromagnetic particles can also be recovered with a
magnet. The specific objectives of this work are: (i) to introduce a new decontamination process based on a colloidal magnetic gel for
the nuclear decontamination of limited access metallic surfaces, (ii) to evaluate the effect of the ferromagnetic particles concentration
on both the physicochemical and spreading properties of the magnetic gels and (iii) to highlight the relationship between the gels
properties, the deposited thickness and the SS corrosion efficiency of the process.

2. Material and methods
2.1. Materials

A commercial decontamination gel, named ASPIGEL 100E from the FEVDI Company (France), was used in this study. Particles of
magnetite (Fe3Oy, Iron (II, II) oxide powder, Sigma-Aldrich) were added in this gel as ferromagnetic particles. The different operations
of gel spreading were performed with a commercial magnet (N829 from Eclipse Magnetics, UK) on 2 millimeter thick 316 L stainless
steel (SS) coupons.

2.2. Formulation of the magnetic gels

The magnetic gels were obtained by gently mixing an adapted content of Fe304 particles with the ASPIGEL 100E. For that, the gel
was manually mixed using a plastic spatula until obtaining a creamy like texture. The Fe3O4 particles were then added and the gel was

Fig. 1. Different steps of a SS sample simulated decontamination operation using a magnetic gel: (a-b) Manual deposition of a gel drop and
spreading of the gel using a magnet, (c) Recovering of the solid flakes obtained after drying using a magnet.
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homogenized to well disperse the particles. Finally, the gel was let to rest for 1 day before being used. The different gels are referred to
as Gel_x with x being the weight percentage in Fe3O4.

2.3. Deposition of the magnetic gels on SS surfaces, drying, solid waste recovery and evaluation of the SS corroded depth

The application protocol of the gel is illustrated Fig. 1. Before all, the SS coupon was washed with water and ethanol, let to dry and
weighted using a Secura® 324 Sartorius (Germany) scale having a 10 g precision. After a slight manual stirring using a spatula, a drop
of gel (with a known mass) was deposited on a SS coupon. Then, the commercial magnet was placed on the opposite face of the SS
coupon and slowly moved in a circular motion. Due to the presence of the magnetite particles, the gel was spread on the coupon by
being attracted by the magnet and adhering to the SS substrate. This operation was performed until the gel was completely spread and
no longer moved at the passing of the magnet. To evaluate the gel spreading properties (in cm?.g™), a picture of the gel layer was taken
and its area was determined using ImageJ software (Schneider et al., 2012) and normalized by the mass of gel initially deposited on the
surface. With the calculation of the gel density (obtained directly from the densities of the ASPIGEL100E and the magnetite particles,
see Supplementary Material), an average gel thickness can be calculated using Eq. (1).

m
Sxd

th= )

With th being the average gel thickness, m the deposited mass of gel, S the gel surface after spreading, and d the gel density
(depending on the content of magnetite particles).

Then, the gel is left to dry overnight to form millimeter-scale flakes as secondary solid waste. Due to the presence of the magnetite
particles, these solid flakes were recovered by attraction with the same commercial magnet. After that, a picture was taken and the
percentage of solid recovered by the magnet was determined using ImageJ software. Finally, any residues were removed using a wet
wipe.

After washing the coupons using water and ethanol, they were let to dry and weighted again. Noteworthy it was ensured that the
wet wipe has no impact on the mass loss by comparing the mass of a coupon before and after using the wet wipe, without previous
application of gel. The mass loss was calculated and the corroded SS depth was evaluated (and considered as related to the decon-
tamination efficiency), using the following equation:

Am

Corroded depth = Sxd )

With Am being the mass loss, S the surface covered by the gel and d the SS density (fixed at 8 g.cm™>).

For each gel, five trials were performed for the sake of reproducibility and the different results are given as averages. Moreover, an
experiment was also performed with the ASPIGEL 100E without magnetite particles to compare its efficiency with the magnetic gels of
this study. For that, the ASPIGEL 100E was laid on the SS substrate with a controlled area and a millimeter thickness (see Supple-
mentary Material).

2.4. Characterizations

The magnetite particles were characterized by different techniques. Transmission electron images were taken using a Hitachi
(Japan) HT7800 microscope. Infrared (IR) spectra was obtained on a Shimadzu (Japan) IRS Spirit device. Zeta-potentials were
measured by using a Malvern (UK) Zetasizer Ultra Red. The particles elementary composition was determined by X-ray Fluorescence
performed with a Bruker (USA) S8 Tiger device. The rheological properties of the gels were characterized by using a TA instruments
(USA) Discovery Hybrid Rheometer (DHR 1) with a vane geometry. First, a shearing at 1 s was applied for 1 minute. After that, this
shearing was immediately decreased to a very low value (0.015 s!) and the viscosity was followed with time for 45 minutes. The
spreading of the gel as well as the percentage of recovered solid flakes using a magnet was evaluated by image treatment. Pictures were
taken after the gel spreading and after the solid recovering and analysed using Image J software to calculate the area of the gel layer
and the percentage of recovered flakes. X-ray diffraction (XRD) analysis was carried out using a D8 Advance, Bruker (USA) XRD device
with a Cu Ka-1 radiation source (A = 1.5406 A). XRD measurements were recorded under the following conditions: 10° - 100° 2theta, a
step size of 0.01°, and a scan speed of 4.5 sec/step. The XRD patterns were analyzed using Bruker Diffrac Eva software (Version
4.3.1.2) and the different phases were identified using the Crystallographic Information Files (CIF) of the Crystallography Open
Database (COD, Rev 173445) (Grazulis et al., 2012). A beam knife was used to reduce the background scattering at low angles.
Portable X-ray Fluorescence (pXRF) spectra were collected on SS samples with a Bruker (USA) TRACR 5i handheld unit. The TRACER
5i unit was operated while facing up with the metallic sample in contact with the nose of the unit. Data collection was controlled
through Bruker Artax software. The pXRF operating conditions were 40 kV, 5.1 pA for 10 s with a Rh anode. The beam was collimated
down to 8 mm. A Ti 25 um Al 200 pm filter was used to reduce the background. The evolution of the iron concentration in a liquid
decontamination solution due to the dissolution of the magnetite particles was determined using an inductively coupled plasma -
optical emission spectrometry (ICP-OES, ThermoFisher (USA) Scientific iCAP 6000 Series).
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3. Results and discussion
3.1. Addition of ferromagnetic particles to displace the gel using a magnet

3.1.1. Characterization of the magnetite particles

The magnetite particles were finely characterized using different techniques (see Supplementary Material). The size of the particles
determined on TEM images shows a large distribution in diameter and an average size of 178 &+ 71 nm. As ferrofluids refer to fluids
containing nanoscale (5-15 nm) ferromagnetic particles, gels containing these particles will not be theoretically considered as fer-
rofluids (Rinaldi et al., 2005; Campelj, 2023). Thus, and despite they behave as ferrofluids, the gels formulated in this work are named
“magnetic gels”. The X-ray diffractogram of the powder presents a well crystallized magnetite phase with a crystallite size of 143 nm.
These magnetite particles are composed of 70.2 wt% of Fe with some Mn and Si impurities (0.3 and 0.1 wt% respectively), and the IR
spectra presents the characteristic band of magnetite (Fe304) at 590 cm™ (Ivashchenko et al., 2016). The particles are positively
charged in acidic media and negatively in alkaline media, and their isoelectric point was determined at pH = 7.25.

3.1.2. Rheological behavior

Different weight percentages of magnetite particles were added to the gel (5, 8.5 and 13 wt%). To better understand the gels
behavior and anticipate their spreading properties with a magnet, the rheological properties of the gels were analysed and compared
with the behavior of the gel without particles (Gel_0). First, a shear rate of 1 s™ was applied as a stimulation of the gel equivalent to a
manual shearing and its deposition from its container on a surface. During this shearing phase, the gel viscosity decreases, notably
because the silica particles network (allowing the “gel-state™) is broken and the silica particles self-organize in the direction of the
shearing flow (Gossard et al., 2017). This shear-thinning feature is typical of mineral gels (Gossard et al., 2017, 2021, 2022; Lepeytre
et al., 2021) and is not affected by the presence of the magnetite particles. Then, this shearing was suddenly decreased to a very low
value (0.015 s!) to simulate the gel at rest directly after the manual deposition. The viscosity was followed with time during this
second step and its evolution is shown in Fig. 2.

For the four gels, a strong increase of the viscosity is immediately observed during the first minutes, before a viscosity plateau is
reached. Indeed, silica-based colloidal gels are thixotropic fluids and, during the period following the shearing, the silica particles re-
organize themselves to recreate a viscous network and strengthen the suspension into a gel again. At equilibrium, a few amount of
particles (5 wt%) does not significantly impact the gel viscosity. Then, the higher the magnetite particles’ concentration in the gel
formulation, the higher the viscosity at the plateau, and consequently the overall viscosity of the gel. Indeed, adding magnetite
particles leads to a larger amount of solid volume in the gel formulation and consequently to a more compact gel-state (Zhou et al.,
2001; Hong et al., 2007; Giwa et al., 2021).

3.1.3. Spreading tests on a stainless steel substrate using a magnet

Spreading tests were performed using a magnet with a common and reproducible protocol (Fig. 1). From these experiments, the gel
spreading, the gel deposited thickness, the corroded metal depth and the percentage of recovered flakes using the magnet were
determined and are reported in Table 1.

Fig. 3 highlights the influence of the magnetite particles content in the gels on their spread thickness as well as their SS corrosion
efficiencies.

Higher contents of ferromagnetic particles induce lower spreading properties. Particularly, at a given mass of deposited gel, the
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Fig. 2. Viscosity recovery with time at a shear rate of 0.015 s after a 1 minute shearing step at 1 s™! for the gel with no particles (Gel_0, empty
black squares), Gel 5 (filled black squares), Gel 8.5 (red circles) and Gel_13 (blue triangles).
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Table 1
Summary of the data determined from the different experiments using the Gel x.
Gel Calculated Aging Gel spreading (cm®.g”  Gel deposited thickness Corroded metal depth Percentage of recovered flakes
density D] (mm) (pm) (%)
Gel 5 1.35 / 5.90 +/-0.39 1,28 /- 0.08 0.69 +/- 0.08 91.7 +/- 0.8
1 week 8.51 +/- 0.39 0.88 +/- 0.04 0.35 +/- 0.02 95.5 +/- 0.4
2 8.80 +/- 0.42 0.85 +/- 0.04 0.28 +/- 0.02 91.6 +/- 0.7
weeks
3 9.36 +/- 0.40 0.80 +/- 0.03 0.21 +/- 0.02 90.0 +/- 0.9
weeks
Gel 8.5 1.39 / 5.38 +/- 0.37 1,37 +/- 0.08 0.59 +/- 0.04 92.6 +/- 0.4
1 week 6.16 +/- 0.22 1.18 +/- 0.04 0.36 +/- 0.02 91.8 +/-0.8
2 6.51 4/- 0.21 1.11 +/- 0.04 0.27 +/- 0.02 96.8 +/- 0.5
weeks
3 7.06 +/-0.27 1.03 +/6 0.04 0.20 +/-0.01 95.6 +/- 0.3
weeks
Gel 13 1.44 / 5.00 +/- 0.16 1,39 +/- 0.04 0.58 +/- 0.02 91.5 +/-0.8
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Fig. 3. Influence of the content of ferromagnetic particles added in the gels on their spreading properties and corrosion efficiencies.

area of the gel layer spread using the magnet decreases with the increase of the magnetite particle concentration and, as a result, the gel
deposited thickness is higher. Indeed, although the magnetic response of the gel should be higher due to the presence of more
ferromagnetic particles (Lopez-Lopez et al., 2006; Minuti et al., 2022; Kiister et al., 2023), the viscosity of the gel increases, as shown in
Fig. 2, which has a strong impact on the gel displacement possibility. There is consequently a direct relationship between the gel
magnetic sensibility, their rheological properties and the gel deposited thickness. Considering these results, a small amount of
magnetite particles is enough to spread the gel to a satisfying millimeter thickness and thus a large area.

3.1.4. Secondary solid waste recovery and evaluation of the corrosion efficiency

After gel drying, millimeter sized solid residues were obtained (Fig. 1). Such flakes are formed by the evaporation of the liquid
phase of the gel, inducing the aggregation of the solid particles and then cracks in the structure due to capillary forces (Gossard et al.,
2022; Sobac et al., 2019; Lilin and Bischofberger, 2022). The final residues are mainly composed of the silica and magnetite particles,
but also of the different elements composing the metallic layer, which has been dissolved and absorbed in the gel. Note that no specific
influence of the gel formulation was observed on the size and shape of the flakes. The drying step and the formation of the solid
residues are thus controlled by the silica particles initially present in the gel rather than by the added magnetite particles. Moreover,
the differences in the spread gel thicknesses are not significant enough to observe any variation in the solid size as it could be expected
(Gossard and Lepeytre, 2017). Capillary forces also trigger a delamination phenomenon on the edges of the flakes, leading to their
detachment from the substrate (Gossard et al., 2022; Sarkar and Tirumkudulu, 2011). Then, thanks to the presence of the magnetite
particles, they can be easily attracted by a magnet, as shown on Fig. 1c. In this way, the vast majority of the flakes (more than 90% for
each formulation, see Table 1) can be recovered with the magnet used in this study. The remaining residues mainly come from thinner
gel thicknesses on the edges of the gel layer, leading to smaller flakes adhered more strongly to the surface (Gossard and Lepeytre,
2017). They can be finally eliminated using a wet wipe or by a slight washing with water and ethanol, before the SS substrate was
weighed to determine the mass lost and consequently the SS corrosion depth using Eq. (2). The evolution of the corroded SS depth as a
function of the content of magnetic particles is shown Fig. 3. First, note that the corrosion efficiency of few tens of microns is of the
same order of magnitude for the magnetic gels than for the pristine ASPIGEL 100E, and is in agreement with the specification of the gel
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supplier (see Supplementary Material). Then, there is a significant influence of the concentration of magnetite particles on the overall
efficiency of the process. Indeed, while increasing the content of magnetite particles in the gel leads to larger layer thicknesses, the
corrosion efficiency of the stainless steel surface after gel drying decreases. However, a thicker gel layer enables a larger decontam-
ination solution volume at the surface of the SS and consequently should lead to a longer chemical reaction and a deeper corrosion, but
the opposite is observed. In this way, the presence of too many magnetite particles in the gel formulation has negative effects on both
the spreading properties of the gel and also its decontamination efficiency. This latter observation may be explained by a chemical
evolution of the decontamination solution, initially designed to dissolve SS surfaces, in the presence of the magnetite particles
(Banerjee et al., 2023; Rivonkar et al., 2022). To validate this hypothesis, a few grams of magnetite particles were dispersed in different
batches of a FEVDIRAD liquid solution (detailed protocol presented in Supplementary Material). According to the safety data sheet,
this solution, commercialized by the FEVDI Company, has a chemical composition close to the decontamination solution of the
ASPIGEL 100E, i.e. HNO3 and Ce(IV). Then, the ionic iron concentration in solution increases with the contact time between the
particles and the solution (see in Supplementary Material), confirming that there is a chemical reaction leading to the consumption of
the decontamination solution and the dissolution of the magnetite particles.

After drying and elimination of the solid residues, the SS substrates were washed with water and ethanol. A dark coloration of the
SS appeared at the end of the process. pXRF and XRD analyses were performed on the different samples and the results are given in
Fig. 4.

The initial SS substrate is mainly composed of Fe, Ni, Cr and Mo, as illustrated by its pXRF analysis. The difference between the
PXREF spectra of the SS substrate before and after the magnetic gel treatment shows a decrease of the amount of Fe, which could be
characteristic of the formation of a thin oxide layer and consistent with the visual color variation.

The X-ray diffractograms show the presence of the fcc structure of Fe, or Austenite (CIF: 9015071), as the main crystalline phase
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Fig. 4. (a) X-ray fluorescence and (b) X-ray diffraction analyses of the SS coupons treated using magnetic gels. For X-ray fluorescence, the initial
sample is plotted in red and the sample treated by Gel_13 is shown in green as an illustrating example. As data almost superimposed, the pink plot
corresponds to the difference between both spectra.
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(Dadfar et al., 2007) in all samples before and after the gel treatment. This highlights that the treatment does not significantly alter the
bulk of the SS substrate. Some other small peaks are also observed, but their intensity is very slight in comparison to the Austenite base
metal and their precise assignment may rise to identification errors under current configuration. These peaks may correspond to
different oxide phases, such as Fe304, FeaNiO4 or CroFeO4, which are generally expected on such substrates after contact with aqueous
corrosive solutions (Rivonkar et al., 2022; Panter et al., 2006). Thus, the modification of the oxide layer is observed by pXRF and not
visible by XRD. Indeed, the thin oxide layer is certainly smaller than the penetration depth of the X-Ray beam, which is of the order of
magnitude of 1 ym. Finally, there is no difference between the surface treated with the ASPIGEL 100E or with the different magnetic
gels, illustrating that the presence of ferromagnetic particles does not impact the mechanism of decontamination.

3.2. Aging of the gel and influence on the decontamination possibilities

As that the magnetite particles react with the ASPIGEL 100E decontamination solution, it is worth investigating the influence of the
aging on the rheological, spreading and decontamination properties of the gels. Note that these experiments were performed only on
the gels Gel 5 and Gel_8.5. Indeed, Gel 8.5 and Gel_13 present similar performances (Fig. 3), but with the latter producing a larger
secondary waste volume due to its higher content in magnetite particles.

3.2.1. Evolution of the rheological properties with time

The rheological analysis protocol previously described was performed on the Gel_5 and Gel_8.5 at different aging times (1, 2 and 3
weeks). After application of a shear rate of 1 s}, the viscosity was followed over time at a shear rate of 0.015 s for 45 minutes until
reaching a plateau. Fig. 5 presents the evolution over time of the plateau viscosity values of the considered gels (the complete data of
the viscosity recovery are given in Supplementary Material).

The aging of the gels induces a significant drop of their viscosities. Indeed, as shown above, Fe304 particles react and dissolve with
the ASPIGEL 100E decontamination solution. This leads to a diminution of the solid concentration in the gel, which has a strong
influence on the gel viscosity (Zhou et al., 2001; Hong et al., 2007; Giwa et al., 2021): the lower the content of particles in the gel, the
lower the viscosity of the gel.

3.2.2. Influence of aging on the spreading properties

The spreading efficiencies of the Gel_5 and Gel _8.5 were evaluated at different storage times (Fig. 6).

For the two gels, the gel deposited thickness for a given mass decreases with the storage time, meaning their spreading properties
are improved. Moreover, the spreading properties are more significantly affected during the first week of aging. Indeed, as observed in
the Supplementary Material, the dissolution rate of the Fe3O4 particles is higher during the first days of contact. This decrease of the gel
deposited thickness is in accordance with the drop in viscosity. Even if some Fe3O4 particles are dissolved, which certainly reduces the
magnetic response of the gels, the drop in viscosity has a stronger impact on the gel spreading properties. Consequently, a small
concentration of ferromagnetic particles is sufficient for the application of the gel using a magnet.

For the first experiment performed at t = 0, the gel thickness is slightly larger for the Gel 8.5 than for the Gel_5, while this is the
opposite for the SS corrosion depth. These differences are quite tenuous but can be explained by the chemical reaction between the
Fe304 particles and the decontamination solution. Indeed, as the gels were evaluated with one day after their formulation, the Gel 8.5
may have consumed more decontamination reagents than the Gel 5. This is confirmed by the evolution over time. The lower gel
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Fig. 5. Evolution over time of the viscosity plateau values obtained at a shear rate of 0.015 s for the Gel 5 (black squares) and Gel 8.5
(red triangles).
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their corrosion efficiency (red empty symbols).

thicknesses obtained with aging has a direct influence on the corrosion depth of the SS due to the lower volume of decontamination
solution at the contact of the SS surface. Moreover, although the gel deposited layers are thinner for Gel_5, the metal corrosion depth
remains within the same order of magnitude for the two gels. The presence of a larger amount of magnetite particles in the Gel 8.5
induces a more significant drop in the gel efficiency due to the consumption of the decontamination solution. Nevertheless, for both
gels with storage times longer than 1 week, the dissolved layer of SS is less than 0.3 pm. This could limit the application of such gels,
depending on the thickness of the oxidized layer to remove.

3.3. Relationship between the gel deposited thickness and the metal corrosion efficiency

The different data acquired in this study (including the repeatability tests) are given in Fig. 7, which represents the evolution of the
metal corrosion efficiency of gel layers as a function of their deposited thickness.

This graph highlights a linear relationship between the gel deposited thickness and the dissolved SS layer depending on the gel
formulation and aging. For fresh gels and large gel thicknesses (> 1 mm), the dissolved SS layers are higher than 0.4 um and the slope is
steep. Indeed, for larger gel thicknesses, the volume of decontamination solution is more important locally and the drying time is
consequently longer, inducing a continuous supply of chemical reagent at the gel-SS interface and a deeper corrosion of the surface
(Gossard and Lepeytre, 2017; Lemesre et al., 2019). The increase of the concentration in magnetite particles in the gel leads to a
decrease of the slope of the linear tendency. This could come from the more important consumption of the decontamination solution by
reaction with the magnetite. Moreover, at a given mass, the presence of a higher solid content in the gel formulation induces a lower
volume of decontamination solid deposited on a given surface area.

As described above, the aging of the Gel 5 and Gel_8.5 leads to a drop in their viscosity and thus better spreading properties, lower
gel thicknesses and then thinner dissolved SS layers, which is confirmed in Fig. 7. Moreover, the linear tendency is less steep after one
week aging. Indeed, thinner gel thicknesses will induce shorter drying time and the aggregation of the colloidal particles (Gossard and
Lepeytre, 2017). This leads to the freezing of the whole system and the limitation of the SS dissolution. Then for aging time higher than
one week, the gel thicknesses remain of the same order of magnitude but, at a given thickness, the dissolved SS layer is lower. This is
consistent with the consumption of the decontamination solution due to the reaction with the magnetite particles. Finally, comparing
the evolution of the Gel_5 and Gel_8.5 with time, Gel_5 spreads better than Gel_8.5, but the linear relationship with the SS dissolution
layer is similar. Consequently, for a given area to be decontaminated, Gel 5 appears to be better suited. Indeed, even if a partial
dissolution of the magnetite particles occurs, a small amount is enough for the gel to be efficiently spread. Moreover, this leads to a
lower volume of secondary waste to be conditioned at the end of the process.

3.4. Practical applications and future research prospects

This new decontamination process has been specifically developed for the nuclear decontamination of limited access metallic
surfaces. As the nuclear industry produces large volume of metallic waste, this process can be used to decontaminate small objects with
complex geometries, such as the internal surface of pipes, valves or pumps, and thus facilitate the management of such nuclear waste.
Moreover, this process may allow the remote application of decontamination gel in hardly accessible zones, for maintenance operation
for example.

This study has shown that the efficiency of the “magnetic gel” process is directly related to the spreading properties of the gel. Thus,
to better control the gel application, two main perspectives have been identified. First, the physicochemical properties of the
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Fig. 7. Evolution of the corroded SS depth after the decontamination operation depending on the thickness of the deposited gel layer. Linear fits are
indicated as guidelines for the eyes.

ferromagnetic particles could be studied. Indeed, other natures of particles may present higher magnetic responses, allowing to both
better spread the gel and limit the amount of generated secondary waste. Particles having a better chemical resistance in very acidic
and oxidizing solutions may also be considered for an optimized preservation of the gel. Moreover, the influence of the type of magnet
was not considered in this work. It may reasonably be assumed that the spreading of a gel formulation is also depending on the ge-
ometry and the power of the magnet.

4. Conclusions

Colloidal magnetic gels have been developed for the nuclear decontamination of metallic surfaces. Such gels can be moved and
spread using a magnet. After drying, the solid residues containing the contamination can also be recovered by the magnet. The
decontamination process can thus be remotely implemented to apply the gels on limited access surfaces.

More particles in the formulation increases the gel viscosity, and consequently does not particularly improve its spreading prop-
erties. As the decontamination performance depends on the gel spreading, a linear relationship between the gel thickness and the
dissolved SS layer has been highlighted.

As magnetite particles dissolve with time in the gel, spreading properties as well as the decontamination efficiency are modified,
and a formulation compromise has to be found for a long-term storage of the product. For that purpose, only small amounts of
magnetite are enough to spread the gel, without significantly consuming the decontamination solution.
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