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ABSTRACT: In a nuclear facility, the surface of stainless steels (SS) was
found to be contaminated during the processing of radioactive liquid waste.
Their safe and secure disposal is highly challenging to the nuclear industry. If
the fundamental property of steel corrosion could be evaluated, successful
decontamination and effective decommissioning strategies could be planned.
Although individual radionuclide contamination behavior on SS metal was
studied, till date, SS contamination behavior under the exposure of high-level
liquid waste (HLLW) was unexplored. In view of this, investigations were
carried out to understand the nature of contamination in SS 304L alloy under
the exposure of simulated HLLW (SHLLW). For understanding of
radionuclide adsorption behavior on structural materials, scanning electron
microscopy/energy dispersive X-ray spectroscopy and X-ray photoelectron
spectroscopy have been utilized for SS 304L. The solutions were analyzed
using inductively coupled plasma optical emission spectroscopy to calculate the changes in the elemental composition of the solution
and corrosion behavior of SS. The passivation of SS coupons was observed in the presence of HNO3 due to enrichment of Cr at the
surface. The deposition of Cs and Mo was noticed, while SS coupons were exposed to SHLLW. At 3 M HNO3 and room
temperature, the SS surface is mildly passivated by Cr enrichment by formation of a Cr oxide layer on the SS surface. However, the
passive layer was not thick enough to attenuate the signal from the substrate below the passivated layer. Hence, Fe0 and Cr0 were
also found along with Cr3+ and Fe3+ (in small quantity). When temperature was elevated to 70 °C, the SS surface was completely
covered with the Cr oxide layer, and hence no Cr0 signal was observed. The small signal of Fe0 indicated that the signal from the
substrate surface is present below the passive layer. During the passivation process, Cr diffused toward the passive layer, thereby
producing a Cr-depleted layer below the passive layer (Cr0 signal was not seen). In the case of SHLLW at 70 °C, the surface was
fully covered by Cr3+, Mo6+, and Cs+. Fe and Ni were not observed at all. This finding will help to design an effective corrosion
inhibitor and suitable decontamination agent. In addition to that, this information was found to be useful in designing high-
performance novel and modern age reactor materials with improved characteristics.

■ INTRODUCTION
A low carbon-based power production is a worldwide priority
compared to the utilization of fossil fuel power. Though
nuclear energy is one of the viable resources, the spent fuel
generated during nuclear reactor operation contains large
amounts of hazardous solid radioactive waste, which is of high
potential risk to the environment and mankind unless properly
managed.1,2 Significant volumes of radioactive waste arise due
to accumulation of radionuclides from the aqueous solution
onto the nuclear plant materials surface.3 Owing to the
extensive use of stainless steels such as SS 304L as storage and
structural materials4 at nuclear facilities, these alloys become a
main source of solid radioactive waste. Globally, the total
volume of radioactive SS is not estimated, but definitely, they
make a considerable waste volume.5 In the nuclear industry,
the selection of SS is due to combination of two advantages;

first one is a high radiation resistance capacity and second one
is an excellent corrosion inhibition property, as it can easily
form a rapid passive Cr oxide layer.6 During the accumulation
process, the deposited radionuclides were found to adsorb
within the passive layer.7 After getting in contact with the
aqueous medium, the passive oxide becomes charged and start
to interact with dissolved ions electrostatically.8 The surface
complexation process for radioactive metal ions transport9 has
been used to illustrate sorption characteristics.10,11 However, in
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recent times, studies on the sorption process were found to be
more complex in nature, where complete characterization is
not achievable by using charge principles alone.12 The
structure, elemental composition, and thickness of the surface
oxide layer may change with the variation in the composition
and potential of the passivating medium;13 therefore, the
derived sorbent characteristics are likely to reflect both steel
composition, as well as environment chemistry. Hence, the
“plate-out” process and corrosion behavior of metal need to be
critically investigated under the conditions of a nuclear facility.

Research has been carried out to explore the mechanism of
binding radioactive element to SS surfaces and find out an
environmentally friendly decontamination process that most
effectively eliminates the hazardous contaminant.14−16 Exten-
sive efforts have been made to manage structural materials, that
is, SS from nuclear facilities. Research has been focused
predominantly on understanding the fission product and
transuranic binding mechanisms on the SS surface.16−19

However, most of the studies are carried out with a solution
medium based on contamination processes with SS for short
periods of exposure time (i.e., hours) under room temperature
and a weakly acidic condition.16 It has been observed that
there are several possible contamination mechanisms that are
operating such as “loose “or “fixed.”20 However, the nature of
SS contamination under the exposure of HLLW is really
missing so far, which is indeed essential for the execution of
effective decontamination. To the best of our knowledge, this
is the first attempt where all the concerned elements in nuclear
liquid waste are allowed to interact with SS under 70 °C for
120 days so that we can present a complete picture of
contamination behavior and corrosion impact on SS.

In view of this, efforts were put to evaluate the extent as well
as nature of nuclear waste contamination on SS 304L surfaces
at 70 °C and room temperature for a duration of 120 days. The
prime objective of long exposure is to determine the impact of
long-term nuclear waste corrosion on metal surfaces under
similar conditions at nuclear facilities. Initially SS coupons
were exposed to HNO3, SHLLW, and in combination of both
at room temperature and at 70 °C. The exposed coupons
surfaces were characterized by the XPS technique for a
fundamental understanding of the corrosion nature and
deciding the method for chemical decontamination. Evaluation
of the surface morphology and elemental composition changes
of the corroded metal surface was carried out by SEM/EDX
and X-ray elemental mapping. The exposed solutions were
characterized with the ICP-OES technique to understand the
changes in the metal ion concentration at various times. The
main aim of the present investigation is to provide insights into
the corrosion behavior and mechanism of interaction of the
deposited element on SS 304L, which would be useful in
designing appropriate decontamination strategies for post-
operational effective decontamination and safe decommission-
ing of nuclear facilities.

■ EXPERIMENT
Materials and Methods. SS 304L-type materials were

used for the present study. Prior to starting the experiments,
materials were ground using SiC paper (from P120 to P2500)
and thoroughly polished (first 6 μm, then using 1 μm diamond
paste). SHLLW was prepared with HLLW composition, as
described in Table 1. SS coupons were placed completely in a
container containing SHLLW solutions of 3 M HNO3 (100
mL). Table 2 represents the details of sample (SS 304L)

preparation and nomenclature. Samples were prepared using 3
M SHLLW solutions at room temperature and with solutions
containing just 3 M HNO3 with SS coupons at 70 °C for 120
days. All experiments were carried out in triplicate. After the
allocated time, the coupons were removed carefully from the
solution and ready for surface characterization. The solutions
were analyzed with ICP-OES for evaluation of the elemental
composition of the solution with respect to different exposure
times. After removal of the SS coupons from the solution, the
surface of the coupons was rinsed thoroughly using deionized
water. This initial washing was carried out to avoid post-
immersion contamination and eliminate effectively any acidic
solution from the SS coupon. During the washing of coupons,
if any contaminant was eliminated, then it was considered that
it has been bound weakly, so it was not relevant to this

Table 1. Composition of Simulated HLLW

s. no property quantity

01 molarity acidic (M) 3
02 alpha activity (Ci/L) 1.86
03 beta activity (Ci/L) 45−50
04 isotopic composition

Cs-137 (Ci/L) 14
Cs-134 (mCi/L) 47.0
Eu-154 (mCi/L) 138.6
Eu-152 (mCi/L) 12.2
Sb-125 (mCi/L) 21.6
Ce-144 (mCi/L) 16.8
Ru-106 (mCi/L) 14.8
Zr-95 (mCi/L) 4.7
Sr90−Y90 (Ci/L) 34
Am241 (Ci/L) 0.85
Pu 239 (Ci/L) 1.0

05 elemental composition (mg/L)
Na 8.20
U 3.32
Fe 1.04
Mn 0.78
Cr 0.25
Ni 0.13
Ce 0.74
La 0.45
Nd 1.38
Sm 0.28
Pr 0.18
Eu 0.005
Y 0.12
Ru 0.62
Pd 0.31
Sr 0.22
Ba 0.51
Mo 0.51
Zr 0.01
Al 0.04

Table 2. Details of Sample (SS 304L) Preparation and
Nomenclature

s no solution nature temperature

sample 1 (SW70) S HLLW 70 °C
sample 2 (SWRT) S HLLW room temp
sample 3 (HN70) 3 M HNO3 70 °C
sample 4 (HNRT) 3 M HNO3 room temp
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experiment. The coupons were then allowed to air-dry at room
temperature for 30 min before weighing.
Scanning Electron Microscopy/Energy Dispersive X-

ray Spectroscopy (SEM/EDX). Microstructural character-
ization of the exposed metal surface was carried out using
FEG-SEM (Model AURIGA, ZEISS) equipped with EDS
(Oxford) to study the adsorption and distribution of
radionuclides on the surface of the material. A representative
sample, which was exposed to SHLLW for 120 days at 70 °C,
was coated with a thin layer of gold to prevent charging. X-ray
elemental mapping was also performed.
X-ray Photoelectron Spectroscopy. The deposited

chemical compositions of the oxide layer formed on the SS
surface and the chemical environment were explored using
XPS by using a VG ESCALAB MK200X system using Al kα as
the X-ray source. The system was calibrated with a Au 4f7/2
line at 84.0 eV with 1.6 eV FWHM. The C 1s peak of the
contaminant was taken at 285.0 eV for charge correction.
Solution Analysis. Different metal ions uptake from

SHLLW was studied at different time intervals using ICP-
OES (SPECTRO ARCOS, Germany). Triplicate measure-
ments were performed to report each data.

■ RESULTS AND DISCUSSION
Surface Microstructure and Microanalysis. To under-

stand the details of the passivated layer on SS 304L and
mechanism of Cs and Mo adsorption with SHLLW at room
temp (RT) and 70 °C, the samples were studied by SEM and
EDX. SEM images (Figure 1a,b) show the surface morphology

after immersion in the concentrated 3 M HNO3 contaminating
SHLLW at 70 °C for 120 days. It reveals the formation of
crystallites nonuniformly distributed all over the surface.
Formations of two layers are identified, as marked by Figure
1a,b. It is assumed that the inner layer (b) is grown on the SS
substrate, and the partially formed outer layer (a) is formed
due to nucleation and growth on the inner layer by the

hydrothermal process. EDS recorded on the inner layer
confirmed that the passivation of SS has taken place as there
was enrichment of chromium on the surface, which was further
confirmed by XPS. Cs, Fe, Mo, and O were observed to be
present in the second layer. X-ray maps of various elements on
a face consisting of both the adsorbed and passivated surface
further complimented our findings. We present our finding in
the following subsection.

From Figure 1, it was observed that the average size of the
crystallites deposited was ∼3 μm. It was scattered inhomoge-
neously all over the surface. The inner layer is the Cr2O3 layer,
and the outer layer is partially covered by the formation of
crystallites containing Cs+ and MoO4

2− ions. It is clear that the
size of the crystallites is limited by a certain critical size, and
the inner layer is covered by the growth and nucleation of new
crystallites. For an easy discussion, the two layers are
mentioned. It appears that with prolonged exposure to the
SHLLW, the inner layer will be covered completely depending
on the availability of the constituent ions in the solution.
Figure 1a represents the inhomogeneous distribution of metal
ions all over the surface. Figure 1b indicates the partially
formed outer layer by Cs+ and MoO4

2− ions. The micrograph
reveals the second formation of the passivated layer on the
surface due to the interaction of elements present in SHLLW.
It is essential to evaluate the chemical composition of the
deposited layer. X-ray elemental mapping of the surface layer
was carried out. Figure 2a clearly shows the electron image of
the passivated layer on steel alloy. Spectrum 1 (Figure 2b)
represents the base metal characteristics under an exposed
condition at 70 °C for 120 days of suspension in SHLLW.
Spectrum 1 indicates the Fe-rich surface area (around 70%)
along with Cr (around 20%) layer formation on the exposed
surface. From spectrum 2 (Figure 2c), it was observed that Cs
(13 wt %) and Mo (30 wt %) along with oxygen (around 35%)
were found to be present on the passivated surface. Therefore,
after the interaction with SHLLW, Cs- and Mo-enriched
passivated layer formation took place on the metal surface,
which was further explored by XPS and ICP-OES analyses.
From Figure 3, it is clear that the base metal is Cr enriched. X-
ray elemental mapping revealed the significant presence of Mo
and Cs in the passivated layer (Figure 3). The dissolution of Fe
and Ni took place in the presence of 3 M HNO3 at 70 °C,
resulting in the formation of a Cr-enriched passivated layer.
Among several elements in SHLLW (Table 1), only Cs and
Mo were deposited. At 70 °C, under the solution phase, the Cr
elemental state is relatively more stable than Fe and Ni,21

resulting in higher dissolution of Fe and Ni than Cr, as
confirmed by ICP-OES analysis. Cs and Mo were found to be
deposited from SHLLW on the SS surface. It may be proposed
that from the SS surface, Fe and Ni were removed as cations,
leading to a negative surface charge on the SS surface. This
negative charge surface showed a strong affinity for H+, Cs+, or
(2Cs+−MoO4

2−), resulting in deposition of Cs and Mo, as
indicated by EDX analysis and confirmed by XPS and ICP-
OES solution analysis.

For better understanding of the exposed SS (sample SW70)
surface, X-ray elemental mapping was carried out. From Figure
3, it is clear that the inner layer is Cr enriched. X-ray elemental
mapping revealed that the second layer elemental composition
enriched with Mo and Cs (Figure 3). The dissolution of Fe
and Ni took place in the presence of 3 M HNO3 at 70 °C,
which was not redeposited on the SS surface, as confirmed by
X-ray elemental mapping and ICP-OES solution analysis

Figure 1. Micrograph of the sample (SS 304L exposed to SHLLW at
70 °C for 120 days); (a) outer layer composed of crystallites and (b)
inner layer without any crystallites.
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discussed later. Among all the elements present in SHLLW
(Table 1), only Cs and Mo were deposited preferentially.

Therefore, it was confirmed that Cs and Mo both play a key
role in elemental deposition.

Figure 2. (a) Electron image of the passivated layer on the steel alloy, (b) spectrum of the passivated layer without the crystallite (spectrum 1), and
(c) spectrum of the passive layer with crystallites (spectrum 2).
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Under an acidic aqueous condition, preferential dissolution
of Fe and Ni leads to the formation of a Cr2O3 protective
surface film. However, when the acidity of the solution was
high (3 M HNO3), the oxidizing power was good enough to
convert insoluble Cr(III) to soluble Cr(VI) species.

The consequent removal of Cr from the metal surface
weakens the protective film, later resulting in corrosion of the
metal.22 Under the strong oxidizing environment, failure of this
passive layer is termed transpassive behavior, which leads to

the initiation of corrosion phenomena at Cr depletion
sites.23,24 In our studied system, under 3 M HNO3, base
metal dissolution was observed, that is, mass transfer from
metal to solution and adsorption of contamination from acidic
medium took place (Figures 2 and 3). After exposure to an
acidic solution, the passive film layer was observed to thicken
gradually, which is confirmed in Figure 3, as a persistent
oxygen signal was observed from X-ray elemental mapping.
The gradual growth of the thicker films is correlated with a

Figure 3. X-ray elemental mapping of the passivated layer with a crystallite on the metal surface.
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bilayer model for the metal passive layer structure. The inner
passive layer is composed of Fe oxide and a partially formed
outer layer enriched with Cr2O3.

21,25 The partially formed
outer layer has shown stability in a neutral and slightly acidic
medium.26 In the presence of 3 M HNO3, when the passive
film of Fe oxide starts to interact, Fe oxide leached into the
aqueous phase as Fe can easily dissolve in a highly acidic
region, resulting in a Cr-enriched passive layer. Table 3 clearly

indicates the composition of spectrum 1 and spectrum 2, and it
reveals that the crystallite on the passive layer (spectrum 2)
contains Cs (wt 13.24%) and Mo (wt 31.28%), whereas, on
the clear passive layer (spectrum 1), no such Cs and Mo were
observed. In addition, X-ray elemental mapping (Figure 3)
clearly indicates the deposition of Cs and Mo.
Surface Chemical Analysis. Figure 4 shows the XPS

results recorded from 3 M HNO3-exposed coupons at RT and

70 °C. The room-temperature-exposed coupon (sample
HNRT) showed a mild passivation due to the enrichment of
Cr and formation of a Cr oxide layer on the SS surface.
However, the passive layer was not thick enough; as a result,
elemental Fe0 (Figure 4b) and Cr0 signals were observed from
the base substrate. While in the case of the coupon exposed to
70 °C and HNO3 (sample HN70), the passive layer (Cr

enrichment) was more prominent, and Fe0 and Cr0 peaks were
not observed.

The surface chemical analysis of SS coupons exposed to
SHLLW at RT and 70 °C is shown in Figure 5. In the case of

the SHLLW-exposed coupon at room temperature (sample
SWRT), the surface was seen to contain Mo and Cs. Mo is
present in +6 states, and Cs is in the +1 state. In Figure 6, the

concentration of different elements on the surface is shown by
the bar chart. In the sample SWRT, the concentration of Mo is
more compared to Cs, probably due to the availability of Mo is
more than Cs in the SHLLW solution. As expected, the Cr0
and Fe0 signals from the substrate was observed, as shown in
Figure 5b,c. In the case of SHLLW at 70 °C (sample SW70),
the surface is fully covered by Cr3+ and Mo6+ and Cs+. Fe and
Ni were not observed at all. Even though HLLW contains
more than 25 elements, only Cs and Mo were getting
deposited. The relative concentration of metals with oxygen is
shown in Figure 6. In fact, O concentrations were very high in
the range of 60−70 at. %. High O concentrations visually
reduced the sharp variation in the concentrations of other

Table 3. Comparison of the Elemental Composition of the
Passive Layer without the Crystallite and Passivated Layer
with the Crystallite of SS

element line type
spectrum 1
(wt %)

spectrum 2
(wt %)

standard
label

O K series 8.95 29.16 SiO2

Na K series 0.15 0.00 Albite
Cr K series 21.96 1.16 Cr
Fe K series 61.21 1.69 Fe
Ni K series 7.49 0.13 Ni
Cs L series 0.23 13.24 Cs (v)
Mo L series 0.00 31.28 Mo

Figure 4. XPS spectra of Cr 2p from (a) HN70, (b) HNRT; the
arrow indicates the presence of Cr0 in the spectrum, (c) Fe 2p from
HNRT, (d) Fe 2p from HN70.

Figure 5. (a) Cr 2p from SW70, (b) Cr 2p from SWRT. (c) Fe 2p
from SWRT, (d) Fe 2p from SW70; presence of Cs was detected on
the surface. (e) Mo 3d from SW70, (f) Mo 3d from SWRT, (g) Mo
3d from HN70. (h) O 1s from SW70, (i) O 1s from SWRT, (j) O 1s
from HNRT, and (k) O 1s from HN70.

Figure 6. Bar chart of the atomic concentration of the elements
obtained from XPS analysis. SS 304L: standard SS 304L, HNRT:
HN70, SWRT, and SW70.
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elements, especially Cs and Mo. The oxygen concentrations for
the HNO3 medium at room temperature and 70 °C is around
60−65 at. %, and that for SHLLW case, it was 65−70 at. %.
Mechanism of Cs and Mo Adsorption. There are two

different processes that took place for the growth of the layer
on the SS surface. The inner layer composed of Cr2O3 is
formed due to preferential dissolution of Fe and Ni, leaving the
surface Cr enriched. Oxygen carrying species react with the Cr
layer to form the Cr2O3 passive layer in the acid medium. The
second layer is formed by nucleation and subsequent growth of
the crystallites containing Mo and Cs by the hydrothermal
process.

The solution pH is important for the initiation of the
adsorption process. The zeta potential of the Cr2O3 layer is
positive in the acidic condition.27 High acid molarities lead to
the protonation of the surface and activate it for the nucleation
of the crystallites. Adsorption of MoO4

2− is assumed to be
chemisorption due to the following reactions

Cr OH Cr MoO 2H Cr MoO

H O Cs Cr Mo O Cs inner sphere

complexes

4
2

2 4
2

2

+ + +

+ +

The nucleation involving both Cs and Mo further grew
through the hydrothermal process, leading to the formation of
the crystallites. It is observed that the crystallites are grown to a
certain critical size (3 μm) and grow laterally and thereby
increasing the surface coverage of the crystallites. The
mechanism is shown schematically in Figure 10.

Recently, the corrosion effect of Cs and Sr (nuclear fission
product) on AISI Type SS 304L was studied under an acidic
condition (HNO3).

28 Experimental results revealed that under
an acidic condition, the SS surface was passivated with Cr2O3,
which is very similar to our experimental results. Cs and Sr
were deposited on the Cr2O3 passive layer.28 Similarly, the
effect of long-term uranium (U) corrosion on SS 304L was
studied under an acidic condition.29 Uranium was deposited all
over the SS surface. The Uranium uptake on SS reached
equilibrium after 14 days. From Raman microscopy, X-ray
absorption spectroscopy, and synchrotron microfocus X-ray

fluorescence, inhomogeneous localization of the uranium
element coupled with the oxide layer was observed on the
SS surface.29 Corrosion resistance of SS 304L, Inconel 718,
and trim chromium was studied under acidic and alkaline
electrolytes conditions.30 The microstructural characterization
and potentiodynamic (PD) parameters of these alloys were
evaluated. Surface analysis of the corroded alloys after
potentiodynamic studies clearly revealed that the intermetallics
dominated with iron metal and nickel and copper were found
relatively low in the presence of Cl− solution.30 Recently, long-
term corrosion of multiphase alloy and oxide material were
examined under geologic disposal conditions.31 They con-
firmed that electrochemical impedance spectroscopy altered
the electrical properties of the alloys surfaces and corrosion
rates. Those methods gave a quantitative evaluation of
corrosion for long-term waste disposal assessments and
alternative methods that do not change the alloy surface
properties. Very recently, Gattu et al. explored the electro-
chemical corrosion effects on two multiphase alloys made of SS
304L and different proportions of metallic fuel waste.32 PD
scans and SEM studies were carried out to evaluate the
complex corrosion behavior of the alloys, as well as
electrochemical responses of the specific phase of the alloys

Figure 7. Corrosion rate of polished SS 304L coupons for 120 days
exposure in contact with 3 M nitric acid (100 mL) and 3 M SHLLW
at 70 °C.

Figure 8. ICP-OES measurements of the Cr, Fe, Mn, and Ni solution
concentration variation against the exposure length of SS 304L
coupons to solutions of 3 M HNO3 (100 mL) at 70 °C.

Figure 9. ICP-OES measurements of the Mo, Fe, Mn, and Cr solution
concentration variation against the exposure length of SS 304L
coupons to solutions of 3 M SHLLW (100 mL) at 70 °C.
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due to corrosion. From the microstructural characterization of
the alloys, ferrite species and intermetallic FeZr2 phases were
observed. The PD scan confirmed that the corrosion of the
alloys was sensitive to the ferrite composition present in the
waste form.
Elucidating Corrosion Behavior through Solution

Analysis. SS samples were exposed to 3 M HNO3 and 3 M
SHLLW solutions for 120 days at 70 °C. The weight loss of
the SS coupons was measured with respect to different contact
times. A linear relationship between the weight loss of coupons
and the time of exposure was studied (Figure 7). The weight
loss of the SS when exposed to 3 M HNO3 was found to be
comparatively higher than that of 3 M SHLLW (Figure 7). It
can be attributed to the deposition of Cs and Mo on the
passivated layer under SHLLW contact at 70 °C over a long
time period. In the case of pure HNO3, only corrosion was
found to occur, resulting in gradual weight loss. However, in
the case of SHLLW, corrosion, as well as elemental deposition,
was evidenced from SEM, EDX, and XPS analyses. Hence, the
weight loss under SHLLW condition was found to be lower
compared to that with the pure HNO3 medium.

In general, for SS metal, iron and chromium both were
found to form the passive film layer to protect the bulk
materials from the corrosion effect under an acidic
medium.29,33 Under this condition, the thickness of the passive
layer can be around a few nanometers in the presence of
sufficient oxygen.33 Growth of the films directly depends on
the diffusion of metal ions to the solution. The solution after
exposure of 3 M HNO3 at 70 °C for 120 days was analyzed by
ICP-OES, indicating the presence of Cr, Fe, Mn, Mo, and Ni.
Basically, it was a mass transfer from the solid surface to the
solution phase, as depicted in Figure 8. The maximum
dissolution took place for Fe, resulting in a Cr-enriched
passivated layer.

In the case of SHLLW at 70 °C for 120 days of exposure, the
Mo concentration from the solution was observed to decrease

drastically (Figure 9), indicating fast Mo uptake on the SS
surface, as confirmed by the characteristic XPS peak of Mo. In
the case of Fe and Cr, initially, the concentrations were found
to decrease; afterward, they started increasing. In the case of
Mn, a gradual reduction in the concentration with time was
evidenced. The corrosion rate of SS is influenced by the
dissolved ions in the solution. (i) The corrosion process is
controlled by both anodic (oxidation) and cathodic reactions.
In general, the anodic reaction is Fe → Fe2+ + 2e− and the
cathodic reaction is 2H+ + 2e− = H2. Hence, the dissolved ions
in the solution influence the corrosion rate. In the present case,
the SS sample is surrounded by several cations and anions and
hence the equilibrium of the redox reaction is changed. (ii)
The surface of the SS is gradually covered with the Mo−Cs
oxide, which reduced the surface area in contact with the acid,
and hence the Fe dissolution is reduced. The concentrations of
Cr and Fe in HNO3 and SHLLW after 30 days are compared
(Figures 8 and 9). From Figure 8, the Cr concentration in
HNO3 is around 13 ppm, whereas it is only 0.8 ppm in
SHLLW. The Fe/Cr concentration was reduced in SHLLW,
indicating that Fe dissolution was reduced in comparison to Cr
in the SHLLW. It is assumed that the Cr-enriched layer in
spectrum 1 (SW70) gets oxidized in the redox process,
resulting in Cr dissolution from the top surface. As Fe resides
at the lower part of the Cr-enriched layer, its dissolution is
comparatively lower than Cr in SHLLW.
Proposed Corrosion Inhibitor for the Studied System.

In the present study, the dissolution of Fe and Ni from the
base alloy was observed from ICP-OES analysis, resulting in
corrosion of metal started through the transfer of electrons
from Fe and Ni to an external electron receiver, hence the
release of metal into the solution and degradation of the metal
surface.34 The behavior of any suitable inhibitor strongly
depends on the availability of the electrons from donor atoms.
If the electron density of the donor atom is high, then the
efficiency of the inhibitor increases. In the case of the corrosion

Figure 10. Overall mechanism of nucleation of Cs and Mo containing species on SS and its growth to crystallites.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c03535
ACS Omega 2022, 7, 34190−34199

34197

https://pubs.acs.org/doi/10.1021/acsomega.2c03535?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03535?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03535?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03535?fig=fig10&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c03535?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


inhibitor, the first step is Schiff base molecule adsorption on
the SS surface, requiring an available empty low-level vacant
orbital of the metal. The inhibitor must have heteroatoms
containing free lone pair electrons, which can easily interact
with the metal empty orbital.

To the best of our knowledge, we proposed 2,2′(thiophene-
2,5 diylbis (methanylylidene)) bis(N-phenylhydrazinecarbo-
thioamide) (SS2)35 (Figure 11) compound as a suitable

inhibitor for the present system. It would be the best possible
inhibitor for SS corrosion, probably owing to the availability of
conjugated π electrons of the phenyl moiety and also
heteroatoms contain lone-pair electrons on SS2, which save
the steel surface from corrosion. Figure 12 represents the
mechanism of protection of the steel surface from corrosion by
creating an organic layer on the surface.

The performance of the corrosion inhibitor depends on the
chemical stability under the working conditions, and here the
proposed inhibitor SS2 exhibits stability under a nuclear
processing environment, including temperature, an acidic
medium, and a radiolytic condition.35,36 Corrosion inhibitor
SS2 can form a strong coordination bond with Cr2O3, resulting
in the formation of a protective layer over the passive layer.
The electron-rich π bond will interact with the vacant orbital of
the Cr element, making strong pi-electron and d-electron
interactions. As it is anticipated that the inhibitor SS2 makes a
strong protective layer by making a strong chemical interaction
on the passive oxide layer, hence the proposed inhibitor has
significant potential to avoid the unwanted deposition of Cs−
Mo−O on the steel surface.

■ CONCLUSIONS
The impact of corrosion on the accumulation of Cs on SS
304L due to long-term exposure with SHLLW has been
investigated. The steel coupons were exposed to 3 M HNO3
and 3 M SHLLW under room temperature and 70 °C. SEM
and EDX analysis indicate the formation of crystallites
nonuniformly distributed all over the SS surface. Formation
of two layers on SS is identified, the inner layer enriched with
Cr is grown on the SS substrate, and the partially formed outer
layer composed of Cs and Mo is formed due to nucleation and
growth on the inner layer. In addition, X-ray elemental
mapping revealed the distribution of Mo and Cs on the SS

surface. XPS analysis shows the formation of the Mo−Cs−O-
containing phase on the Cr2O3 layer on the coupons exposed
at 70 °C in SHLLW. The solution analyzed by ICP-OES after
exposure of 3 M HNO3 at 70 °C for 120 days indicates that
maximum dissolution took place for Fe, resulting in a Cr-
enriched passive layer, which is assumed to be primarily
responsible for nucleation of Mo−Cs−O crystallites.

From a mechanistic point of view, there are two different
processes that took place for the growth of the inner and
partially formed outer layer on the SS surface. The inner layer
is composed of Cr2O3 due to preferential dissolution of Fe and
Ni leaving the Cr-enriched surface. Oxygen-carrying species
react with the Cr layer to form a Cr2O3 passive layer under an
acid medium. The second layer is formed by nucleation and
subsequent growth of the crystallites containing Mo and Cs by
the hydrothermal process. High acid molarities lead to the
protonation of the surface and activate it for the nucleation of
the crystallites. Adsorption of MoO4

2− is assumed to be
chemisorption due to the formation of Cr−Mo−O−Cs inner-
sphere complexes. The nucleation involving both Cs and Mo
further grew through the hydrothermal process, leading to the
formation of the crystallites. It is observed that the crystallites
are grown to a certain critical size (3 μm) and grow laterally.
thereby increasing the surface coverage of the Cr-enriched
passive layer. Based on the experimental results, we proposed
SS2 will be the best suitable inhibitor, which can form a
protective layer on the passive layer, resulting in minimization
of the deposition of Cs+ and Mo6+ on the SS 304L surface.
These experimental results also suggest a new avenue for the
effective decontamination method for SS 304L exposed to
acidic SHLLW. This work will help in designing and executing
management schemes for radioactive solid waste, as well as
subsequent decommissioning at nuclear facilities.
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