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Abstract
Decommissioning is inevitable for each nuclear facility and, lately, it has become one of the most topical issues. Several 
decontamination methods have been successfully applied worldwide; however, variations in operating chemistry and/or 
different composition of the construction materials play a very important role and can cause unexpected problems. The 
experiments aim at dissolving the most resistant chemical present in corrosion layers, chromium (III) oxide, using redox 
chemistry and further test the found redox system on stainless steels and its model corrosion products. It was found out that 
persulfate solution in diluted sulfuric acid supported by  Ag+ ions can efficiently dissolve  Cr2O3 and selected substrates at 
temperature as low as 50 °C.
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Introduction

Closing the life cycle of nuclear power plant is a complex 
and long-term operation. Among the “hot” operations after 
transport of the used nuclear fuel, dismantling and fractiona-
tion of the primary circuit play the most significant roles. 
The decontamination of primary circuit focuses in the first 
step mainly on removal of inner corrosion layers containing 
activated corrosion products—and very often also immo-
bilized fission products coming from microcracks in fuel 
cladding—adsorbed and/or incorporated during the NPP 
operation. During decommissioning, the methods can be 
more aggressive and should be much more efficient compar-
ing to regular operational decontamination—the devices are 
not supposed to be used anymore for their initial purpose. 
The main goal is to minimize the activity before physical 
dismantling and cutting, thus minimizing amount of steel 
radioactive waste as well as protecting the personnel on site 
and minimizing their radiation dose.

Combinations of strong oxidative acid and complexing 
agent (e.g.  HNO3 and oxalic acid), mineral acid and strong 

oxidative agent (e.g.  HBF4 and  KMnO4) or strong mineral 
acid and redox system (e.g.  H2SO4 and  Ce3+/Ce4+) at ele-
vated temperatures ranging 80–100 °C were applied in real 
decommissioning projects—e.g. MEDOC or DFD were used 
for decontamination of NPP primary circuits [1–11]. A key 
step in these decontamination methods is the dissolution of 
the various oxide compounds present in the corrosion layers 
on the inner surface of the stainless-steel pipes. Due to the 
composition of the construction materials and redox condi-
tions during operation, mostly double oxides a spinel-like 
corrosion structures are the major compounds [12–14]. Their 
dissolution usually requires the oxidation of at least one of 
their building blocks, such as Fe(II) or Cr(III), to a higher 
valence state; very often, mainly in dissolving highly resist-
ant chromium containing structures, trivalent chromium is 
targeted and oxidized to hexavalent. The resulting chromates 
are already well soluble. Similarly, it is possible to disrupt 
the spinel structure of magnetite by oxidation or reduction 
of its iron atoms.

Our research was focused on the development of a new 
chemical system suitable for decontamination of the primary 
circuit of a nuclear power plant with respect to construction 
materials, as well as operational and chemical history, with 
a priority focus on a VVER type plant, applicable especially 
in pre-disassembly decontamination in the decommissioning 
of a nuclear power plant.
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Experimental

Chemicals and materials

In the experiments, following chemicals were used:  AgNO3, 
 Na2CrO4· 4  H2O, Fe(NH4)2(SO4)2 · 6  H2O,  Cr2O3,  Fe2(SO4)3 
· 9  H2O, and  NH4SCN (all p. a., Lachema);  HNO3 (63–65%, 
p.a., Lach-ner);  H2SO4 (96%, p. a., Penta);  Fe3O4 (≥ 97% 
Alfa-Aesar);  K2S2O8 (p. a., Roth). In addition to  Fe3O4 and 
 Cr2O3 used for basic dissolution testing, nickel–iron oxide 
 Fe2NiO4 (≥ 98%, particle size < 50 nm, Aldrich) was chosen. 
Additional spinel materials were synthesized in ÚJV Řež, 
a.s. [15]. These materials were prepared as an analogue to 
spinel-like structures, which occur in the inner layers of cor-
rosion layers in the primary circuits of nuclear power plants 
and represent an insoluble component. Elemental compo-
sition of the selected spinel-like materials preparation is 
summarized in Table 1 [15]. As the pristine steel material, 
stainless steel 08Ch18N10T was used as a representative of 
steels used in Czech VVER primary circuits.

Dissolution experiments

A set of experiments was performed to characterize the sys-
tem selected and find out the influence of concentrations of 
components on the amount of dissolved metals. The oxida-
tion and dissolution of common corrosion layer compounds 
was investigated in acidic environment of  H2SO4 at various 
concentrations and temperatures.

In the procedures, the exact amount of substrate—chro-
mium (III) oxide, magnetite or several spinel-like miner-
als synthetized [15] (see Table 1) was weighed into a test 
tube, respectively, acid solution of 40%  H2SO4 was added, 
followed by immediate addition of  K2S2O8 solution as the 
oxidation agent, and  AgNO3 (0.1 mol.L−1 solution) as cata-
lyst. Tube was filled up to 10 mL with distilled water and 
carefully mixed. Resulting concentrations of  K2S2O8 in the 

range from 0.01 to 0.15 mol.L−1;  AgNO3 catalyst (from 
0 to 1.2 mmol.L−1), and 5%  H2SO4 were used. Samples 
(V/m = 400 mL.g−1) were then placed in a thermoblock, set 
to a temperature in the range 25–80 °C, and mixed thor-
oughly. For these batch experiments in vials, contact time 
was always set to 5 h. After a defined time, the samples were 
mixed again and finally centrifuged (5 min at 770 RCF). 
The concentrations of chromium, iron, and possibly nickel 
and manganese in the solution above the substrate were 
determined.

The kinetics of dissolution of magnetite and chromium 
oxide was investigated in order to know the time frame and 
the necessary retention of the solution in the flow arrange-
ment. In the experiments  Cr2O3,  Fe3O4 and spinel material 
V17 were used. The experiments were performed according 
to the procedure described above and the optimum concen-
trations and temperature of the solution were used. In all 
cases, the residual concentration of persulfate in the solution 
was followed. The contact time was up to 24 or 48 h.

Measurement procedures

The persulfate concentration was determined spectrophoto-
metrically immediately after sampling with Helios Epsilon 
spectrophotometer and PC software VISIONlite in version 
2.1. Spectrophotometric method uses oxidation of  Fe2+ to 
 Fe3+ by the analysed sample in an acidic environment fol-
lowed by ferric thiocyanate complex Fe(SCN)3 formation in 
the solution. The detection limit at 450 nm ranges persulfate 
concentration down to 2·10–4 mol.L−1 [16, 17].

The content of Fe and Cr was determined with AAS in 
samples diluted up to 200 times to a volume of 5–15 mL. 
Standards were prepared from certified calibration solutions 
(Astasol, Analytika, s.r.o.) and acidified with 1%  HNO3. The 
calibration curve showed a good linear dependence in the 
whole range of tested concentrations—the sample matrix 
did not affect the linearity of the measurement. The measure-
ment was performed on a Spectr AA—240 flame atomiza-
tion instrument (Varian) with the evaluation in the PROMPT 
mode (maximum sample measurement time of 10 s). Iron 
was determined mostly in air acetylene flame in the range 
of 1–20 ppm at 248.3 nm with correction for non-specific 
absorption  (N2O acetylene flame was used during the opti-
mization of the method), chromium in  N2O acetylene flame 
in the range of 1–10 ppm at 359.7 nm.

For each analytical method, standard uncertainties for the 
analysis and propagation of these uncertainties were deter-
mined using the error propagation law. For the spectropho-
tometric determination, an extended standard uncertainty 
of 5% was conservatively estimated, including both the 
inherent uncertainty of the measurement from the calibra-
tion curve as well as instrument error and pipetting error. 
Accuracy for AAS was verified using standards, which were 

Table 1  Percentual composition of mixed materials (V11-V24) con-
taining spinel-like minerals

Compound Compound content in the mixed material 
[%]

V11 V13 V17 V20 V24

Cr2O3 26.7 30.0 – – 11.7
Fe2O3 33.3 29.3 – – –
Fe2NiO4 40.0 40.7 – – –
Cr0.4Fe1.6NiO4 – – – – 73.6
Cr1.6Fe0.4O3 – – – – 14.8
Cr2Fe2Ni2O3 – – 100 – –
Cr0.9Fe2.8Ni2.4Mn1.6O3 – – – 100 –
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included in the measurements every 6 samples. If the devia-
tion of the selected standard was greater, recalibration was 
performed. Each sample was measured twice.

For mixed Fe, Cr, Ni, Mn samples, ICP-OES in external 
laboratory was used, for all measured values an extended 
standard uncertainty of determination of 15%, corresponding 
to a 95% confidence interval were indicated. AAS measure-
ments were taken with a maximum uncertainty of ± 5%.

Results and discussion

System optimization—temperature 
and concentration dependences

The selected chemical system was quantitatively character-
ized and the influence of the concentration of the individual 
components on the amount of dissolved chromium oxide 
was studied. First tests were carried out at the temperature 
of 80 °C (within the range of standard decontamination tem-
peratures used) with concentrations of  K2S2O8 and  AgNO3 
varied as shown in the Fig. 3. From these results, initial 
solution was selected as the basis of the decontamination 
method and further testing:

Temperature dependence

Temperature dependence was studied on dissolution 
of  Cr2O3 and  Fe3O4 as model substrates according to 

0.1 mol.L−1K2S2O8, 0, 8 mmol.L−1AgNO3, 5% H2SO4

procedure described above. The solubility was studied in 
the temperature range of 25–80 °C.

It can be seen (Fig. 1) that, the percentage of dissolved 
chromium increases with increasing temperature to a max-
imum between 45 and 53 °C, when more than 20% chro-
mium passes into the solution. For temperatures higher 
than this maximum, the amount of dissolve chromium 
decreases gradually. Approximately 23% of the chromium 
is dissolved at the maximum. Comparable amount of chro-
mium—approximately 7%—dissolves at room temperature 
(25 °C) and at 80 °C.

A similar set of experiments confirmed the depend-
ence of  Fe3O4 dissolving on temperature (Fig. 2). From 
the graph it is clear that the amount of dissolved iron 
increases over the entire range of measured temperatures. 
At 80 °C, over 70% of the iron was dissolved in 5 h, at 
50 °C only about 26%. In this case, lowering the tempering 
temperature from 80 to 50 °C would reduce the percentage 
of dissolved iron by 44%. At 50 °C, the percentage of dis-
solved iron is comparable to the percentage of dissolved 
chromium.

The above described experiments have shown a signifi-
cant influence of temperature on the efficiency of the pro-
cess of dissolution. Despite relatively significant decrease 
in the dissolution efficiency of magnetite, the operating 
temperature was chosen to be 50 °C, which showed the 
highest efficiency for dissolving  Cr2O3, because the solu-
bility of this substance or its equivalent in the corrosion 
layer is supposed to be a limiting step in the developed 
decontamination process.

Fig. 1  Temperature depend-
ence of  Cr2O3 dissolution in 
(0.1 mol.L−1  K2S2O8, 0.8 mmol.
L−1  AgNO3, 5%  H2SO4), tem-
pered for 5 h, V/m = 400 mL.
g−1
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Verification of the effect of the decontamination 
solution composition at a temperature of 50 °C

After determining the temperature dependence of the dis-
solution of the model substrates, the effect of the concentra-
tions of the individual components of the decontamination 
solution on its effectiveness at 50 °C was studied. In Figs. 3 

and 4 below can be seen the quantities of dissolved iron 
resp. chromium depending on the concentration of  AgNO3 
and  K2S2O8 in 5%  H2SO4. The results led to the following 
conclusions:

• The solubility of  Cr2O3 increases with increasing con-
centration of  K2S2O8 and  AgNO3, its solubility depends 

Fig. 2  Temperature depend-
ence of  Fe3O4 dissolution in 
(0.1 mol.L−1  K2S2O8, 0.8 mmol.
L−1  AgNO3, 5%  H2SO4), tem-
pered for 5 h, V/m = 400 mL.
g−1

Fig. 3  Dissolution of  Cr2O3 at 50  °C and 80  °C after 5  h in solutions with increasing concentrations of persulfate and added  AgNO3, 
V/m = 400 mL.g−1
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on the presence of both components. It can be seen that 
without the addition of  AgNO3, almost no  Cr2O3 was 
dissolved (Fig. 3).

• The percentage of dissolved Cr is higher at 50 °C than 
at 80 °C in all the concentration intervals studied. In 
the media tested (0.1 mol.L−1  K2S2O8, 0.8 mmol.L−1 
 AgNO3, 5%  H2SO4) the difference is up to 20%.

• The percentage of dissolved iron is much less dependent 
on the concentration of  K2S2O8 and  AgNO3 and the solu-
bility of Fe in the whole range of tested concentrations is 
between 25 and 30%.

Dissolution of spinel‑like materials

Experiments of dissolution of selected spinel-based mate-
rial synthesized in ÚJV Řež, a.s. as more difficult to dis-
solve were performed—see Table 1 and [15]. Dissolution of 
these materials was carried out at the same conditions as the 
model materials. The solutions were heated for 5 h to 50 °C 
and 80 °C, respectively. The dissolution was evaluated by 
final Fe, Cr, Ni and Mn concentrations in the resulting solu-
tion, values are shown in Fig. 5.

From these results it can be seen that spinel-like materi-
als dissolve mostly better at 50 °C and there is no preferen-
tial dissolution of any of the elements—the percentage of 
all dissolved elements is comparable. The only difference 
is material V20, but presence of manganese in its structure 
may introduce different dissolution mechanism—during 

dissolution the solution was pink coloured by produced 
permanganates, which could further and preferably at 
higher temperatures oxidize remaining bound chromium.

For further testing, material V17, for whom Cr, Fe 
and Ni were dissolved over 50%, was used to get better 
understanding of persulfate behaviour in the system and 
for more detailed investigation in determining of the dis-
solution rate.

Dissolution rate

Chromium oxide

As well as in the previous experiments, vials were mixed 
every 15 min, except in the case of experiments longer 
than 12 h. It was realized that the percentage of dissolved 
Cr is strongly dependent on such mixing at the beginning 
of the dissolution process, when it is increasing the yield 
of dissolved Cr for about 15%.

After 8 h, 28–35% of the chromium present was dis-
solved, similar value was achieved in the experiment 
of 42.5 h (Fig. 6). After 12 h the amount of persulfate 
decreased to 20% of the original value, after 24 h to 8%. 
It was also shown that at a persulfate concentration below 
10% of the original value, no further dissolution of  Cr2O3 
occurred. Hence, the decrease of persulfate concentra-
tion in the system is caused not only by the reaction with 
 Cr3+—which is practically not running at this time—but 
also by the thermal decomposition of the persulfate.

Fig. 4  Dissolution of  Fe3O4 at 
50 °C for 5 h in solutions with 
increasing concentrations of 
persulfate and added  AgNO3, 
V/m = 400 mL.g−1
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Magnetite

Fe3O4 dissolves very well in the given system, even after the 
persulfate is spent. After 24 h almost 80% and after 42.5 h 
more than 97% of the iron was dissolved, while the concen-
tration of persulfate was less than 10% resp. 1% at the end 
of the experiment (Fig. 7). It has been also found that the 

amount of dissolved iron depends much less on the mixing 
of the system than in the case of  Cr2O3.

The dissolution kinetics of  Fe3O4 and  Cr2O3 showed that 
the persulfate is spent under the given conditions within 
24 h. This time is sufficient to dissolve significant amounts 
of model substrates. In the case of magnetite, dissolution 
continues even after the exhaustion of persulfate up to 97% 

Fig. 5  Percentage of dissolved 
metals from various spinel-
like materials in (0.1 mol.
L−1  K2S2O8, 0.8 mmol.L−1 
 AgNO3, 5%  H2SO4), tempered 
for 5 h at 50 °C, resp. 80 °C, 
V/m = 400 mL.g−1

Fig. 6  Percentage of dissolved chromium and relative residual 
concentration of persulfate in solution when dissolving  Cr2O3 in 
(0.1  mol.L−1  K2S2O8, 0.8  mmol.L−1  AgNO3, 5%  H2SO4) at 50° C 

in long-term (42.5 h) and short-term experiment (7 h); C, D parallel 
samples, V/m = 400 mL.g−1
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in 42 h. For chromium oxide, the dissolution is terminated 
by a lack of oxidizing agent and about 30% of Cr was dis-
solved in 42 h.

Spinel materials

A spinel-based material marked V17 was selected for the 
kinetic experiment. The course of the experiment is shown 
in Fig. 8. It can be seen that iron, chromium and nickel dis-
solve equally. Both dependencies are growing in the whole 
range and do not reach the maximum. After eight hours, 
more than 55% of the iron, chromium and nickel are dis-
solved and about 35% of the persulfate from the original 
value still remains in the solution. Then, a long-term (42.5 h) 
experiment (Fig. 9) was performed in which the solutions 
were periodically mixed. It can be seen that the amount of 
dissolved metals increases in the whole range. After 24 h, 
approximately 60% of the iron, 80% of the chromium and 
70% of the nickel were dissolved. After 24 h, there was prac-
tically no persulfate in the system.

Conclusions

The research was focused on finding a suitable chemical 
system that would effectively disturb and dissolve the cor-
rosion layers formed on the inner surface of the primary 
circuit of the VVER type nuclear power plant (EDU and 

ETE) covered with 08Ch18N10T stainless austenitic steel. 
Problematic and hardly soluble components of the cor-
rosion layers were selected—magnetite, chromium oxide 
and spinel materials with a higher chromium content. An 
important parameter both in terms of efficiency and chem-
istry of the whole process and economic is the tempera-
ture of the system. Especially in large volumes, heating 
or cooling of decontamination solution plays significant 
role in overall costs. Experiments have shown a significant 
effect of temperature on the dissolution efficiency of all 
materials tested.

It was found that optimised composition of the proposed 
decontamination solution is 0.1 mol.L−1  K2S2O8 + 0.8 mmol.
L−1  AgNO3 + 5%  H2SO4, well dissolving tested substrates at 
50 °C. In the case of  Cr2O3, when persulfate concentration 
fell below 10%, the dissolution stopped, but the magnetite 
dissolves even after all persulfate is spent. In all cases, the 
residual concentration of persulfate in the solution and its 
gradual decrease was observed.

The system developed was patented in 2021, patent No. 
308870 “Recyclable medium for decontamination of pri-
mary circuit stainless steels during decommissioning of 
nuclear facilities” [18].

Fig. 7  Percentage of dissolved iron and relative residual concentration of persulfate in solution when dissolving  Fe3O4 in (0.1 mol.L−1  K2S2O8, 
0.8 mmol.L−1  AgNO3, 5%  H2SO4) at 50° C in the long-term (42.5 h) and short-term experiment (7 h); A, B parallel samples, V/m = 400 mL.g−1
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