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Nuclear Power is a decarbonated technology of electrical energy generation. Using nuclear energy as a power source is currently considered as the best option in the fight against climate change. But the radioactive waste generated from nuclear power plants and their related facilities are matter of concern. Though the high level and intermediate level activity wastes are contained in small volumes (≤10%), significant volumes of lower activity wastes are generated. Metallic wastes are a major component of these radioactive wastes with about 500,000 tons expected in France alone, including 130,000 tons from steam generators. Majority of these metals are made of Stainless steel 316 alloy or Inconel 600. Under the effect of the primary circuit thermal-hydraulic constraints and irradiation, these the resulting corrosion products may be activated when close to the fuel, and be transported throughout the circuit. These products can be deposited on the surface of other metal components, causing contamination of the latter. The contamination can be adsorbed on the surface but can also diffuse in the oxide layers and sub-surface. The oxide layer is composed of an inner layer of Cr oxide under a layer of Ni and Fe oxide. Chemical decontamination is preferred due to the possibility of decontamination of difficult geometries and tube bends. In order to decontaminate these materials, it is important to dissolve the oxide layers chemically and a few micrometers of base metal where it could have diffused. An existing chemical method used to treat these materials is studied in this article, Chemical Oxidation Reduction Decontamination (CORD). Surrogate steel samples were prepared using high temperature induction heating and water vapour after sample preparation and cleaning. The oxide layer was characterised before treatment of the samples in the batch method at different concentrations and its effects are observed on the dissolution of the oxide layers. A protocol is being developed for the treatment of secondary waste effluents by multi-stage precipitation with a goal to reduce the total waste volumes and thus the volumes of ion exchange resins that would otherwise be needed.
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1 INTRODUCTION
Nuclear power generation is present in many countries worldwide, but more than 60% of the nuclear capacity is over 25 years old. In Europe 90% of all nuclear reactors need to be shut down by 2030, unless their operation life will be prolonged (European Commission, 2016; Volk et al., 2018). The major nuclear decommissioning activity is the application of decontamination technology, which are used to reduce the occupational exposures, to limit the potential releases of radioactive materials and to permit the reuse of components (Murray, 1986; Baja et al., 2009; Hu et al., 2018; Hirose and McCauley, 2022). As a result of decontamination, a wide range and quantity of radioactive waste can be produced, therefore the optimisation of decontamination technologies is a very important issue not only for radiation protection aspects, but in case of radioactive waste management too, to reduce the volumes of secondary wastes generated and/or allow for further processing. (Valencia, 2012; Deng et al., 2020; Shelenkova and Kulagina, 2021). According to the (World Nuclear Waste Report, 2019) 1.4 million m3 of radioactive wastes will be created by the decommissioning of nuclear facilities in Europe (World Nuclear Waste Report, 2019).
The reactor vessel and the piping system of the primary coolant is typically made up of austenitic stainless steel and Ni-alloy (Airey et al., 1981; Xiong et al., 2022). The alloys are exposed to the corrosion on the internal side under exposure to the primary circuit water, therefore on the surface of these a duplex corrosion layer is formed (Baja et al., 2009; Airey et al., 1981; Varga et al., 2001; Juodis et al., 2019). The upper layer is mainly magnetite and the main part of corrosion film contains Cr, Ni, and Fe mixed oxides (Homonnay et al., 2000; Varga et al., 2002). Generally the thickness of this corrosion layer is 5–6 μm for stainless steel and 2–3 μm for Inconel (Homonnay et al., 2000; Kewther et al., 2001). Under operation the oxide-layer can erode from the surface and can be transported to the high neutron flux reactor core, where the oxides undergo activation (Varga et al., 2001). The activation products circulate throughout the system and deposit on the surface (Padovani, 2020; Chajduk and Bojanowska-Czajka, 2016). The radioactive corrosion products constitute the majority of radioactive contamination (when there is no fuel cladding failure) (Varga et al., 2001).
The Chemical Oxidation Reduction Decontamination (CORD) is a world-wide known 2-steps decontamination process (Radó et al., 2007; Wille et al., 1997). In the first step permanganate ion (MnO4−) is used to oxidize the chromium oxide-layer and to release chromate ions (Tian et al., 2019). Permanganate ions are derived from potassium permanganate, which can be used in nitric acid media, which is known as NP CORD or in alkaline media (KOH) which is known as AP CORD.
A third type of the CORD process, HP CORD makes use of permanganic acid which is prepared from KMnO4 using a strong acid cation resin (Demmer, 1994).
In the next step, oxalic acid is added to reduce the permanganate ion to aqueous Mn2+ ions and to dissolve the Fe and Ni enriched oxide layer from the surface of the alloys (Tian et al., 2019). The whole process is repeated several times. The solutions are treated with ion exchange resin to extract the dissolved metals, however this process is only used in the second step, because of the incompatibility of the resins with the MnO2 precipitate that can be formed in the oxidation stage (Campbell et al., 1990). In most cases, the remaining oxalic acid is removed from the solutions by addition of H2O2 and the presence of the UV-source (CORD UV technology) (Wille and Bertholdt, 1998). On the basis of technological data the CORD UV process can remove up to 73 kg of corrosion products from a wet surface of 3,300 m2, while 2900 L of spent resins wastes were generated (Tian et al., 2019). In another study (55 MW—D2O nuclear reactor) the technology resulted in personnel dose rate savings of 4,500 mSv and produced 1370 L of spent resins (Tian et al., 2019).
In order to reduce the amount of resin used for the treatment of the effluents generated during the CORD process and therefore reduce operating costs, it is possible to precipitate the metals in solution as a first step. Chemical precipitation processes are very effective and well known for reducing radioactive effluent volumes by concentrating radionuclides and metals in solution in solid form (IAEA, 1992; Fu and Wang, 2011; Oncel et al., 2013). One of the authors uses the addition of sodium hydroxide (NaOH) in several steps to precipitate the metals as hydroxides (M(m-n)+(OH)n, where m is charge of the metal) and also to co-precipitate other trace elements by trapping them in the sludge generated. After separating the liquid part from the solid one, the precipitate obtained can be packaged in a suitable matrix and the remaining solution will be treated on ion exchange resins.
It is considered that CORD technology can be performed with high decontamination factors and reasonable efforts, but its optimisation is necessary for economic, technical and further safety reasons (Valencia, 2012; Han et al., 2020). In this study the NP CORD technology efficiency was evaluated on stainless steel decontamination. The efficiency of technologies were analysed in the aspects of the effects of chemicals to the oxide-layer. Further, laboratory tests were carried out to increase the efficiency of the waste treatment always in accordance with the French waste acceptance criteria.
2 MATERIALS AND METHODS
2.1 Preparation of surrogate steel samples
Non-radioactive, representative metal samples with oxide-layer were used in the testing of NP CORD technology. The composition of the metal samples is presented in Table 1. The samples were 1.5 cm in length, 1.2 cm wide and 0.2 cm thick. The samples were oxidised using the setup shown in Figure 1. The setup used in this work was adapted from D. Horvath (Horvath, 2017) and R. Katona (Katona et al., 2022). The metal samples were inductively heated up to high temperature (600–800°C) and vapours of distilled water/boric acid solutions were passed over it for 8 h. The concentrations of boric acid (ACS reagent, [image: image] 99.5%, Merck) solutions were 1 g/L and 15 g/L.
TABLE 1 | Chemical composition of the metal samples (wt%).
[image: Table 1][image: Figure 1]FIGURE 1 | Illustration of laboratory set-up to oxidize metal samples [adapted from (Horvath, 2017) and (Katona et al., 2022)].
2.2 Treatment of metallic samples using NP CORD and subsequent liquid effluent treatment
2.2.1 Treatment of metallic samples
The dissolution tests were carried out in batch mode wherein the samples were immersed in the solution in glass bottles and placed inside the oven at 80°C for 4 h with stirring at 80RPM for each step of the process. Each sample was placed in silicon polymerized resin (Loctite SI5366, Henkel), and only the oxidised face was exposed to the chemicals. This was done to protect the non-oxidized faces of the metals. The silicon resin was verified to be compatible with the chemicals used. Three different concentrations for potassium permanganate (ACS reagent, ≥99.0%, Merck) were used, 2, 6, and 15 mM in 3 mM nitric acid solution. Likewise, 3 different concentrations for oxalic acid (dihydrate, ACS reagent, ≥95.0%, Alfa Aesar) were used, 5, 10, and 18.5 mM, respectively. Additional oxalic acid was added, for destruction of the potassium permanganate and any MnO2 formed in solution. For each millimolar of permanganate ion, 1.7 mM of oxalic acid was found to be optimal.
Therefore the final oxalic acid concentrations were a sum of 1.7 times the concentration of potassium permanganate and the additional oxalic acid needed for the dissolution of the oxide film. The final total concentration therefore were, 8.7, 20.8, and 44.0 mM respectively for 2, 6, and 15 mM potassium permanganate.
In order to try to identify a limiting chemical, if any, further tests were carried out with a fixed potassium permanganate concentration (the highest concentration of 15 mM) and varying the oxalic acid concentration as before. Similarly, the potassium permanganate concentration was varied as before and the oxalic acid concentration was fixed (the highest concentration of 18.5 mM).
2.2.2 Secondary liquid treatment
In order to deal with the liquid waste generated during the CORD process, a hydroxide precipitation protocol was optimised by geochemical modelling before being tested on synthetic samples.
2.2.2.1 Modelling
Metal hydroxides have small and very specific precipitation pH ranges, it is necessary to know their solubility constants in order to establish the optimum precipitation pH for each element in solution. The modelling of these constants was carried out on the PhreeqC software (D.L. Parkhurst and C.A.J. Appelo, version 2.18.00). The database used to perform these calculations was created by supplementing the data already in the software (iso, Ilnl, minteq, phreeqc, pitzer, sit) with data from other sources (Gamsjäger et al., 2005; Lemire et al., 2013; Lemire et al., 2020; BRGM Institute, 2020). Modelling was carried out for six different metals (Mn, Ni, Co, Zn, Fe, and Cr) that are part of the contamination present in the primary circuit of a nuclear plant (Pick, 1989; Nuclear Energy Agency, 2014). These metals can come from the composition of the steam generator tubes (mainly Fe, Ni and Cr) but are also activation products present in the primary circuit water (51Cr, 54Mn, 55Fe, 58Co, 59Ni, 60Co, 63Ni, 65Zn) (Hoenes et al., 1980; Walberg et al., 2008). Each metal was analysed independently to establish the optimum pH for precipitation of the hydroxide form. A speciation was also carried out in order to know the different chemical species that could be formed during the experiment. The calculations were carried out for an initial solution (NaCl 0.01 M/25°C) at pH 5 and then in increments of 0.5 until a pH of 14 was reached.
2.2.2.2 Precipitation protocol
To test this protocol, initial tests were carried out on a synthetic sample from metal salts dissolved in 200 ml of water acidified with HNO3 (70%, Fischer) to reach an initial pH of 2. Five different salts were used to generate the sample: 830 mg/L of manganese dichloride (dihydrate, 99%, Merck); 750 mg/L of nickel nitrate (hexahydrate, 99%, Merck); 120 mg/L of chromium (III) nitrate (nonahydrate, 99%, Acros Organics); 120 mg/L of iron (III) chloride (hexahydrate, 98–102%, Sigma Aldrich) and 10 mg/L of cobalt (II) chloride (hexahydrate, 98%, Sigma Aldrich). For zinc, 2.5 mg/L is added using a standard solution for ICP-MS analysis (1,000 μg/ml, 99.99+%, SCP Science).
After dissolution of the salts, sodium hydroxide 1 M (Titrisol, Merck) is added with constant stirring until a pH of 8.5 using a titration device (716 DMS titrino, Metrohm) and the pH was tracked using a pH meter (Solitrode Pt1000, Metrohm). Stirring is maintained for 2 h before centrifugation (4,000 rpm, 2647G, 15 min). The supernatant is filtered under vacuum (0.2 μm, cellulose acetate, Sartorius Biotech) to remove the last suspended particles and the solid generated is dried in an oven at 50°C for 3 days. A second addition of NaOH 1 M under constant stirring is made to the filtered solution until a pH of 12 is obtained. As in the first precipitation, the solution is first centrifuged and then filtered. The solid produced is also dried in an oven at 50°C for 3 days.
In order to follow the evolution of the concentration of each metal during the purification protocol, 5 ml of solution are taken initially, after the first precipitation and in the final solution. The analysis of these aliquots is then performed by inductively coupled plasma mass spectrometry (ICP-MS).
2.3 Solid Characterisation
The oxide-layers were characterised by Scanning Electron Microscope with Energy Dispersive Spectroscopy (SEM-EDS) and X-ray diffraction (XRD).
D8 Advance, Bruker XRD and Zeiss Merlin SEM devices were used to characterise the formed oxide-layer. 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. SEM analyses of samples were performed by placing them in a phenolic hot mounting resin with carbon filler (Polyfast, Struers). Samples were progressively polished to a 1 μm finish using diamond paste (ADS polycrystaline 1 μm diamond solution, Presi). For imaging, a EHT of 20 kV was used at 400 pA. For EDX analysis, a working distance of 8 mm was used and analysis was carried out at every 1 μm corresponding to the device resolution.
2.4 Liquid characterisation
The efficiency of the chemicals were determined by the measurement of the amount of dissolved metals using Inductively coupled plasma mass spectrometry (X-Series II, Thermo Electron) and electrochemical tests.
Tafel-analyses were used to measure the rates of CORD decontamination at various concentrations. Voltalab PGZ201 potentiostat, Radelkis OP-0830P saturated calomel reference electrode (SCE) and stainless steel as a counter electrode were used in these tests. The working electrodes were SS 316Ti stainless steel discs with a diameter of 1.5 cm, which were ground by emery papers down to 180 grit. The polarisation range was ±200 mV with 1 mV/s sweep rate. The equation of the polarisation curve (Butler–Volmer equation) is as follows
[image: image]
In Eq. 1 i is the current density (μA/cm2), i0 is the equilibrium current density (μA/cm2), α/β are the factor of oxidation/reduction, za/zk are the number of the change of the charge numbers and ΔE is the polarisation (V) (Li et al., 2018). The potentials and the equilibrium current densities were determined by Tafel extrapolation. Before the tests the open circuit potential (OCP) was measured for 5 min.
3 RESULTS AND DISCUSSION
3.1 Characterisation of surrogate steel samples
The XRD characterisation results are presented in Figure 2. The XRD profile of the surrogate samples showed the presence of various oxides of Ni, Fe and Cr such as Fe3O4, Fe2O3, NiO, Cr2FeO4 as seen in Figure 2A. The presence of boric acid appeared to have a small effect on the intensity of the peaks of the various oxides. From Figure 2B, the decrease in intensity of the oxide peaks is observed and the high intensity peaks are arising from base metal, showing effectiveness of the process in removal of the oxide layers.
[image: Figure 2]FIGURE 2 | XRD profiles the oxidized surrogate steel samples (A) Oxidized under different chemical conditions (B) Treatment with CORD process at 15 mM KMnO4 and 18 mM oxalic acid (3 cycles); sample oxidized with 15 g/L boric acid.
The SEM images and EDX profiles for a representative sample (sample 3 in Table 2) are seen in Figure 3. Figure 3A shows a magnified image of a treated sample showing both the oxide layer and exposed bare metal. The red line splits the sample, one-half which was exposed to chemicals and the other half, protected by the silicon polymerised resin. An average oxide thickness of 5.0 ± 0.2 μm was seen. The EDX profile of this oxide is seen in Figure 3B. A multi-layered oxide thickness could therefore be seen on this oxide, with the inner layer having an enrichment in Cr and Ni oxide where the outer oxide layer was highly enriched in Fe oxides. These results were found to be coherent to the results obtained by J. Panter (Panter et al., 2006), A. Machet (Machet, 2004), and J. McGrady (McGrady, 2017) who also obtained a multilayer oxide layer, though under contact with high temperature water. Samples 1 and 3 from Table 2, which were oxidized in presence of boric acid, show a decrease in oxide thickness as compared to sample 2, as the concentration of boric acid is increased. This was also observed by Salih et al. (2014); Zhang et al. (2018).
TABLE 2 | Summary of effects of boric acid on oxide layers and treatment conditions for different samples.
[image: Table 2][image: Figure 3]FIGURE 3 | SEM characterisation of the SS sample (A) Microscope image showing the oxide film and thickness (B) EDX profile of the oxide film oxidized in 15 g/L boric acid (C) EDX profile after treatment using 15 mM KMnO4 and 18 mM oxalic acid (3 cycles).
Upon treatment, a disappearance of the majority of the oxide layer is seen in Figure 3C, with small remnants of the inner Cr oxide layer showing effectiveness of the treatment process. The presence of oxide can be attributed to the contribution of the resin.
3.2 Laboratory tests for optimisation of CORD technology
Figure 4 shows the results of the treatment of the samples under different combinations using the CORD process. The results represent the sum of total concentrations of Cr, Fe and Ni after 3 cycles of the CORD process. Figure 4A represents the 3 different combinations of concentrations of permanganate and oxalic acid. Samples 1, 2 and 3 from Table 2 were utilised for these tests.The effects of higher efficiency at higher concentrations are evident with the total dissolved metals generally increasing with increase in concentrations across both potassium permanganate and oxalic acid. The selectiveness of the potassium permanganate towards Cr dissolution is also evident with significant higher Cr contents detected after the permanganate step of the process as compared to Fe and Ni. On the other hand, oxalic acid shows a much higher efficiency in dissolution of Fe and Ni whereas no increase in Cr dissolution was noticed across the 3 samples after the oxalic acid step in the process. This confirms the need for an oxidative step in the CORD process for the removal of Cr oxides as found in the literature and a reductive step with oxalic acid for the Fe and Ni oxides (Ocken, 1999; Balaji et al., 2018; Wille and Bertholdt, 1998). The first two concentration combinations required up to 6 cycles for complete removal of the visual oxide layer, though the sample was more or less clean after 5 cycles. Whereas for the combination with the highest concentration required only 3 cycles for complete removal of the visual oxide layer. A summary of the number of cycles applied to various samples is presented in Table 2.
[image: Figure 4]FIGURE 4 | ICP-MS results for (A) Three conditions of potassium permanganate and oxalic acid concentrations (B) Three different potassium permanganate and fixed oxalic acid concentrations (C) fixed potassium permanganate and three different oxalic acid concentrations.
Figure 4B shows the effects of a fixed (high) concentration of oxalic acid with the potassium permanganate concentrations varying as before. Samples 3, 6, and 7 from Table 2 were used for these tests. The higher oxalic acid concentration appeared to affect the number of cycles required, as seen in Table 2 with the surface appearing much cleaner after 3 cycles, as seen in Figure 5A than at lower oxalic acid concentration in Figure 5B.
[image: Figure 5]FIGURE 5 | Effect of oxalic acid concentration after 3 cycles at 15 mM potassium permanganate (A) 18.5 mM oxalic acid (B) 10 mM oxalic acid.
Similarly, Figure 4C shows the effects of a fixed (high) concentration of potassium permanganate and varying oxalic acid. Samples 3, 4, and 5 from Table 2 were used for these tests. The results here showed less promise at lower oxalic acid concentrations for total dissolution of the oxide layer mainly due to the lower efficiency in dissolution of Fe which is the major component of the oxide layer in stainless steels. The samples did appear to be visually cleaner than those at low concentrations of potassium permanganate as in the case of Figure 4A but this could be due to the smaller size of the oxide layers as seen in Table 2. The results obtained here suggest significant contribution of oxalic acid concentration to the dissolution of the oxide layer for stainless steel arising from its efficacy in dissolution of Fe oxides. Higher overall dissolution of the oxide is observed at higher dissolutions of Fe oxide.
The results presented here do not make use of any UV technology for the oxalic acid stage as suggested by Wille and Bertholdt, (1998) and Ocken, (1999). The results depict the CORD process is effective at all tested concentrations with fewer cycles required at higher concentrations of the acids. This also means higher concentrations of metals found in solution leading to easier precipitation discussed further in Section 3.4. This could suggest the application of the CORD process at a higher concentration without use of UV is possible.
3.3 Electrochemical tests of CORD technology
The polarisation curves of stainless steel 316Ti in 3 mmol/L HNO3 and 2, 6, 15 mmol/L KMnO4 are presented in Figure 6A. The results of the Tafel-extrapolation are summarised in Table 3.
[image: Figure 6]FIGURE 6 | Polarisation curves of SS 316Ti in decontamination liquid with (A) different KMnO4 concentration in presence of 3 mM nitric acid (B) different oxalic acid concentration.
TABLE 3 | Equilibrium current densities, equilibrium potential and the Tafel-slopes in decontamination liquids.
[image: Table 3]In Figure 6A the passivisation effects of the strong oxidising agents can be observed. The current densities in the cathodic polarisation curves were higher, when the concentrations of the KMnO4 were increased and the amount of the current in the anodic polarisation decreased by larger KMnO4 concentrations. Further, the anodic polarisation curves showed passive regions. Similar characteristics of polarisation curves were observed with previous studies (Tian et al., 2019). According to the results of Tafel-extrapolation, passivation effects of KMnO4 were significantly higher above 6 mM concentration. The equilibrium current density in 15 mM concentration was more than 4 times higher than in 6 mM and more than 5 times than in 2 mM.
The dissolutions of the oxide-layer from stainless steel samples after treatment with oxalic acid can be seen in Figure 6B. Table 3 shows the results of Tafel-extrapolations. In this case the equilibrium current density continuously increased by dosage of the acid and it reached the maximum at the highest concentration (18.5 mM).
3.4 Treatment of liquid wastes
The modelling of the solubilities of the different metal hydroxides as function of the pH and metallic concentration in solution is shown in Figure 7.
[image: Figure 7]FIGURE 7 | Phreeqc modelling the solubility of several metal hydroxides as function of pH.
According to the modelling results, the solubilities of metal hydroxides are highly dependent on the pH of the solution. Indeed, it is not possible to fully precipitate all the metals present for a single pH value. It is therefore necessary to carry out several successive precipitations in order to obtain hydroxide slurries containing every metal. These solubility curves correspond to those found in the literature (Cravotta, 2008; Oncel et al., 2013). Their model also shows that the pH of 8.5 and 12 are ideal to precipitate the metals of interest. From the solubility curves in Figure 7, it is possible to group the hydroxides according to two precipitation pH values. The first can be carried out at pH 8.5 to precipitate Fe, Cr, and Zn, while the second, at pH 12, removes Mn, Ni and Co. To support this hypothesis, according to an IAEA report, the nuclear research centre of Marcoule in France also adjusts the pH to 8.5 to precipitate iron during the waste treatment (IAEA, 1992).
However, the modelling highlights one of the limitations of the precipitation phenomenon, which is dependent on the concentration of the metals. Indeed, it is not possible to precipitate 100% of the metals in solution because of the solubility limit of the generated hydroxides.
Figure 8 shows the results of the precipitation experiments of a synthetic stainless steel solution to which other metals have been added. Metal concentrations were analysed after each step of the test. These data show the importance of carrying out two separate precipitations for two different pH values. Indeed, some metals such as iron, chromium, zinc seem to precipitate mainly at pH 8.5 but others metals like manganese, nickel and cobalt require a second precipitation at pH 12 to be have higher removal efficiency. The first precipitation removes up to 99.99% of Cr, 57.20% of Mn, 99.96% of Fe, 90.21% of Co, 95.23% of Ni and 99.30% of Zn. This also corresponds to the removal efficiency observed by Oncel et al. (2013) who found 99.96% for Fe, 99.50% for Cr and 99.59% for Zn for a precipitation at pH 8, therefore portraying the reliability of the method. After the second precipitation, a total of 99.99% of Cr, Mn, Fe, Zn and 99.98% of Co, and 99.23% of Ni have been removed. During this step, manganese is almost totally removed from the solution compared to the first precipitation at pH 8.5. This behaviour was also observed by Balintova and Petrilakova (2011) where 16% of the manganese was removed at pH 8.2 and 89.49% at pH 9.98. The results are also coherent with those obtained from modelling the solubility of hydroxides in Figure 7.
[image: Figure 8]FIGURE 8 | Hydroxide precipitation results on a synthetic sample.
Some fission products like Sr, Cs, Pu, Am, and Ce, could also be found in solution. These elements were not modelled because of their very low concentrations compared to the ones selected in Figure 7. According to Lehto and Hou (2010), Am precipitates as Am(OH)3 between pH 11 and 12, Pu is expected to precipitate as Pu(OH)4 for a pH [image: image] 6 as concurred by Stroud et al. (2006). For Ce, it precipitates as Ce(OH)3 from pH 8.5 according to Bouchaud et al. (2012). Whereas for Sr, 99% of the hydroxide complex Sr(OH)2 remains in solution at pH ≈ 13 and in the pH range (6–12) targeted in this work, Cs remains in solution as Cs+ as seen by Bull (1974). The removal of these soluble fission products such as Cs and Sr along with other traces would require extraction using ion exchange resins.
The results in Figure 8 were obtained from a synthetic sample generated with dissolved metal salts. At the end, the final concentrations obtained at the end of the protocol are between 0.05 and 60 μg/L for initial concentrations between 1 and 800 mg/L. Based on the information of AmberLite IRN97 H Ion Exchange Resin (Dupont Water Solutions), which is a potential nuclear grade strong acid cation resin used in extracting of the dissolved metals, calculations were done to simulate the amount of resin saved by using the precipitation protocol. According to the total exchange capacity of the resin (≥2.1 eq/L), the initial volume of the solution (250 ml) and the concentrations of metals in Figure 8 and an assumed efficiency of 20%, a theoretical estimate of 30 g of resin would be required without the precipitation protocol as opposed to just 2.5 mg with. This represents a reduction of 99.99% in the amount of resin required. The estimate here doesn’t account for the added Na+ content in solution nor the K+ in solution and only estimates the requirements for the dissolved metals. Additional volumes of the resin would therefore be required to retain the K+ and Na+ from the solution. Further tests are required for the precipitation protocol using KOH instead of NaOH, which could avoid the addition of Na+ into the solution at the cost of increased K+ concentration. The resin, Amberlite IRN97 H can also be used in the removal of K+ (Dupont Water Solutions, 2019).
The combined mass of the sludge across the two precipitation steps on the synthetic sample in Figure 8 was approximately 14.5 g. Upon drying, the total precipitate weighed approximately 0.7 g, suggesting about 95% of weight is lost in water during drying. Cements and geopolymers are potential candidates for the final conditioning of these precipitates but these require evaluation in terms of mechanical resistance, and radio-chemical resistance and durability.
However, the CORD process uses oxalic acid, which is found in the liquid waste. It is known that some metals can form a complex M(C2O4) which can be soluble in solution like chromium oxalate, which was also seen in a literature study (Remoundaki et al., 2007). Preliminary tests were carried out on the surrogate metal samples without destruction of oxalic acid, and the initial results portrayed lower precipitation levels mainly arising from Cr. This data and the pictures of the solution at different pH can be found in the supplementary data in Supplementary Figures S2, S3, and S4. Therefore, it is necessary to destroy the remaining oxalic acid before the precipitation process. Preliminary tests have shown the use of H2O2 under heating is a viable option to destroy oxalic acid, and the results can be found in supplementary data in Supplementary Figure S5.
4 CONCLUSION
In this study, the two-step CORD technology was analysed with respect to the radioactive waste management while keeping in mind the waste acceptance criteria. Non-radioactive, representative surrogate metal samples were prepared in the laboratory and the effects of the chemical treatments were studied on these surrogate samples. After the characterisation of the oxide layers, the efficiency of the chemical treatment was determined by the measurements of the dissolved metal ions and the efficiency confirmed by the electrochemical tests. Laboratory tests were also carried out to decrease the volume of the final effluents by means of precipitation.
On the surface of surrogate samples, and approximately 6 μm thick multi-layered corrosion was developed using the laboratory technique in high temperature water vapour conditions. The oxide-layer thickness reduced, when boric acid was added to the water vapour. In any case, the outer layer of the oxide was enriched in Fe, and the inner layer was enriched in Cr and Ni oxides. The technique of preparation of surrogate samples using high temperature water vapour resulted in the oxide layer being a good representation of the samples based on the characterisation results and the literature review.
The CORD process showed a good capacity in dissolution of the oxide films at all concentrations, from very low to higher concentrations of both potassium permanganate and oxalic acid, depending on the number of cycles used. The potassium permanganate mostly had an affect on the dissolution of Cr whereas oxalic acid concentrations affected the dissolution of Fe and Ni. This was also confirmed by the results of the electrochemical tests. The reduction of KMnO4 was determinant and the corrosion of the metal samples was only detected in the steps of oxalic acid treatments. The efficiency increases as concentration increases, the higher concentration dissolution appears to be more promising in terms of time of treatment and also, a higher concentration in metals in solution at each stage implies a more effective precipitation process for treatment of the effluent waste.
The precipitation protocol for synthetic samples appears to be highly effective with about 83.57% of the metals removed after the first precipitation and 99.99% after the second one. The protocol is fast and cheap and requires only NaOH addition to reach the desired pH. This suggests significantly lower volumes of cation resins being used which leads to lower volumes of final wastes and therefore lower costs.
One major aspect not covered in this article is an intermediate step in between the two stages, treatment of metals and precipitation of the metal ions in the effluents, is the destruction of remaining oxalic acid. A protocol for thermal decomposition of the remaining oxalic acid is being developed. Preliminary results can be found in the supplementary data.
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