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During the refueling process of lead–bismuth eutectic (LBE)–cooled fast reactors, lead–bismuth alloy can easily adhere to the surface of the fuel rod clads when spent fuel assemblies are unloaded from the reactor core. For some designs, the lead–bismuth alloy attached on the spent fuel rods will be cleaned via physical or/and chemical methods prior to their transportation, storage, and reprocessing. In this article, the cleaning effect of a washing lotion composed of hydrogen peroxide (H2O2) aqueous solution and concentrated acetic acid (CH3COOH) as the main components on LBE was experimentally investigated. By adjusting the composition ratio of the washing lotion and the reaction temperature, the law of their influence on the cleaning effect of LBE was determined. The optimal washing lotion composed of 30 Vol% hydrogen peroxide aqueous solution as oxidant, 40 Vol% concentrated acetic acid as acid, and 30 Vol% ultrapure water as the solvent was proposed based on experimental investigations. The optimal working temperature range was also obtained. The reaction intermediate product was characterized with the XRD analysis in order to understand the reaction mechanism. The composition of the released gas (even in a slight amount) was also analyzed with gas chromatography. The hydrogen concentration in the released gas was found to be lower than the detection limit of gas chromatography (10 ppm). Since the explosion limits of hydrogen at atmospheric pressure are between 3.95 and 75.73 Vol%, the risk of possible hydrogen explosion is concluded to be extremely low. Therefore, no special treatment of the released gas is required even in a large-scale industrial platform. Furthermore, corrosion effect of the washing lotion on austenitic stainless steel components was tested as well and found to be negligibly small. The relative mass loss of the thin-walled stainless steel samples immersed in the washing lotion was found to be less than 0.5% after an experimental duration of 144 h, which facilitates sufficient cleaning time in future industrial applications.
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HIGHLIGHTS

•Cleaning effect and influence rule of hydrogen peroxide–acetic acid lotion on lead–bismuth eutectic alloy were experimentally determined.
•Dissolving reaction mechanism was determined based on the XRD analysis of reaction intermediate products.
•Hydrogen concentration of the released gas during dissolution was found to be less than 10 ppm.
•Risk of possible hydrogen explosion during the dissolution process was concluded to be extremely small.
•Corrosion effect of the washing lotion on austenitic stainless steel components was experimentally determined and was found to be insignificant with a mass loss of less than 0.5% after 144 h.
INTRODUCTION
As a clean, efficient, and sustainable energy source, nuclear power plays an important role in the long-term process of reducing carbon emissions and gradually achieving carbon neutrality. Liquid lead–bismuth eutectic alloy (LBE)–cooled fast reactors (LFRs) possess various technological advantages over the light water-cooled reactors (LWRs), such as inherent safety, high economy, and enhanced sustainability. Therefore, LFRs have attracted much attention in recent years (GIF, 2014; Smith and Cinotti, 2016; Lorusso et al., 2018). The large margin between the melting point (125°C) and the boiling point (1,670°C) of LBE (OECD/NEA, 2015) enables the reactor core cooled by liquid LBE to operate at relative low-pressure levels without any pressurization requirement. Due to the high boiling point of the coolant, the core outlet temperature is typically over 500°C and can be further increased to as high as 800°C, which makes LFRs applicable for hydrogen production (Smith and Cinotti, 2016; Wu et al., 2016). In addition, the excellent heat transfer performance of liquid LBE enables a more compact design of the reactor core, which makes the construction of small modular reactors (SMRs) possible and can largely broaden the application prospects of LFRs. Furthermore, the fast neutron spectrum in LFRs can breed new fissionable material to facilitate a closed fuel cycle, which can significantly increase the fuel utilization ratio and reduce the amount of high-level nuclear waste (HLW) simultaneously. Last but not least, coupling of an LFR with a proton accelerator builds up the so-called accelerator-driven subcritical system (ADS), which is considered as one of the most promising technological approaches to solve the problem of HLW (Abderrahim, 2012; Zhan and Xu, 2012).
Nevertheless, commercial deployment of LFRs is hindered by a series of engineering challenges. Up to now, researches on the key technologies of LFRs were firstly focused on material compatibility aspects, most notably on the degradation effects of the candidate’s structure/clad materials due to liquid metal corrosion (LMC) and liquid metal embrittlement (LME) (OECD/NEA, 2015; Gong et al., 2016; Huang et al., 2020a). Studies on thermal-hydraulic aspects have also been widely reported in the literature, for instance, on the heat transfer behavior in a wire-wrapped fuel assembly (Cheng and Tak, 2006; Pacio et al., 2016; Pacio et al., 2017; Chai et al., 2019) and on the heat transfer deterioration due to flow blockage accident (Di Piazza et al., 2014; Chai et al., 2019). Furthermore, intensive investigations on liquid metal–water interaction during the steam generator tube rupture (SGTR) accident have also been conducted (Wang et al., 2008; Huang et al., 2020b; Yu et al., 2021). However, technology aspects regarding refueling and spent fuel management have been rarely reported in open literature.
During the refueling process, lead–bismuth alloy can adhere to the surface of the fuel rod clads easily when spent fuel assemblies are unloaded from the reactor core. For the purpose of minimizing the waste volume and mass, the lead–bismuth alloy attached on the spent fuel rods needs to be cleaned via physical or/and chemical methods prior to their transportation, storage, and reprocessing. The most commonly applied cleaning lotion of lead–bismuth alloy consists of three components, including an oxidant (hydrogen peroxide, H2O2, 30% aqueous solution), an acid (concentrated acetic acid, CH3COOH, > 96% aqueous solution), and a solvent (ultrapure water or ethanol), typically with a volume ratio of 1:1:1, and the cleaning process should be performed normally at room temperature. This cleaning method defined by Schroer (2015) is adopted as a standard procedure by many research groups in their routine laboratory applications (Fazio et al., 2003; Ejenstam et al., 2013; Shi et al., 2019; Gong et al., 2021).
However, no further information or reason was given in the literature regarding the definition of this specific volume ratio or the reaction temperature at room conditions. The cleaning lotion composition for laboratory usage could be defined in a rather arbitrary way, while a large industrial scale spent fuel management program requires a more precise definition of the washing lotion composition, in order to obtain an optimal cleaning effect without any material squander and more importantly, to minimize the volume of the final liquid waste simultaneously, which is considered at least as low-level nuclear waste (LLW) that needs to be carefully treated before disposal at any rate.
In a research framework co-initiated by Shenzhen University (SZU) and the Institute of Nuclear Power Operation Safety Technology (INPOST), a comprehensive research program regarding LFR spent fuel management was defined. The current study described the very first research activity regarding the cleaning effect and influence of a washing lotion mixture on the lead bismuth eutectic alloy. The washing lotion consists of hydrogen peroxide (30% aqueous solution) and concentrated acetic acid (99.5%) as the main component. In order to determine the optimal composition of the washing lotion, series of washing lotions were set up with varying volume concentration of the oxidant and acid, respectively. Influence of the washing lotion temperature on the cleaning effect of LBE was also investigated experimentally.
EXPERIMENTAL METHODOLOGIES
The current study focused on the chemical cleaning effect of the washing lotion. Three reagents were used to define the washing lotion in the experimental investigation, that is, hydrogen peroxide aqueous solution (30% analytical purity, manufactured by Sinopharm Chemical Reagent Co., Ltd.) as oxidant, concentrated acetic acid (99.5% analytical purity, manufactured by Shanghai McLean Biochemical Technology Co., Ltd.) as acid, and ultrapure water (self-made in laboratory with a ultrapure water meter Millipore Milli-Q Direct 8, manufactured by Millipore Corporation) or anhydrous ethanol (99.5%, anhydrous grade, moisture ≤0.005%, manufactured by Shanghai Aladdin Biochemical Technology Co., Ltd.) as solvent.
The lead–bismuth eutectic alloy applied in this study was provided by Zhengzhou Shengboda Special Alloy Co., Ltd. Its nominal composition is determined according to the binary eutectic phase diagram of Pb and Bi, that is, 44.5 Wt.% Pb and 55.5 Wt.% Bi (OECD/NEA, 2015). Content and composition of impurities in the lead–bismuth alloy as-received are given in Table 1.
TABLE 1 | Content and composition of the impurities in the lead bismuth alloy as-received. All elemental concentrations are given in ppm Wt.%; the balance is LBE.
[image: Table 1]In the experimental investigations, lead–bismuth eutectic alloy blocks fabricated in a flat, cylindrical shape (outer diameter of Φ10 mm, height of 3.2 mm), and thin-walled austenitic 316L stainless steel blocks were used as test samples. A simple “weighing method” was adopted in the current study to quantify the cleaning effect of the washing lotion. Therefore, test samples (LBE and stainless steel blocks) were first dried in a vacuum chamber for 24 h and then weighed with the mass recorded as the initial sample mass minitial. After being cooled to room temperature, test samples were then put into the prepared washing lotion contained in a laboratory glass beaker for soaking and dissolving. The respective reaction phenomena of the dissolution process were observed. The mass of the remaining samples after certain dissolving duration was again weighed so that the dissolution rate (in [g/min]) can be calculated by the following:
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where minitial and mfinal stand for the initial sample mass in [g] and the residual sample mass in [g] after a dissolution duration of ∆τ in [min], respectively. The average dissolution rate of the LBE blocks (in [g/min]) was then obtained by weighing the remaining sample mass after 24 h, if the initial blocks were not completely dissolved. In case of a complete dissolution, the duration of the dissolution process was also recorded, in order to calculate the average dissolution rate in line with Eq. 1. The error of the recorded dissolution duration is estimated to be less than 2 min, while weighing of the test samples, both before and after the dissolution (only in case of an incomplete dissolution), was conducted by a laboratory electronic balance with a linear error of 0.0002 g. Consequently, relative error of the dissolution rates obtained in the current study was estimated to be less than 5%.
It should be pointed out that the main objective of the current study was to quantify the influence of the washing lotion composition and reaction temperature on the cleaning effect of LBE. Therefore, the absolute value of the dissolution rate is of less relevance. Within a test series, the dissolution rate was then normalized with the maximal dissolution rate of the current test series as reference:
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where Dissolution Rate Normalized i is the dissolution rate of the i th case of a test series with the same washing lotion composition and reaction temperature, while max (Dissolution Rate) is the maximal dissolution rate of the current test series.
RESULTS AND DISCUSSION
Influence of the Washing Lotion Composition
In the current study, series of washing lotions were set up with varying concentration of the oxidant and acid, respectively, for the purpose of determining an optimal composition of the washing lotion. The test sample of LBE blocks have the same dimension (outer diameter of Φ10 mm, height of 3.2 mm) and mass (roughly 2.5 g). The LBE test sample can be completely dissolved with 30 ml washing lotion of the optimal composition (see conclusion of this subsection) within 2 h, which is a feasible time for routine undertaking in our laboratory. Therefore, the total volume of the washing lotion was kept constant at 30 ml in the study of the influence of the washing lotion composition.
Oxidant Concentration
Metallic bismuth cannot directly react with nonoxidizing acids, and lead is also difficult to react with organic acids under anaerobic/anoxic conditions. As a consequence, both bismuth and lead need to be first oxidized and then react with acetic acid to dissolve, so the oxidant (hydrogen peroxide, H2O2) plays a significant role in the entire dissolution process of the LBE blocks. In this respect, increasing the oxidant concentration contributes to promoting the dissolution of lead–bismuth alloys. On the other hand, however, hydrogen peroxide is unstable and is prone to self-decomposition when promoted by heating. In order to obtain the optimal oxidant concentration, nine groups of washing lotion with different hydrogen peroxide concentrations (6–12 ml 30% H2O2 aqueous solution, 0.5–1 ml interval between two neighboring groups) were set up. On the contrary, volume of the concentrated acetic acid (8 ml 99.5% acetic acid) and the total volume of the washing lotion (30 ml, with ultrapure water as solvent) were kept unchanged in the test series. The corresponding volume concentration of the H2O2 aqueous solution in the washing lotion is hence varied between 20 and 40 Vol %.
As depicted in Figure 1, the normalized dissolution rate and, hence, the cleaning effect of the washing lotion strongly depends on the volume concentration of the H2O2 aqueous solution. The main results are summarized as follows:
a) Theoretically, increasing the oxidant concentration help to promote the dissolution of lead–bismuth alloys. In the range of 20 Vol% to 30 Vol%, as the concentration of H2O2 aqueous solution increases, the dissolution rate of the washing lotion increases significantly. While the flat, cylindrical-shaped LBE block could not be completely dissolved with the washing lotion of 20 Vol% of H2O2 aqueous solution after 24 h; at an oxidant volume concentration of 30 Vol%, the dissolution rate increases by an order of magnitude and the same LBE block was completely dissolved after soaking for about 2 h.
b) With the nine groups of washing lotions of the same total volume (30 ml) containing the same amount of concentrated acetic acid (8 ml), the best cleaning effect of LBE is obtained when the volume concentration of H2O2 aqueous solution is 30%, corresponding to a washing lotion consisting of 9 ml H2O2 aqueous solution, 8 ml concentrated acetic acid, and ultrapure water as solvent.
c) However, as the volume concentration of H2O2 aqueous solution further increases beyond 30 Vol%, the dissolution rate starts to drop dramatically. It can be observed that the three high concentration cases (33.3, 36.7, and 40 Vol%, respectively) have the worst performance in the dissolution of the LBE block. The main reason is that higher hydrogen peroxide concentration results in a violent dissolution reaction in the early stage and hence releases a large amount of reaction heat to the reaction system, which leads to a thermal runaway phenomenon similar to bumping. Consequently, the system temperature increases rapidly in the early stage. At high system temperature, hydrogen peroxide is prone to self-decomposition. The self-decomposition of hydrogen peroxide into water and oxygen is an exothermic reaction, which again releases even more reaction heat and accelerates the self-decomposition. Consequently, the self-decomposition causes a large loss of hydrogen peroxide, and finally gives rise to a sharp drop in the dissolution rate of the lead–bismuth alloy block. After soaking for 24 h, the lead–bismuth alloy block was still not completely dissolved and the remaining sample in the form of a white powdery solid was observed.
d) To sum up, the positive effect of increasing oxidant concentration to promote the dissolution LBE is more significant at a H2O2 aqueous solution concentration less than the critical concentration of 30 Vol%. Once the hydrogen peroxide concentration is higher than this critical concentration, intensive heat accumulation is likely to occur already during the early stage of the dissolution process; the higher temperature results in decomposition of the hydrogen peroxide, and the cleaning effect of the washing lotion will be weakened to a great extent.
[image: Figure 1]FIGURE 1 | Cleaning effect of washing lotions with different hydrogen peroxide concentration.
Acid Concentration
The acetic acid not only acts as a washing liquid during the reaction but also has an effect on the oxidability of hydrogen peroxide. Consequently, changing the concentration of acetic acid has a certain impact on the dissolution rate and the cleaning performance of the washing lotion. Therefore, a sensitivity study of the acid concentration was conducted in a like manner.
The total volume of the washing lotion was kept constant at 30 ml. Based on the above sensitivity study of the hydrogen peroxide concentration, it was concluded that for an optimal cleaning effect 9 ml hydrogen peroxide aqueous solution should be contained in the 30 ml washing lotion. As mentioned in the introduction, the volume ratio of hydrogen peroxide aqueous solution to concentrated acetic acid was normally set at 1:1 in the literature (Schroer, 2015), yet without any detailed explanation. Nevertheless, this 1:1 ratio provides a good reference for the experimental setups. Therefore, aiming to find an optimal concentration of acetic acid, eight groups of washing solutions with different acid concentrations (7–14 ml concentrated acetic acid, 1 ml interval between two neighboring groups) were prepared. The volume concentration of hydrogen peroxide aqueous solution (30 Vol%, the optimal concentration) and the total volume of the washing lotion (30 ml, ultrapure water as solvent) were kept unchanged in the test series.
Figure 2 shows the relationship between the dissolution rates and the volume concentration of the concentrated acetic acid. The main results are summarized as follows:
a) As the concentration of acetic acid increases, the dissolution rate experiences a steady, but slow growth firstly. There exists apparently a threshold volume concentration between 33.3 and 36.7 Vol%. While the dissolution rate at the acid concentration of 33.3 Vol% (corresponding volume of the concentrated acetic acid in the washing lotion is 10 ml) is less than 10 % of the maximal dissolution rate of the test series, it increases rapidly to roughly 70% of the maximal dissolution rate of the test series at the acid concentration of 36.7 Vol% (corresponding volume of the concentrated acetic acid is 11 ml), once the acid volume concentration surpasses the threshold volume concentration. Finally, the peak value of the dissolution rate was found at the acid concentration of 40 Vol% (corresponding volume of the concentrated acetic acid is 12 ml).
b) However, the dissolution rate decreases again at a higher acid volume concentration of 46.7% (corresponding volume of the concentrated acetic acid is 14 ml). With volume concentration of acid increasing, the amount of ultrapure water (as solvent) in the washing lotion decreases, which affects the dissociation of acetic acid, and finally the oxidability of hydrogen peroxide decreases, resulting in the decrease in the dissolution rate of the lead–bismuth alloy block. According to this test series, the optimal volume concentration of the concentrated acetic acid with the best dissolution performance should be 40 Vol%.
[image: Figure 2]FIGURE 2 | The relationship between the dissolution rate and the volume concentration of acetic acid and ultrapure water as solvent.
Solvent Type
Up to now, the solvent of the washing solution has always been ultrapure water. However, as defined in the standard cleaning method (Schroer, 2015), the choice of the solvent is normally ethanol. In order to study the influence of the solvent type on the performance of the washing lotion, the ultrapure water solvent was replaced by a mixed solvent consisting of 50% ultrapure water and 50% ethanol. Six groups of different acetic acid concentrations (7 ml, 8 ml, 9 ml, 10 ml, 12 ml, and 14 ml concentrated acetic acid) were prepared, while the volume concentration of hydrogen peroxide aqueous solution (30 Vol%, the optimal concentration) and the total volume of the washing lotion (30 ml) remained unchanged.
Figure 3 then compares the dissolution rate for the two different solvent type of ultrapure water and the mixed solvent consisting of 50% ultrapure water and 50% ethanol. For consistency, dissolution rates were normalized with the same maximal value of the dissolution rate obtained at the acid concentration of 40 Vol% with ultrapure water as solvent. As depicted in the figure, the dissolution rate drops drastically after replacing part of the solvent with ethanol. When the solvent changes from ultrapure water to water–ethanol mixture, the ionization constant of acetic acid increases (Hu et al., 1991). However, after ionization of acetic acid, the ionized protons (H+) will combine with ethanol and water, respectively, and exist in the form of solvation in the solution. The solvated protons C2H5OH2+ are more stable than H3O+ (Lei et al., 1995), which reduces the reactivity of the water–ethanol mixed solvent-based washing lotion, and the dissolution rate is significantly lower than that of the ultrapure water solvent-based washing lotion.
[image: Figure 3]FIGURE 3 | The relationship between the dissolution rate and the solvent type: (A) 100% ultrapure water; (B) 50% ultrapure water + 50% ethanol.
From the above three sets of experiments with respect to the influence of oxidant and acid concentration as well as solvent type, it can be concluded that for a 30 ml washing lotion, the optimal composition should consist of 9 ml H2O2 aqueous solution and 12 ml concentrated acetic acid, with the rest is ultrapure water as solvent. Volume concentration of H2O2 aqueous solution and concentrated acetic acid in the optimal washing lotion are 30 Vol% and 40 Vol%, respectively. Furthermore, it is recommended that ultrapure water should be used as solvent instead of ethanol.
Influence of the Washing Lotion Temperature
Up to now, all the experiments have been conducted under room condition. The LBE blocks as test samples were put into the prepared washing lotion contained in a laboratory glass beaker for soaking and dissolving, while the glass beaker was standing free in air without any temperature control of the reaction system consisting of washing lotion and a LBE block. Although the reaction system was put free in air at room temperature, the actual reaction temperature also depends on the reaction heat released during the dissolution of the LBE block in the washing lotion. Consequently, this temperature might differ from the room temperature largely. Obviously, the washing lotion temperature has a certain significant impact on the reaction kinetics, and more importantly on the stability of the oxidant H2O2.
For the purpose of studying the effect of temperature on the cleaning effect, eight groups of different experimental temperatures settings were set up, that is, room condition at a measured room temperature of 23.2 °C, as well as seven different temperature values controlled with a water bath of 23.8 °C (measured room temperature), 25 °C, 30 °C, 32.5 °C, 35 °C, 37.5 °C, and 40 °C, respectively. It should be pointed out that room condition without water bath means that the reaction system was standing free in air at room temperature. But room temperature at 23.8 °C with water bath means that the temperature of the reaction system was controlled with a water bath, which was set at the measured room temperature of 23.8 °C. The total washing lotion volume of 30 ml as well as its composition were kept unchanged, which consist of 9 ml hydrogen peroxide aqueous solution, 12 ml concentrated acetic acid, and 9 ml ultrapure water.
As depicted in Figure 4, the temperatures setting has a vital impact on the dissolution rate and, hence, on the cleaning effect of LBE. The main results can be summarized as follows:
a) As the system temperature controlled by water bath increase from 23.8 °C to 25 °C to above 30 °C, the dissolution rate of LBE increases rapidly and reaches the highest value at the water bath temperature of 32.5 °C, under which the dissolution rate is almost an order of magnitude larger than under room temperature at 23.8 °C with water bath. The main reason can be attributed to the increase of reaction kinetics promoted by temperature.
b) However, as the water bath temperature further increase to 35 °C, 37.5 °C, and 40 °C, the dissolution rate drops dramatically. This may be caused by the superposition of the reaction heat and the heat provided by water bath, which intensifies the self-decomposition of hydrogen peroxide, reduces the hydrogen peroxide concentration and, hence, lowers the dissolution rate.
c) Furthermore, during the experiment under room condition without water bath, it was found by infrared thermometers (Fluke VT04A, Fluke Company) that surface temperature of the wash lotion was around 30 °C, even though the measured room temperature was 23.2 °C. This is mainly due to the reaction heat released during the dissolution process. Consequently, it is also observed in Figure 4 that the dissolution rate of LBE under room condition without water bath is significantly higher than under a water bath temperature of 23.8 °C and 25 °C, where the water bath has a heat dissipation effect on the released reaction heat and, hence, reduces the dissolution rate.
d) On the basis of the experiment, it can be concluded that a system temperature of 30 °C–35 °C controlled by water bath is the ideal range for the cleaning effect of the washing lotion. The optimal reaction temperature in the experimental test series was found at 32.5 °C controlled by water bath.
e) Nevertheless, it should be pointed out that cooling devices to control the system temperature should be installed in a large-scale industrial platform, since the washing lotion will be heated by reaction heat superimposed with decay heat released by spent fuel. The reaction temperature should be controlled/cooled under 35 °C in order to alleviate possible self-decomposition of hydrogen peroxide.
[image: Figure 4]FIGURE 4 | The relationship between system temperature and the dissolution rate of the lead–bismuth alloy block.
Reaction Mechanism
In order to understand the specific dissolution reaction path of the washing lotion to the lead–bismuth alloy block, X-ray diffractometer, XRD (Empyrean, PANalytical Corporation, Netherlands), was employed to characterize the reaction intermediate product, that is, the incompletely dissolved lead–bismuth alloy block, which is present in the form of a white powdery solid.
Two washing lotions of the same optimal composition, that is, 30 Vol% hydrogen peroxide aqueous solution, 40 Vol% concentrated acetic acid, and ultrapure water serves as solvent, but different total volume of 10 and 15 ml were prepared for dissolution of the LBE blocks under room condition. After 2 h of reaction, it was observed that the LBE blocks were not completely dissolved in both washing lotions. The residual LBE block was covered by the intermediate reaction product in the form of a white powdery solid. For characterization of its composition, the white powdery solid was then carefully scratched and collected for further analysis with XRD. As depicted in Figure 5, the white powdery solid collected from the 10 ml washing lotion was labeled as “Sample 1” in the figure, while that collected from the 15 ml washing lotion was labeled as “Sample 2”. For comparison, the standard XRD patterns of bismuth (III) acetic acid (C2H3BiO3) and bismuth (III) acetate (C6H9BiO6) were also included in the figure. As illustrated in Figure 5, it could be concluded that the main components of the intermediate reaction product are bismuth (III) acetic acid (C2H3BiO3) and bismuth (III) acetate (C6H9BiO6). Since bismuth (III) acetic acid is a hydrolysis product of bismuth (III) acetate, it can be concluded that bismuth acetate has undergone a hydrolysis reaction. The main components of the intermediate reaction product are the compounds of bismuth instead of the compounds of lead. The main reason is that the standard electrode potential of lead (−1.262 V) is lower than that of bismuth (≤ 0.32 V), therefore it is more susceptible to oxidation by hydrogen peroxide, followed by a dissolution with acetic acid. Accordingly, it can be concluded that the main reactions of dissolving the lead–bismuth alloy block with the washing lotion are as follows:
a) oxidation of the metallic elements with hydrogen peroxide:
[image: image]
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b) dissolution of the metallic oxide in acetic acid:
[image: image]
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c) hydrolysis of bismuth acetate:
[image: image]
[image: Figure 5]FIGURE 5 | XRD analysis of the incompletely dissolved lead–bismuth alloy block.
Other Aspects
Composition of the Released Gas Products
During the dissolving process of the lead–bismuth alloy block, it was observed that there are a few bubbles in the solution, and more gas products were formed on the surface of the lead–bismuth alloy block. As acid and metallic elements were present in the reaction system, it was suspected that hydrogen gas might be released. Even though the amount of the gas products is not significant in laboratory, for large-scale industrial applications, the gas components produced during the cleaning process possess a significant impact on production safety, especially when the highly explosive hydrogen is accumulated locally. In this experiment, four groups of washing lotion with the same composition yet different total volumes (20 ml, 30 ml, 40 ml, and 50 ml) were set up. The lead-bismuth alloy block was cleaned separately and the released gas products were collected with laboratory gas-sampling bags. Their respective compositions were then analyzed by 5 A molecular sieve column gas chromatography.
Since the 5 A molecular sieve column used in gas chromatography is unable to identify the residual components such as carbon dioxide, water steam, and acetic acid, these residual components were tested after backflushing and separation. For the sake of safety, however, we should pay more attention to the hydrogen which may be produced via direct reaction of lead with acetic acid. As depicted in Figure 6, hydrogen was not detected in all experimental groups, that is, concentration of hydrogen was found to be lower than the detection limit of gas chromatography (10 ppm), indicating that the direct reaction of lead–bismuth alloy block with acetic acid is insignificant. The negligibly small amount of hydrogen released during the dissolution process might stem from the direct reaction of acetic acid with impurities in the lead bismuth alloy, most notably iron and magnesium elements (see Table 1). It should be pointed out that the nitrogen and the majority of the oxygen as detected in the gas products are stemming from the environmental atmosphere, which was presented in the reaction beaker and was, hence, inevitably collected in the gas-sampling bags. Furthermore, oxygen might also stem from the self-decomposition of hydrogen peroxide. Nevertheless, since the explosion limits of hydrogen at atmospheric pressure are between 3.95 and 75.73 Vol% (Le et al., 2012; Le et al., 2013), the negligibly small amount of hydrogen component indicates that the risk of hydrogen explosion is minimal. Consequently, the released gas products require no special treatment for hydrogen. However, the washing lotion contains a higher concentration of acetic acid, it is recommended to remove the irritating acid from the released gas products in the actual industrial operation, for instance, with an acid-base neutralization.
[image: Figure 6]FIGURE 6 | Composition of the gas products with different washing lotion volume: (A) 20ml, (B) 30ml, (C) 40ml, and (D) 50 ml.
Corrosion Effect of the Washing Lotion on Stainless Steel
Objective of washing lotion is cleaning the lead–bismuth alloy attached on spent fuel clad of LFRs, typically made of austenitic stainless steel. Therefore, corrosive effect of the washing lotion on the stainless steel elements should be investigated as well, especially considering the fact that the thickness of a typical fuel rod clad is in the order of 1 mm. If the washing lotion has an evident corrosive effect on the fuel rod clad material, then the cleaning process and duration must be carefully controlled in order to avoid intensive corrosion that might endanger the spent fuel clad integrity. In this part of investigation, corrosion effect of the washing lotion on thin-walled stainless steel blocks (thickness less than 1 mm) was investigated in two different models, that is, the stainless steel block soaked alone in the washing lotion and soaked together with LBE block in the washing lotion. Washing lotions of the same composition, that is, 30 Vol% hydrogen peroxide aqueous solution, 40 Vol% concentrated acetic acid and 30 Vol% ultrapure water, were adopted. The relative mass loss of the stainless steel blocks was determined after different soaking duration of 48, 96, and 144 h, respectively.
As depicted in Figure 7, corrosion of stainless steel components is positively correlated with the immersion time in an obvious way. In addition, the relative mass loss of stainless steel components immersed together with the lead–bismuth alloy block was significantly higher than that when the stainless steel blocks were immersed in the washing lotion alone. The reason is that the lead–bismuth alloy block generates heat during the dissolution process, which increases the possibility of the stainless steel components being oxidized by hydrogen peroxide, thereby raises the mass loss of the co-immersed stainless steel blocks as a consequence.
[image: Figure 7]FIGURE 7 | Influence of soaking duration on the corrosion mass loss rate of austenitic stainless steel.
Nevertheless, after 144 h, the relative mass loss of the stainless steel blocks was found still less than 0.5 %, and a tendency of approaching saturation was also observed. Furthermore, stainless steel test samples were observed with a simple visual observation after the experiment and no localized pit corrosion was found. Therefore, in practical applications, the immersion time of stainless steel components in the washing lotion should be minimized, but no special attention is required within at least 144 h.
CONCLUSIONS AND OUTLOOKS
The most commonly applied cleaning lotion of lead–bismuth alloy consists of an oxidant (30% hydrogen peroxide aqueous solution), an acid (concentrated acetic acid), and a solvent (ultrapure water or ethanol), typically with a volume ratio of 1:1:1. This cleaning method is adopted by many research groups in their routine laboratory applications. However, no further reasons were given regarding this definition of the volume ratio and the reaction temperature under room conditions. Such information is still insufficient in the open literature.
Therefore, in this study, series of experiments were carried out on the cleaning effect of lead–bismuth eutectic alloy adhering to stainless steel clad of spent fuel, and the key issues such as influence of the washing lotion composition and reaction temperature, reaction mechanism and reaction gas component, and washing lotion corrosiveness on the stainless steel components were explored as well. The current study fulfills the missing gap in the literature and also provides valuable reference data for the subsequent construction of a large-scale industrial experiment platform that is in progress at Shenzhen University (SZU) now. The main conclusions derived are summarized as follows:
a) Composition of the washing lotion has a significant influence on the cleaning effect. Based on experimental investigations conducted in the current study, an optimal washing lotion composition was proposed. Volume concentration of H2O2 aqueous solution (as oxidant) and concentrated acetic acid (as acid) in the optimal washing lotion are 30 Vol% and 40 Vol%, respectively. Furthermore, it is recommended that ultrapure water should be used as solvent.
b) In addition, system temperature also plays an important role in the cleaning effect, mainly due to the stability of hydrogen peroxide in the washing lotion, which is prone to self-decomposition at elevated system temperature. The cleaning effect and stability of the lotion were found to be fairly good in a temperature range between 30 °C and 35 °C, and the highest dissolution rate was observed in a water bath of a temperature of 32.5 °C.
c) Based on the XRD analysis of the unresolved samples, the main reactions of dissolving the lead–bismuth alloy block with the washing lotion are oxidation of the metallic elements with hydrogen peroxide, followed by dissolution of the metallic oxide in acetic acid.
d) Moreover, no detectable hydrogen component was found in the released gas products. It shows that lead and bismuth do not directly react with acetic acid, rather they are first oxidized by hydrogen peroxide and then react with acetic acid. Consequently, the risk of hydrogen explosion is extremely low, and there is no need to deal with the hydrogen explosion risk that may exist. But in practice, the acetic acid component of the lotion may volatilize, so the tail gas should be deacidified before ejecting to the environment.
e) Last but not the least, corrosion effect of the washing lotion on austenitic stainless steel components was found to be negligibly small. The relative mass loss of the stainless steel samples was ≤0.5% within 144 h, which facilitate sufficient cleaning time in industrial applications.
At last, limitations of the current study should be discussed, which also define the future prospects of this study. They are proposed as follows:
a) In the current study, LBE test samples fabricated in flat, cylindrical blocks were adopted in the experiments. However, in practical industrial applications, LBE adhering on the surface of the fuel clad, normally in thin films, needs to be cleaned and removed. Consequently, in future investigations, mock-up fuel assemblies with LBE adherent on the clad surface should be used as test samples, in order to quantify the cleaning effect of the washing lotion defined in the current study by a greater degree. Furthermore, physical cleaning effect, for instance, with an oil bath, should be explored as well, which might be defined as a complementary cleaning method to the chemical cleaning method as investigated in the current study. In practical industrial applications, both physical and chemical cleaning methods will play an important role.
b) In the current study, all the cleaning process was performed in laboratory scale in the so-called one-batch model, in which one test sample was cleaned in one-batch washing lotion. However, in large-scale industrial applications, multi-batch model is preferred, in which multiple spent fuel assemblies should be cleaned in one-batch washing lotion one after another, for the purpose of material saving and simplifying the working procedure. Therefore, online detection and control of the concentration of hydrogen peroxide in the washing lotion are of essential importance, in order to keep the hydrogen peroxide concentration within a reasonable range during a continuous cleaning model. Therefore, methods for concentration detection of hydrogen peroxide in the reaction system, for instance, a hydrogen peroxide concentration detector or a hydrogen peroxide test paper, should be tested first in a laboratory scale.
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